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1 Introduction

Dark Matter (DM) is a viable candidate to explain a number of otherwise unexplained
observations in the universe. Evidence for dark matter is astrophysical or cosmological —
galactic rotation curves, gravitational lensing, the cosmic microwave background fluctua-
tions, large scale structure, etc.

Particle physics explanations for DM add one or more new particles which interact
weakly with the Standard Model (SM) particles. To study the implications of additional
DM particles in a model-independent way, it is convenient to adopt an Effective Field The-
ory (EFT) approach. A DM EFT (DMEFT) consists of local operators constructed from
SM as well as DM fields. Many DMEFTs already exist in the literature.1 Various subsets
of operators containing DM fields appear in refs. [14–25]. DM interactions with gluons and
quarks as well as their impact on collider searches and direct detection for fermion and/or
scalar DM particles are considered in refs. [26–28]. DM fermions coupling to photons are
studied in refs. [29–31]. The authors of ref. [32] present a DMEFT containing scalars and
fermions interacting with quarks, gluons and photons, and study the interactions at low
energy scales. Loop effects from fermion DM particles are described in ref. [33], and match-
ing conditions for the DMEFT at the EW scale are given in ref. [34]. Furthermore, in the
context of co-annihilation, effective DM operators are discussed in refs. [35, 36].

1A discussion of non-relativistic DMEFTs can be found in refs. [1–13], for example.
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Several more general analyses of full DMEFTs including higher dimensional operators
exist. In ref. [37], an extension of the SM containing a scalar field in various representations
is described. In ref. [38], the SM is extended by a Majorana fermion and a real scalar field,
including operators up to dimension eight. A complete basis of operators including the SM
fields together with a Majorana fermion is given in refs. [39–41], with an analysis of the
impact of the operators on astroparticle and collider searches. In the context of hidden
sector searches at colliders the authors of ref. [42] extend the SMEFT to include all portal
operators up to dimension 5 withspin 0, 1/2 and 1 particles, while the extension of the
LEFT includes all portal oper-ators up to dimension seven. A DMEFT which couples
scalar, Dirac and vector DM particles to quarks and gluons is presented in ref. [42]. In
ref. [43], a non-redundant set of operators including DM fields of spin ≤ 1 is considered.
A discrete Z2 symmetry under which the DM particles are odd, whereas SM particles are
even, is imposed so that the DM particles are stable. In ref. [44], a general EFT containing
Dirac and Majorana fermions as well as complex and real scalar fields up to dimension-
seven operators is presented, where the operators are assumed to be invariant under a
global U(1) symmetry. In a recent work, the authors of ref. [45] discussed an extension of
the SM Effective Field Theory (SMEFT) [46] with spin 0, 1/2 and 1 particles, presenting
a general non-redundant basis of gauge-invariant operators up to dimension six. The DM
fields are assumed to transform as electroweak multiplets with arbitrary weak isospin and
hypercharge, and to respect a Z2 symmetry under which DM particles are odd.

A fully general DMEFT including scalar, fermion and vector DM fields in addition to
the SM degrees of freedom, valid above and below the EW scale, is still missing, however.
In this work, we close this gap by extending the SMEFT as well as the Low Energy Effective
Field Theory (LEFT) [47, 48] by spin 0, 1/2 and 1 DM particles which are singlets under
the SM gauge group. We construct the full set of non-redundant operators involving DM
and SM fields up to dimension six, without imposing any underlying symmetry on the
DM fields. The purely SM interactions above the EW scale are given by SMEFT [46],
and below the EW scale by LEFT [47, 48], and we do not reproduce these operators here.
The operators involving both SM and DM fields above the EW scale form a new EFT,
called Dark SMEFT (DSMEFT), which is applicable for DM particles with masses above
or below the EW scale, provided the new operators involving DM fields are invariant under
the Standard Model SU(3) × SU(2) × U(1) gauge symmetry and electroweak symmetry
breaking is implemented via the usual Higgs mechanism.

A second EFT involving both SM and DM fields, called Dark LEFT (DLEFT), is a
generalization of the LEFT to include spin 0, 1/2 and 1 DM singlet particles. DLEFT is
applicable for light DM particles with masses below the EW scale interacting with light
SM particles at energies below the EW scale, and does not make any assumptions about
SU(3)×SU(2)×U(1) invariance. The DLEFT operators are invariant under SU(3)×U(1)em
gauge symmetry. Like the LEFT, DLEFT does not contain the Higgs boson, and it can
be considered without reference to DSMEFT for the light DM and light SM particles
interacting at energies below the EW scale. DLEFT does not assume the Higgs mechanism
for SU(2)×U(1) symmetry breaking.

Operators involving only DM fields are common to both DSMEFT and DLEFT, since
only DM singlets are considered. For theories of light dark matter which use the SM Higgs
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doublet to spontaneously break electroweak SU(2)×U(1) gauge symmetry, both DSMEFT
and DLEFT apply, and we compute the tree-level matching conditions at the EW scale
between the two theories when the heavy SM particles (t, h, Z, W ) are integrated out,
assuming that all dark matter particles are light and not integrated out at the EW scale.
The results are easily generalized to the case where some dark matter particles are heavy
by dropping operators containing those particles in DLEFT.

In addition to the general operator analysis, we also consider a specific DM matter
scenario with vector dark matter which interacts with the SM via dimension-six opera-
tors involving three field-strength tensors, F ν

µ Xa ν
αXb α

µ and F̃ ν
µ Xa ν

αXb α
µ. These are

the only interactions of a light dark matter vector particle (i.e. in DLEFT) with the SM
with dimension ≤ 6, if there is a Z2 symmetry in the dark sector. We work out the al-
lowed parameter space of this model, and briefly discuss some of the phenomenological
implications.

The paper is organized as follows. In section 2, we describe the assumptions made
to construct the DSMEFT and the DLEFT. Section 3 analyzes a model containing two
different vector DM particles, interacting with the SM photon through a dimension-six
triple-gauge-field-strength interaction. We study the freeze-out and freeze-in scenarios,
and plot the allowed region of parameter space. Conclusions are presented in section 4.
The operator lists resulting from our general analysis are collected in the appendices.
Appendix A presents the purely DM operators containing only DM fields up to dimen-
sion six. The purely DM operators in appendix A are common to both DSMEFT and
DLEFT. Appendix B gives the DSMEFT operators involving both SM and DM fields up
to dimension-six operators. Appendix C provides the DLEFT operators involving both
SM and DM fields up to dimension-six operators. In all cases, the number of operators is
given for nφ dark scalars, nχ dark fermions, nX dark gauge bosons, and ng SM genera-
tions. We also give the tree-level matching conditions between DSMEFT and DLEFT at
the electroweak scale.

2 Dark matter EFT

In this section, we describe two new DMEFTs based on the SMEFT and the LEFT, which
we call DSMEFT and DLEFT. The DM fields added to the field content of the effective
theories are several copies of the spin 0, 1/2 and 1 fields φ, χ and Xµ, denoted by the
generation index a. The DM fields are assumed to be singlets under the SM gauge group,
and in particular to be electrically neutral. The scalar fields φa are real scalar fields, since
a complex scalar field can be written in terms of two real scalar fields. The fermion fields
χa are right-handed. We use right-handed DM fermions in order to make our results easier
to compare with the extensive literature on right-handed sterile neutrinos. It is possible
to write the same operators in terms of left-handed fermion fields which are the charge-
conjugates of the right-handed fermion fields. Majorana fermions can be written in terms
of right-handed Weyl fermions. The DM field content used in our analysis is summarized
in table 1.
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DM fields φ χ Xµ

Spin 0 1/2 1
Number nφ nχ nX

Table 1. DM fields: φ is a real scalar field, χ is a right-handed fermion, and Xµ is a vector field.
The DM fields are assumed to be singlets under the SM gauge group, so all DM fields are electrically
neutral.

All DM particles are assumed to be light, with masses smaller than the EW scale, so
the DM particles are present in the DMEFTs above as well as below the EW scale. When
light φ, χ and Xµ fields are added to the SM field content, the most general gauge-invariant
Lagrangian up to dimension six operators respecting the Standard Model SU(3)×SU(2)×
U(1) gauge symmetry defines DSMEFT, which generalizes the SMEFT theory to include
light DM gauge particles which are gauge singlets. When light φ, χ and Xµ fields are added
to the light SM fields contained in the LEFT, the most general gauge-invariant Lagrangian
up to dimension six operators respecting the LEFT gauge symmetry SU(3)×U(1)em defines
DLEFT. Both DSMEFT and DLEFT contain purely DM operators, operators constructed
only using DM fields. Since all DM particles are gauge singlets, the purely DM operators
are identical for DSMEFT and DLEFT.

In order to keep the DSMEFT and DLEFT completely general, we do not impose any
stabilizing symmetry on the DM fields. For specific applications, it is always possible to
impose symmetries upon the general set of operators, reducing the operator set to a subset
allowed by the symmetries. Consequently, the results of our operator analysis also apply
outside the context of DM, namely for extensions of the SMEFT or LEFT with additional
light degrees of freedom which are singlets under the SM gauge interactions.

The complete list of gauge-invariant operators up to mass dimension six built from DM
and SM fields are collected in the appendices. For operators which are not hermitian, we
have used +h.c. to denote that there are also hermitian conjugate operators which must be
included, and which have the complex conjugate coefficient in the Lagrangian. Hermitian
operators have a real coefficient in the Lagrangian. The purely DM operators are denoted
by P . The operators in DSMEFT are denoted by Q and those in DLEFT by O, which
are the same symbols used for the operators in SMEFT and LEFT, respectively. If the
low-energy dark matter theory DLEFT arises as the low-energy limit of DSMEFT, we
can compute the matching between the two dark matter theories. Operator coefficients in
DLEFT get an additional matching contribution at the electroweak scale after integrating
out the SM top quark, the Higgs boson and the W and Z gauge bosons. This additional
matching piece is shown in the tables in appendices A and C.

The DM sector can have internal or gauge symmetries, which constrains the allowed
coefficients. For example, if the nφ scalars transform as the fundamental of a SO(nφ)
symmetry, the Pφ3 operator is forbidden, and the Pφ4 operator must be of the form (φaφa)2.
If the symmetry is gauged, so that DM particles couple to the X gauge bosons, then
ordinary derivatives are replaced by covariant derivatives in the listed operators.
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Appendix A contains the full set of purely DM operators, which are identical for
DSMEFT and DLEFT. Appendix B gives the DSMEFT operators involving both SM and
DM fields up to dimension-six operators. Appendix C provides the full set of DLEFT oper-
ators constructed from DM fields and the light SM fields with masses below the electroweak
symmetry breaking scale up to dimension-six operators. In all of the three different op-
erator sets we introduce an arbitrary number of DM particles of each type and count the
number of independent operators. We have checked our results using the Python package
BasisGen [49].

In the DM sector, we have included several operators Pφ, Pφ2 , Pχ, Pkin
φ , Pkin

χ , Pkin
X

which are usually not considered part of the EFT Lagrangian. The linear term Pφ can
be eliminated by shifting the φ field. The kinetic terms are usually brought to canonical
form proportional to the unit matrix, and the mass terms are usually diagonalized. We
have included these operators since there are matching contributions which shift their
coefficients, so that even if the operators are put in standard form in DSMEFT, they are
no longer in standard form in DLEFT. We would then have to make field transformations
to put these operators back in standard form, which affects the matching to all the other
operators, resulting in more complicated expressions.

The LEFT is constructed from the SMEFT by integrating out the heavy SM particles
(t, h, Z and W ) with an EW scale mass, leaving only the light SM particles. The Yukawa
couplings of the light fermions are mf/v. For consistency in the EFT power counting, these
couplings should formally be treated as order 1/v, i.e. the light fermion Yukawa interactions
act formally like dimension-five operators rather than dimension-four operators. This power
counting was used in refs. [47, 48] in computing the matching conditions between SMEFT
and LEFT. The same analysis applies to the matching conditions between DSMEFT and
DLEFT. A DM–SM interaction such as H†Hφ2 gives a mass to the φ of order v2 after EW
symmetry breaking. Since our φ field is, by assumption, much lighter than the EW scale
for it to be included in the DLEFT, the H†Hφ2 operator has a coefficient suppressed by
m2
φ/v

2, and so the operator is effectively dimension six rather than dimension four. Other
suppressed operators are given in appendix C.

3 A dark sector with two vectors

Dark abelian gauge bosons, also known as dark photons, are well studied [50]. They can
interact with the SM through the renormalizable kinetic mixing portal (the DSMEFT
operator QBX in table 9)

Lmix = εaBµνX
µν
a . (3.1)

The interaction eq. (3.1) generates mixing between the dark photons Xa, and the U(1)Y SM
gauge boson, which is a linear combination of the SM photon and Z boson. It consequently
leads to decays of the dark photons into pairs of SM particles, e.g. Xa → e+e−. For the
theory to be viable, the coupling εa must be tuned to be much smaller than unity, with
typical values εa ∼ 10−10.
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In the following, we will consider a different scenario in which the dark sector consists of
two dark vector particles, but the kinetic mixing portal operators eq. (3.1) are not present.2

The absence of kinetic mixing with the SM U(1)Y gauge boson can be ensured by imposing
a dark parity symmetry under which the dark vectors are odd Xµ

a → −Xµ
a but all SM

particles are even. In such a case, the lightest dark vector is absolutely stable and the only
relevant interactions between the dark vectors and SM particles up to dimension six are the
dimension-six DSMEFT operators QBX2 = B ν

µ Xa ν
αXb α

µ and Q
B̃X2 = B̃ ν

µ Xa ν
αXb α

µ

from table 11.3 QBX2 and Q
B̃X2 are antisymmetric in the flavor indices a, b, so we need a

minimum of two dark vectors for the interaction to exist.
Allowing for dark vector mass terms, we thus consider the Lagrangian

L = LSM −
1
4X

µν
1 X1µν + m2

1
2 Xµ

1X1µ −
1
4X

µν
2 X2µν + m2

2
2 Xµ

2X2µ

+ CBX2B ν
µ X1 ν

αX2α
µ + C

B̃X2B̃
ν
µ X1 ν

αX2α
µ ,

(3.2)

where the SM U(1)Y gauge field Bµ is the linear combination Bµ = cos θWAµ−sin θWZµ of
the SM photon and the Z boson. The two couplings CBX2 and C

B̃X2 have mass dimension
−2. The dual field strength is B̃µν = 1

2εµναβB
αβ , where we use the sign convention ε0123 =

+1. The triple field-strength operator only exists if the three fields are different, so the
interactions must involve two different DM gauge fields X1 and X2.

The vector boson mass terms arise from spontaneous symmetry breaking in the dark
sector, e.g. by DM scalars. However, in this work, we do not consider the origin of the
DM vector boson masses in detail, and merely assume the mass terms given in the above
Lagrangian. A minimal mass generation mechanism is to have a U(1) gauge theory with a
complex DM scalar for each Xµ boson. On spontaneous symmetry breaking, the angular
component of the scalar gets eaten to give Xµ a mass, leaving behind the radial degree
of freedom. The additional radial mode does not qualitatively affect the discussion of the
model. It is easy to construct scenarios where its coupling to the SM is suppressed by
Yukawa couplings or loop factors, and it makes small changes to the expansion rate and
relic density of the universe. If the scalar mass is greater than twice the Xµ mass, any DM
scalars produced in the early universe will decay into Xµ bosons. The scalar and gauge
boson masses are independent, since they are proportional to the square-root of the φ4

coupling, and the gauge coupling, respectively.
Λ is the new physics scale where one expects new degrees of freedom that interact

with both the SM and the dark sector. Interactions with these new degrees of freedom
can generate the dimension-six interactions in eq. (3.2) with CBX2 and C

B̃X2 proportional
to 1/Λ2. If the new physics is weakly coupled, the dimension-six operators are generated

2A similar model but expressed in terms of vector fields instead of field strength tensors has for instance
been studied in [51, 52].

3DSMEFT can also have the dimension-six operators QHX = (H†H)XaµνXµν
b and Q

HX̃
=

(H†H)X̃aµνXµν
b which respect the dark matter Z2 symmetry. We neglect these operators — they do

not lead to interactions with SM particles lighter than the electroweak scale at dimension six, as the Higgs
coupling to SM particles is m/v, and is formally 1/Λ suppressed in the power counting for light particles.
Their coefficients CBX2 and C

B̃X2 do not enter the matching conditions to DLEFT up to dimension six.
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at one-loop and have a 1/(16π2) suppression. However strongly-interacting new physics
theories need not have this suppression [53]. In our plots, we use CBX2 = 1/Λ2 as the
definition of the new physics scale Λ. Without loss of generality we assume that X1 is the
lighter of the two dark vectors, m1 < m2, and therefore an absolutely stable dark matter
candidate.

The vector X2 is not stable; it can decay into X1 and a photon, and, if kinematically
allowed, into X1 and a Z boson. Three-body decays mediated by a virtual photon or Z
boson are necessarily suppressed compared to the two-body decay X2 → X1γ, and are
neglected in the following. For the decay rates X2 → X1γ and X2 → X1Z we find

Γ(X2 → X1γ) = cos2 θW
96π

(
C2
BX2 + C2

B̃X2

)
m5

2(1 + %)(1− %)3 , (3.3)

Γ(X2 → X1Z) = sin2 θW
96π m5

2 λ
1
2 (1, %, z)

[
C2
BX2

(
1 + %+ z

)
λ(1, %, z)

+ C2
B̃X2

(
1− (%+ z)− (%2 + z2) + (%3 + z3) + (6− %− z)%z

)]
,

(3.4)

where % = m2
1/m

2
2 is the ratio of squared dark vector masses, z = m2

Z/m
2
2, and

λ(a, b, c) ≡ a2 + b2 + c2 − 2(ab+ ac+ bc) . (3.5)

We are mainly interested in the regime where the X2 → X1 + Z decay is kinematically
forbidden.

If X2 is produced in the early Universe, there are two viable regimes of X2 lifetime
τX2 , where τ−1

X2
= Γ(X2 → X1γ) + Γ(X2 → X1Z). Either X2 decays sufficiently quickly

so that its decay does not significantly disrupt the element abundances predicted by big
bang nucleosynthesis (BBN), or X2 has an extremely long lifetime such that it can be
effectively treated as stable, and the observed dark matter abundance has both a X1 and a
X2 component. For a quickly decaying X2, the BBN constraints are typically in the range
τX2 . 1 s to τX2 . 104 s, depending on the type and the energy spectrum of the visible
decay products of X2 [54–57]. We will use the conservative limit τX2 . 1 s. A late-decaying
X2 component of dark matter can lead to distortions of the cosmic microwave background
(CMB). If X2 constitutes a significant fraction of the dark matter, its lifetime needs to be
larger than approximately τX2 & 1026 s [57–60]. The two constraints combine to exclude
the region 1 s ≤ τX2 ≤ 1026 s.

If both X1 and X2 are sufficiently light, there is an additional contribution to the
invisible Z width

Γ(Z → X1X2) = sin2 θW
96π m5

Zλ
1
2 (1, x1, x2)

[
C2
BX2

(
1 + x1 + x2

)
λ(1, x1, x2)

+ C2
B̃X2

(
1− (x1 + x2)− (x2

1 + x2
2) + (x3

1 + x3
2) + (6− x1 − x2)x1x2

)]
,

(3.6)

with x1 = m2
1/m

2
Z and x2 = m2

2/m
2
Z . LEP measurements of the invisible width of the Z

boson imply Γ(Z → X1X2) < 2.0MeV at 95% C.L. [61].
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X1
γ

X1
γ

X2

X1 X2

p p′

γ

Figure 1. Left: example t-channel diagram for dark matter annihilation into photons. There is
also the crossed u-channel diagram. Right: diagram for dark matter scattering off nuclei.

3.1 Dark matter production

Having defined the model, we consider in the following two possibilities for dark matter
production: freeze-out and freeze-in. In both cases we discuss which values of the new
physics parameters (the masses m1 and m2 and new physics scale Λ) can give the observed
dark matter abundance Ωh2 ' 0.12 [62].

3.1.1 Freeze-out

If the interactions between the SM sector and the dark sector are large enough that the
two sectors are in thermal equilibrium in the early universe, the dark matter abundance
is set by freeze-out as the universe cools. The correct dark matter relic abundance can be
obtained if the annihilation cross section of dark matter into SM particles is of electroweak
size. To a good approximation one finds

Ωh2 ' 0.12×
(

2.2× 10−26cm3/s
〈σvrel〉

)
, (3.7)

where 〈σvrel〉 is the thermal average of the dark matter annihilation cross section times the
relative dark matter velocity.

Dark matter annihilation can occur through several channels, in particular X1X1 →
γγ, X1X1 → Zγ, and X1X1 → ZZ through t-channel or u-channel X2 exchange, see the
left diagram in figure 1. Co-annihilation channels like X1X2 → WW , X1X2 → Zh, or
X1X2 → f̄f through an s-channel photon or Z boson, where f is a SM fermion, can be
relevant for m1 ' m2, so that there is an appreciable density of X2. For the X1X1 → γγ

annihilation cross section, we find

σ(X1X1 → γγ)vrel = cos4 θW
(
C2
BX2 + C2

B̃X2

)2 m6
1

144π

{ 5%2

(1 + %)2

+ v2
rel
%2(167 + 194%+ 71%2)

12(1 + %)4

}
+O(v4

rel) ,
(3.8)

where as above, % = m2
1/m

2
2, and we have expanded to second order in the relative velocity.

An analogous expression holds for the cross section σ(X2X2 → γγ)vrel, with m1 ↔ m2.
The thermal averages of powers of the relative velocity scale as 〈v2n

rel〉 ∼ x−n, where
x−1 = Tfo/m withm the dark matter mass and Tfo the temperature at freeze-out. Typically,
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Tfo/m ∼ 1/20. Therefore, it is a good approximation to keep only the leading term in the
vrel expansion. Based on the X1X1 → γγ annihilation channel alone, we find

〈σvrel〉 = 5 cos4 θW
144π

(
C2
BX2 + C2

B̃X2

)2
m6

1
%2

(1 + %)2 +O(Tfo/m) . (3.9)

Using the approximate expression for the relic abundance from above, and demanding that
X1 gives all of the dark matter, we find a new physics scale of

Λ ∼
(
C2
BX2 + C2

B̃X2

)− 1
4 ∼ 104GeV×

(
m1

50GeV

) 3
4
[

4%2

(1 + %)2

] 1
8

. (3.10)

This scale is close to the electroweak scale for m1 ∼ 50GeV, and gets even smaller for
lighter X1. Including the other annihilation channels will modify this estimate for Λ by
an amount of order one. Such a low new physics scale is challenged by the absence of
direct evidence for new degrees of freedom at the LHC and we therefore will not pursue
the freeze-out scenario in more detail.

3.1.2 Freeze-in

In the freeze-in scenario, the interactions between the SM and the dark sector are so feeble
that the two sectors do not reach thermal equilibrium. We assume that after reheating
there is a negligible abundance of dark matter, and dark matter particles get produced
from decays or scattering of SM particles [63]. In our setup, higher dimensional operators
parameterize the interactions between the dark matter sector and the SM, similar to the
scenarios discussed in ref. [64]. For a sufficiently large new physics scale Λ, the interactions
are feeble enough to realize the dark matter freeze-in scenario. The formulation in terms
of higher dimensional operators is consistent as long as the reheat temperature Trh is much
smaller than the new physics scale Λ.

We briefly review the freeze-in formalism, following largely ref. [65]. The number
densities nX1 and nX2 of the dark sector particles X1 and X2 are determined by the
Boltzmann equations

ṅX1 + 3HnX1 = Cγγ→X1X1 + CZγ→X1X1 + CZZ→X1X1

+ CZh→X1X2 + CWW→X1X2 +
∑
f

Cf̄f→X1X2
, (3.11)

ṅX2 + 3HnX2 = Cγγ→X2X2 + CZγ→X2X2 + CZZ→X2X2

+ CZh→X1X2 + CWW→X1X2 +
∑
f

Cf̄f→X1X2
, (3.12)

where H is the Hubble parameter, and the collision terms on the right-hand side take into
account dark matter production from the scattering processes γγ → XiXi, Zγ → XiXi,
and ZZ → XiXi that involve two dimension-six interactions, as well as the processes
Zh → X1X2, WW → X1X2, and f̄f → X1X2 that are mediated by an s-channel Z or γ
and involve only a single dimension-six interaction. The collision terms are given explicitly
in eqs. (3.20)–(3.25), and include the final state multiplicities. The X1X2 processes, which
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are order 1/Λ4, dominate over the X1X1 and X2X2 processes of order 1/Λ8 if m1 ∼ m2.
Otherwise, the relative rates depend also on the Boltzmann suppression for X2.

It is convenient to rewrite the Boltzmann equations in terms of the comoving number
densities YXi = nXi/s where s is the entropy density. One finds

YX1 =
∫ Trh

T0

dT

T

1
sH
(
Cγγ→X1X1 + CZγ→X1X1 + CZZ→X1X1

+ CZh→X1X2 + CWW→X1X2 +
∑
f

Cf̄f→X1X2

)
,

(3.13)

YX2 =
∫ Trh

T0

dT

T

1
sH
(
Cγγ→X2X2 + CZγ→X2X2 + CZZ→X2X2

+ CZh→X1X2 + CWW→X1X2 +
∑
f

Cf̄f→X1X2

)
,

(3.14)

where T0 ' 0 is the temperature today, and the entropy density and Hubble parameter are
given by

s = 2π2

45 g?T
3 , H = π

3
√

10
√
g?

T 2

MPl
, (3.15)

with MPl ' 2.4 × 1018 GeV the reduced Planck mass, and g? the effective number of
degrees of freedom. In eqs. (3.13), (3.14), we have approximated the effective number of
degrees of freedom in the thermal bath for the entropy and energy density as a constant,
gs? = gρ? = g? = const. This is a good approximation for temperatures above the electroweak
scale [66]. For such temperatures, g? ' 427/4 in the SM.

We identify two qualitatively different scenarios that are determined by the hierarchy
of the scales m1, m2, and Trh:

(1) m1 < Trh < m2: in this case only X1 can be produced by the scattering of SM
particles. The s-channel production modes that include X2 in the final state are
kinematically suppressed. The dark matter abundance is therefore given by

Ωh2 = h2s0
ρcrit

m1YX1 ' (2.7× 108)
(

m1
1GeV

)
YX1 , (3.16)

where ρcrit = 1.053672(24) × 10−5h2 GeV/cm3 [67] is the critical density of the Uni-
verse and s0 = 2891.2(1.9)/cm3 [67] is the entropy density today. If the reheat tem-
perature Trh is significantly below the electroweak scale, the only relevant process
that produces dark matter, and that needs to be taken into account in the calcula-
tion of comoving number density YX1 is γγ → X1X1. For Trh above the electroweak
scale, Zγ → X1X1 and ZZ → X1X1 also need to be considered.

(2) m1 < m2 < Trh: in this case, both X1 and X2 are produced by the scattering of SM
particles. To obtain the dark matter abundance we need to distinguish two sub-cases:

(2a) the lifetime of X2 is much larger than the age of the universe. In this case
dark matter is made from two components, the absolutely stable X1 and the
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approximately stable X2 and the corresponding abundances add up

Ωh2 = h2s0
ρcrit

(
m1YX1 +m2YX2

)
' (2.7× 108)

[(
m1

1GeV

)
YX1 +

(
m2

1GeV

)
YX2

]
.

(3.17)

(2b) the lifetime of X2 is much shorter than the age of the universe. In this case,
X2 has decayed through the processes X2 → X1γ and, if kinematically allowed,
X2 → X1Z, producing one X1 particle per decaying X2 particle. The relic
density therefore is

Ωh2 = h2s0
ρcrit

m1
(
YX1 + YX2

)
' (2.7× 108)

(
m1

1GeV

) (
YX1 + YX2

)
. (3.18)

For a reheat temperature below the electroweak scale, only processes with photons
and light SM fermions need to be taken into account when calculating YX1 and YX2 .
For sufficiently large Trh, all processes in (3.13) and (3.14) are relevant.

To evaluate the relic density, we need to determine the various collision terms. In the
case of 2→ 2 scattering one has the following generic expression

Cab→cd '
∫

d3pa
(2π)32Ea

∫
d3pb

(2π)32Eb

∫
d3pc

(2π)32Ec

∫
d3pd

(2π)32Ed
× f eq

a (Ea)f eq
b (Eb)|Mab→cd|2(2π)4δ(4)(pa + pb − pc − pd) ,

(3.19)

since the final state occupation numbers f eq
c (Ec), f eq

d (Ed)� 1 so we can neglect final state
Bose and Fermi factors. Note that the squared matrix elements are summed over both ini-
tial and final state degrees of freedom (e.g. spins, polarizations, color). The equilibrium
phase space distributions are to a good approximation given by f eq

i (Ei) ' exp(−Ei/T ).
Carrying out the momentum integrations, the collision terms for the scattering processes
can be related to the corresponding scattering cross sections. We find (including the mul-
tiplicity of the final state in the definition of the collision integral)

Cγγ→XiXi = 1
8π4T

∫ ∞
0

ds s
3
2K1(

√
s/T )σ(γγ → XiXi) , (3.20)

CZZ→XiXi = 9
32π4T

∫ ∞
4m2

Z

ds s
3
2K1(

√
s/T )

(
1− 4m2

Z

s

)
σ(ZZ → XiXi) , (3.21)

CZγ→XiXi = 3
8π4T

∫ ∞
m2
Z

ds s
3
2K1(

√
s/T )

(
1− m2

Z

s

)2

σ(Zγ → XiXi) , (3.22)

CWW→X1X2 = 9
32π4T

∫ ∞
4m2

W

ds s
3
2K1(

√
s/T )

(
1− 4m2

W

s

)
σ(WW → X1X2) , (3.23)

CZh→X1X2 = 3
32π4T

∫ ∞
(mZ+mh)2

ds s
3
2K1(

√
s/T )λ

(
1, m

2
Z

s
,
m2
h

s

)
σ(Zh→ X1X2) , (3.24)

Cf̄f→X1X2
= N2

c

8π4T

∫ ∞
4m2

f

ds s
3
2K1(

√
s/T )

(
1−

4m2
f

s

)
σ(f̄f → X1X2) , (3.25)
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with a color factor Nc = 3 for quarks and Nc = 1 for leptons. λ(a, b, c) is defined in
eq. (3.5), and K1 is the first modified Bessel function of the second kind.

In the following we will focus on two benchmark cases that are representative for the
generic scenarios (1) and (2) identified above. A comprehensive discussion of the entire
parameter space is beyond the scope of this work.

For the first benchmark case we assume that the reheat temperature is below both
the electroweak scale and the mass of the second vector X2. Thus, only the γγ → X1X1
collision term is relevant. Furthermore, if the mass of X1 is sufficiently small, m1 � Trh �
m2, we find the following simple expression for the cross section

σ(γγ → X1X1) ' 263 cos4 θW
215040π

s5

m4
2

(
C2
BX2 + C2

B̃X2

)2
, (3.26)

where s is the diphoton invariant mass. Neglecting the temperature dependence of the
effective number of degrees of freedom g?, the corresponding collision term and the resulting
comoving X1 number density can be determined analytically. We find

Cγγ→X1X1 '
9089280 cos4 θW

π5
T 16

m4
2

(
C2
BX2 + C2

B̃X2

)2
, (3.27)

YX1 '
613526400

√
10

11π8
cos4 θW

g
3/2
?

MplT
11
rh

m4
2

(
C2
BX2 + C2

B̃X2

)2
. (3.28)

If the reheat temperature is above the electroweak scale, the comoving number density
increases by an O(1) amount due to the additional ZZ → X1X1 and γZ → X1X1 chan-
nels, but the characteristic dependence on T 11

rh does not change. The correct dark matter
abundance, Ωh2 ' 0.12, is obtained for a new physics scale Λ approximately 3 orders of
magnitude above the reheat temperature

Λ
Trh

=
(
C2
BX2 + C2

B̃X2

)− 1
4

Trh
∼ 700×

(
m1

1GeV

) 1
8
×
(

Trh
100GeV

) 3
8
×
(1TeV

m2

) 1
2
×
(100
g?

) 3
16
.

(3.29)
This is consistent with our assumption that the EFT description of the dark vector inter-
actions is appropriate to determine the dark matter abundance.

In the second benchmark case we assume again that the reheat temperature is below
the electroweak scale but this time both X1 and X2 are significantly lighter, m1,m2 � Trh.
In this case, the dominant dark matter production process is ff̄ → X1X2 mediated by
an s-channel photon. The corresponding amplitude is suppressed by only one power of
the dimension-six dark vector interaction with the photon. For the cross section we find
(assuming for simplicity also mf � Trh)

σ(f̄f → X1X2) '
Q2
fe

2 cos2 θW

96πNc
s
(
C2
BX2 + C2

B̃X2

)
, (3.30)

where Qf is the electric charge of the fermion f . The corresponding collision term and the
resulting comoving number densities are

Cf̄f→X1X2
' NcQ

2
f

e2 cos2 θW
π5 T 8(C2

BX2 + C2
B̃X2

)
, (3.31)
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Figure 2. Reheat temperature to reproduce the observed dark matter abundance. The curves
have been evaluated for C

B̃X2 = 0 and CBX2 = 1/Λ2. The red shaded region is excluded by the
invisible width of the Z, the blue shaded region by lifetime constraints on X2, and the green shaded
region by the limit Trh < 4.7MeV from the CMB and BBN [68].

YX1 ' YX2 '
45
√

10
2π8

∑
f

NcQ
2
f

e2 cos2 θW

g
3/2
?

MplT
3
rh
(
C2
BX2 + C2

B̃X2

)
. (3.32)

For reheat temperatures above the electroweak scale, the comoving number densities will
be larger by an O(1) amount, because additional dark matter production channels open
up. The dominant channels all scale with T 3

rh. Summing over all charged leptons and the
five light quarks,

∑
f NcQ

2
f = 20/3. Assuming the vector X2 decays sufficiently fast, we

find the following new physics scale to reproduce the observed dark matter abundance

Λ
Trh

=
(
C2
BX2 + C2

B̃X2

)− 1
4

Trh
∼
(
1.43× 105

)
×
(

m1
1GeV

) 1
4
×
(100GeV

Trh

) 1
4
×
(100
g?

) 3
8
. (3.33)

In figure 2, we show the new physics scale Λ as a function of m1, the mass of the dark
matter particle, for different values of the reheat temperature Trh. In both plots, the new
physics scale Λ is always considerably greater than Trh so the EFT computation of the
cross sections is valid. For simplicity, we only show the case where C

B̃XX
= 0. Including

both the BXX and B̃XX operators makes only small differences in the plots. In the
plots, we have included the full mass-dependence of the cross sections, rather than the
simplified expressions in eqs. (3.26), (3.31). The ff̄ → X1X2 cross section used includes
both γ and Z exchange, rather than just γ exchange given in eq. (3.31). We have also
included all the collision integrals in the numerical calculations, as well as the temperature
dependence of g?. The processes which produce X1X2 in the final state have one insertion
of the dimension-six interaction, so the cross section is proportional to 1/Λ4. Processes
with X1X1 or X2X2 in the final state have two insertions of the dimension-six interaction,
and are proportional to 1/Λ8.
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The left-hand plot has two light vectors with m2 = 2m1. In this case the freeze-in
is dominated by processes that produce X1X2 from the scattering of two SM particles.
We evaluated the collision integrals and the relic abundance numerically. For reheat tem-
peratures much larger than m1 and m2, the analytic result in (3.33) is a very good ap-
proximation and the shown curves follow the relation Λ ∝ m

1/4
1 . For reheat temperatures

of the order of m1 or even smaller, the analytic result no longer holds and we observe a
qualitatively different behavior of the curves. Note that for very small Trh . ΛQCD one
should not evaluate the collision terms based on quarks, but rather work with hadrons.
However, we do not expect the qualitative behavior to change in this region of parameter
space.

Certain regions of the plot are excluded. The X2 lifetime should be greater than 1026 s
to avoid distortions of the CMB, or less than 1 s to avoid affecting the elemental abundances
predicted by BBN. We also show the disallowed region from the invisible decay width of
the Z and from the limit on the reheat temperature Trh < 4.7MeV from the CMB and
BBN [68].

The right-hand plot has one heavy vector with a mass m2 = 10TeV and one light
vector. In this case the dark matter freeze-in is largely determined by the process γγ →
X1X1 for low reheat temperatures. Other processes such as ZZ → X1X1 and γZ → X1X1
are relevant if Trh is sufficiently large, and are included in the numerics. The f̄f →
X1X2 processes become relevant in the upper part of the plot where Trh is only slightly
smaller than m2. As for the left-hand plot, we evaluate the collision integrals and the relic
abundance numerically. For most of the plot, the analytical expression (3.29) is a very
good approximation and the curves follow Λ ∝ m1/8

1 .
For completeness, we give the WW → X1X2 and Zh → X1X2 cross sections in the

limit m1,m2 → 0, where the expressions simplify considerably:

σ(W+W− → X1X2) =
e2c2

W (C2
BX2 + C2

B̃X2)M4
Zs

1/2
√
s− 4M2

W

3456π(s−M2
Z)2M4

W

(12M4
W + 20M2

W s+ s2) ,

(3.34)

σ(hZ → X1X2) =
e2(C2

BX2 + C2
B̃X2)s2

1152πc2
W (s−M2

Z)2
√
s2 − 2s(M2

Z +M2
H) + (M2

Z −M2
H)2
×

[
s2 + 2s(5M2

Z −M2
H) + (M2

H −M2
Z)2

]
. (3.35)

In the numerics, we have used the complete expressions for the cross sections.

3.2 Dark matter signatures

Dark matter that is frozen-in is characterized by very feeble interactions with the SM.
Models of dark matter freeze-in are therefore generically hard to probe. One expects tiny
scattering cross sections of the local dark matter on SM targets, tiny annihilation rates of
galactic dark matter to SM particles, and tiny rates of dark matter production at particle
colliders. In the following we briefly discuss the scattering of the dark matter on SM
fermions in the model presented above.
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X1 X1

X2

γ γ

Figure 3. Graph contributing to the elastic scattering X1 + f → X1 + f off fermions such as
electrons or nuclei in the target. The boxes are insertions of the dimension-six interaction.

Elastic scattering of the dark matter particle X1 on nuclei or electrons can be mediated
by a loop ofX2 and photons (or Z bosons) that involves two of the dimension 6 interactions,
such as the graph shown in figure 3. The corresponding cross sections σ(X1N → X1N)
and σ(X1e → X1e) are suppressed by a loop factor and eight powers of the new physics
scale Λ. These direct detection cross sections are therefore exceedingly small in the regions
of parameter space that give the right dark matter abundance.

If both dark vectors X1 and X2 are almost degenerate, m1 ' m2, one can have inelastic
scattering at tree level as shown on the right hand side of figure 1. The corresponding cross
section scales as 1/Λ4. As long as the inelastic processes X1N → X2N and X1e → X2e

are kinematically allowed, they are parametrically much larger than the elastic scattering
processes. We first consider the case where X2 is short-lived, so that the dark matter is
X1. As the local dark matter has speeds of the order of v ∼ 10−3, the mass splitting
between X2 and X1 should be at most ∆ = m2 −m1 ∼ 10−6m1 for inelastic scattering to
be kinematically allowed. For inelastic dark matter scattering on a fermion f we find the
cross section near threshold

σ(f +X1 → f +X2) = w
e2Q2

fc
2
Wm

1/2
1 m

5/2
2

24π
√

2(m2
2 −m2

1)3/2(mf +m2)3
√

(2mf +m2)2 −m2
1

×

{
C2
BX2

(
m2

2 −m2
1

) [
(2mf +m2)2 −m2

1

] (
m2

1 +m2
2 + 4m2

f

)
+ C2

B̃X2

[
(m2

1 +m2
2)(m2

2 −m2
1)2 + 4mfm2(m2

2 −m2
1)2 + 8m2

f

(
m4

2 +m4
1

)
+ 16m3

fm2(m2
1 +m2

2) + 16m4
fm

2
2

]}
+ . . . (3.36)

Here

s = (mf +m2)2 + 2mfm1w
2, w � 1 (3.37)

is the expansion of s near threshold in terms of a dimensionless parameter w. The relative
boost γ between X1 and f is

γ = p1 · k1
m1mf

= m2
2 −m2

1 + 2mfm2 + 2mfm1w
2

2m1mf
= m2

2 −m2
1 + 2mfm2

2m1mf
+ w2 (3.38)

so w2 is the deviation of γ from the minimum value required for X2 production to be
kinematically allowed. Since incident dark matter particles are non-relativistic, we can
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further simplify the cross section by expanding in the mass difference ∆ = m2−m1, giving

σ(f +X1 → f +X2) =
C2
B̃X2e

2Q2
fc

2
Wm

3/2
f m

7/2
1 w

12π∆3/2(mf +m1)3/2 + . . . (3.39)

The t-channel infrared singularity in the total photon exchange cross section is regulated
by the finite mass difference ∆.

For a non-relativistic X1 with velocity v incident on a fermion at rest,

w2 ≈ 4mfm1v
2 +m2

1v
4 − 8(m1 +mf )∆− 4∆2

8mfm1
. (3.40)

As an example, consider the case of X1 with mass m1 = 1GeV incident with a typical dark
matter velocity v = 10−3 on a nucleon target with mf = 1GeV. From eq. (3.40), w2 ≈
5× 10−7 − 2∆/(1GeV), and X2 production is kinematically allowed only if ∆ ≤ 0.25 keV.
This shows that X1 and X2 have to be almost degenerate for the scattering process to
be kinematically allowed for incident particles with typical dark matter velocities. For
∆ ∼ 0.1 keV, σ(f + X1 → f + X2) ≈ 5 × 10−24 × (1GeV/Λ)4 cm2 leading to a collision
rate Γ ≈ (1GeV/Λ)4 × 10−22 s−1 per target nucleon, assuming X1 is all of the local dark
matter density. The nuclear recoil energy is of order ∆, and is approximately 0.1 keV.
These numbers show that direct detection of X1 is not a realistic possibility — X1 and
X2 have to be nearly degenerate, the nuclear recoil energy is low, and the collision rate is
small for Λ much above the electroweak scale.

In some regions of parameter space (the upper part of the left-hand plot in figure 2),
X2 is long-lived, and the dark matter is equal parts X1 and X2. In this region, one can
also have the exothermic reaction f + X2 → f + X1. We expand the cross section near
threshold in w where

s = (m2 +mf )2 + 2mfm2w
2, w � 1 . (3.41)

Here the relative boost of the incoming particles is

γ = p2 · k1
m2mf

= 1 + w2 (3.42)

so that w2 ≈ v2/2 for v � 1, where X2 particles of velocity v are incident on fermions at
rest. The expanded cross section is

σ(f +X2 → f +X1) = 1
w

e2Q2
fc

2
Wm2

√
(m2 + 2mf )2 −m2

1

192π
√

2m2
f

√
m2

2 −m2
1(mf +m2)3

×

{
C2
BX2

[
(m2 + 2mf )2 −m2

1

] [
m2

2 −m2
1

] [
m2

1 +m2
2 + 4m2

f

]
+ C2

B̃X2

[
16m4

fm
2
2 + 16m3

fm2(m2
1 +m2

2)

+ 8m2
f (m4

1 +m4
2) + 4mfm2(m2

2 −m2
1)2 + (m2

2 −m2
1)2(m2

1 +m2
2)
]}

+ . . . (3.43)
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For the case of m1 = 1GeV, m2 = 2GeV incident on a nucleon target mf = 1GeV,
σ(f + X2 → f + X1) ≈ 3 × 10−27 × (1GeV/Λ)4 cm2 leading to a collision rate Γ ≈
(1GeV/Λ)4×2×10−26 s−1 assuming that equal amounts of X1 and X2 form the local dark
matter density. For Λ ∼ 1012 GeV, typical values for Λ in this region of parameter space,
the reaction rate is too small to be detected in laboratory experiments [69].

Another possible detection mechanism is via the process f + f → X1 + X2 followed
by the radiative decay X2 → X1 + γ, if X2 is short-lived. The cross section is of order
σ(f + f → X1 +X2) ≈ 1010 fb× (1GeV/Λ)4 for e+e− collisions at a center-of-mass energy
of 10GeV. For Λ ∼ 104 GeV, typical values for Λ in this region of parameter space, the
production rate is too small to be constrained by existing analyses. However, it may be
visible in future searches at Belle II [70].

The above conclusions are a general feature of freeze-in scenarios, where the reaction
cross sections required to produce the observed dark matter abundance are small, making
them very difficult to detect experimentally.

4 Conclusions

We have presented general extensions of the SMEFT and the LEFT by adding spin 0, 1/2
and 1 particles to the two theories, where the additional particles are singlets under the
SM gauge group. We have classified all operators up to dimension-six which involve the
new particles, including those which violate baryon and/or lepton number. We have also
computed the tree-level matching at the electroweak scale between the two dark matter
theories.

An interesting example is the case of vector dark matter with a discrete Z2 symmetry,
where the lightest dark matter particle is stable. Our operator analysis shows that the
interaction with SM particles in this case is via a dimension-six triple gauge boson inter-
action. We have made a preliminary analysis of the phenomenology of this model, and
showed that there are regions of parameter space where the freeze-in scenario is viable.
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A Purely dark matter operators

In this appendix we list all the self-interactions among the three different DM particles
listed in table 1 up to dimension six. The generation indices of the DM fields a, b, c, d
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run over nφ scalars, nχ fermions, and nX gauge bosons. The results in this appendix
also give the possible interactions up to dimension six in a general gauge theory (with the
replacement of derivatives by covariant derivatives). The possible interactions are restricted
by the symmetries of the theory.

The operators range from the dimension-one operator Pφ = φa, containing only one
scalar field φ up to dimension six. We have chosen to retain the linear term in φa, rather
than shifting the scalar fields to remove the linear term, to avoid complicated expressions
for the matching. In many examples, a linear φa term is forbidden by symmetry. We have
also chosen to include the DM kinetic energy terms in the list of dimension-four operators.
These terms are usually canonically normalized. Here, integrating out particles at the
electroweak scale gives a matching contribution to the DM kinetic energy terms for Xµ.
Rather than rescale the DM fields to get a canonically normalized kinetic term, which
changes all the operator coefficients, we have instead included the matching in table 2.

We have given the number of operators of a given type in the tables. In most examples,
the counting of operators is trivial. For example, the number of φaφbφcφd operators is
nφ(nφ + 1)(nφ + 2)(nφ + 3)/4!, because the operator is symmetric in a, b, c, d. In two cases,
the counting is non-trivial. The dimension-six operator with two derivatives and four scalar
fields has the form P

∂2φ4

abcd

= ∂µφ
a∂µφbφcφd, which is symmetric in a, b and in c, d. P

∂2φ4

abcd
then transforms as

⊗ = ⊕ ⊕ (A.1)

under the permutation group. However, total derivatives do not contribute to the action,
so that

∂µ(∂µφaφbφcφd) = ∂2φaφbφcφd + ∂µφa∂µφbφcφd + ∂µφaφb∂µφcφd + ∂µφaφbφc∂µφd ,

(A.2)

can be set to zero. ∂2φa can be eliminated by a field-redefinition (i.e. the equations of
motion), so that ∂µφa∂µφbφcφd + ∂µφaφb∂µφcφd + ∂µφaφbφc∂µφd → 0 in the action. As a
result, the part of P

∂2φ4

abcd

symmetric in three indices vanishes, and P
∂2φ4

abcd

transforms as

P∂2φ4

abcd

∼ (A.3)

under the permutation group, and has dimension

1
12n

2
φ(n2

φ − 1) . (A.4)

For fermions, there is a Fierz identity

(χTaCχb)(χTc Cχd) + (χTaCχc)(χTdCχb) + (χTaCχd)(χTb Cχc) = 0 , (A.5)

so that Pχχ in table 7 transforms as in eq. (A.3) and has dimension given in eq. (A.4) with
nφ → nχ.
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In the matching the vacuum expectation value vT appears, given by [71–73]

vT =
(

1 + 3
8λCHv

2
)
v . (A.6)

Furthermore, we use the notation (
a

b

)
≡ a!
b!(a− b)! (A.7)

for the binomial coefficient. Note that the DM operators in tables 2–7 are present both in
DSMEFT and DLEFT, so what is shown in the tables is the shift in the coefficients when
electroweak scale particles are integrated out. For example, for the Pφ4 operator in table 5,
the coefficient below the EW scale is

CDLEFT
φ4

abcd

= CDSMEFT
φ4

abcd

+ v2
T

2 CH2φ4

abcd

. (A.8)

Only the second term is given in table 5.

DM: dimension 1
(dSM, dDM) Name Operator Number Matching

(0, 1) Pφ φa nφ
v2
T

2

(
C
H2φ
a

+ v2
T

2 CH4φ
a

)
Table 2. Dimension-one purely DM operator present in DSMEFT and DLEFT. The first column
gives the dimensions of the SM and DM part of the operator, the fourth column is the number of
operators, and the fifth column is the additional matching contribution at the EW scale.

DM: dimension 2
(dSM, dDM) Name Operator Number Matching

(0, 2) Pφ2 φaφb
(
nφ+1

2
) v2

T

2

(
C
H2φ2

ab

+ v2
T

2 CH4φ2

ab

)

Table 3. Dimension-two purely DM operator present in DSMEFT and DLEFT. The first column
gives the dimensions of the SM and DM part of the operator, the fourth column is the number
of operators, and the fifth column is the additional matching contribution at the EW scale. This
operator is the φ mass term.

DM: dimension 3
(dSM, dDM) Name Operator Number Matching

(0,3) Pφ3 φaφbφc
(
nφ+2

3
) v2

T

2 CH2φ3

abc

Pχ (χTaCχb) + h.c.
(
nχ+1

2
)

+ h.c. v2
T

2 CHχ
ab

Table 4. Dimension-three purely DM operators present in DSMEFT and DLEFT. The first column
gives the dimensions of the SM and DM part of the operator, the fourth column is the number of
operators, and the fifth column is the additional matching contribution at the EW scale. Pχ is the
χ mass term.
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DM: dimension 4
(dSM, dDM) Name Operator Number Matching

(0,4)

Pkin
φ ∂µφa∂

µφb
(
nφ+1

2
)

0
Pkin
χ χa i/∂ χb

(
nχ+1

2
)

0
Pkin
X XaµνX

µν
b

(
nX+1

2
) v2

T

2 CHX
ab

P
X̃

X̃aµνX
µν
b

(
nX+1

2
) v2

T

2 CHX̃
ab

Pφ4 φaφbφcφd
(
nφ+3

4
) v2

T

2 CH2φ4

abcd

Pχφ (χTaCχb)φc + h.c. nφ
(
nχ+1

2
)

+ h.c. v2
T

2 CHχφ
abc

Table 5. Dimension-four purely DM operators present in DSMEFT and DLEFT. The first column
gives the dimensions of the SM and DM part of the operator, the fourth column is the number of
operators, and the fifth column is the additional matching contribution at the EW scale. The first
three operators are the DM kinetic energy terms.

DM: dimension 5
(dSM, dDM) Name Operator Number Matching

(0,5)

Pφ5 φaφbφcφdφe
(
nφ+4

5
)

0
PXφ XaµνX

µν
b φc nφ

(
nX+1

2
)

0
P
X̃φ

X̃aµνX
µν
b φc nφ

(
nX+1

2
)

0
Pχφ2 (χTaCχb)φcφd + h.c.

(
nφ+1

2
)(
nχ+1

2
)

+ h.c. 0
PχX (χTaCσµνχb)Xc µν + h.c.

(
nχ
2
)
nX + h.c. 0

Table 6. Dimension-five purely DM operators present in DSMEFT and DLEFT. The first column
gives the dimensions of the SM and DM part of the operator, the fourth column is the number of
operators, and the fifth column is the additional matching contribution at the EW scale.

DM: dimension 6
(dSM, dDM) Name Operator Number Matching

(0,6)

PX3 Xaµ
νXb ν

αXc α
µ

(
nX
3
)

0
P
X̃3

X̃aµ
νXb ν

αXc α
µ

(
nX
3
)

0
PXφ2 XaµνX

µν
b φcφd

(
nφ+1

2
)(
nX+1

2
)

0
P
X̃φ2

X̃aµνX
µν
b φcφd

(
nφ+1

2
)(
nX+1

2
)

0
Pφ6 φaφbφcφdφeφf

(
nφ+5

6
)

0
P∂2φ4 ∂µφa∂

µφbφcφd
1

12n
2
φ(n2

φ − 1) g2
Z

4M2
Z

([Zφ]ac − [Zφ]ca)([Zφ]bd − [Zφ]db)
+ a↔ b

Pχφ3 (χTaCχb)φcφdφe + h.c.
(
nφ+2

3
)(
nχ+1

2
)

+ h.c. 0
PχXφ (χTaCσµνχb)Xc µνφd + h.c. nφ

(
nχ
2
)
nX + h.c. 0

Pχ∂φ (χaγµχb)(iφc
←→
∂µφd)

(
nφ
2
)
n2
χ − g2

2
M2
Z

[Zχ]ab[Zφ]cd
Pχχ (χTaCχb)(χTc Cχd) + h.c. 1

12n
2
χ(n2

χ − 1) + h.c. 0
Pχχ (χTaCχb)(χcCχTd )

(
nχ+1

2
)(
nχ+1

2
)

− g2
Z

M2
Z

[Zχ]ca[Zχ]db − g2
Z

M2
Z

[Zχ]cb[Zχ]da

Table 7. Dimension-six purely DM operators present in DSMEFT and DLEFT. The first column
gives the dimensions of the SM and DM part of the operator, the fourth column is the number of
operators, and the fifth column is the additional matching contribution at the EW scale.
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B DSMEFT operators

This appendix gives the operators up to dimension six in DSMEFT which have both SM
and DM fields. The purely DM operators are given in appendix A, and the purely SMEFT
operators in ref. [46]. Following the notation in [46], we denote the generation indices of
the SM fields by p, r, s, t and the number of generations by ng. The subset of operators
containing SM fields and a right-handed neutrino has already been studied extensively in
the literature. Theories with this field content are called νSMEFT or SMNEFT and have
been discussed for instance in refs. [74–79]. For this subset of operators, most of the one-
loop RG running is known. The gauge mixing is presented in [80], mixing among bosonic
operators is discussed in [81], the one-loop RGE of the four-fermion operators is provided
in [82] and the Yukawa mixing for four-fermion operators is computed recently in [83].

It is assumed that all dark matter particles have baryon number B = 0 and lepton
number L = 0 when we give the ∆B and ∆L quantum numbers of the operators. Note
that if χ is a right-handed sterile neutrino, L = 1, and the lepton number assignments of
all the operators get shifted by the number of χ fields.

DSMEFT: dimension 3 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number

(2, 1) QH2φ (H†H)φa nφ

Table 8. Dimension-three ∆B = ∆L = 0 operator in DSMEFT. The first column gives the
dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.

DSMEFT: dimension 4 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number

(2,2)
QBX BµνX

µν
a nX

Q
B̃X

B̃µνX
µν
a nX

QH2φ2 (H†H)φaφb
(
nφ+1

2
)

Table 9. Dimension-four ∆B = ∆L = 0 operators in DSMEFT. The first column gives the
dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.
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DSMEFT: dimension 5 ∆B = ∆L = 0

(dSM, dDM) Name Operator Number

(2,3)

QH2φ3 (H†H)φaφbφc
(
nφ+2

3

)
QBXφ BµνX

µν
a φb nφnX

Q
B̃Xφ

B̃µνX
µν
a φb nφnX

QHχ (H†H)(χTaCχb) + h.c.
(
nχ+1

2

)
+ h.c.

QBχ Bµν(χTaCσµνχb) + h.c.
(
nχ
2

)
+ h.c.

(4,1)

QH4φ (H†H)2φa nφ
QBφ BµνB

µνφa nφ

Q
B̃φ

B̃µνB
µνφa nφ

QWφ W I
µνW

I µνφa nφ

Q
W̃φ

W̃ I
µνW

I µνφa nφ

QGφ GAµνG
Aµνφa nφ

Q
G̃φ

G̃AµνG
Aµνφa nφ

Qeφ (lperH)φa + h.c. n2
gnφ + h.c.

Quφ (qpurH̃)φa + h.c. n2
gnφ + h.c.

Qdφ (qp drH)φa + h.c. n2
gnφ + h.c.

Table 10. Dimension-five ∆B = ∆L = 0 operators in DSMEFT. The first column gives the
dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.

DSMEFT: dimension 6 ∆B = ∆L = 0

(dSM, dDM) Name Operator Number

(2,4)

QBX2 B ν
µ Xa ν

αXb α
µ

(
nX

2

)
Q
B̃X2 B̃ ν

µ Xa ν
αXb α

µ
(
nX

2

)
QBXφ2 BµνX

µν
a φbφc

(
nφ+1

2

)
nX

Q
B̃Xφ2 B̃µνX

µν
a φbφc

(
nφ+1

2

)
nX

QHX (H†H)XaµνXµν
b

(
nX+1

2

)
Q
HX̃

(H†H)X̃aµνXµν
b

(
nX+1

2

)
QH2φ4 (H†H)φaφbφcφd

(
nφ+3

4

)
QHχφ (H†H)(χTaCχb)φc + h.c. nφ

(
nχ+1

2

)
+ h.c.

QBχφ Bµν(χTaCσµνχb)φc + h.c. nφ
(
nχ
2

)
+ h.c.

(3,3)

Q∂H∂φ ∂µ(H†H)∂µ(φaφb)
(
nφ+1

2

)
QDH∂φ (H†←→D µH)(φa

←→
∂µφb)

(
nφ
2

)
QDHχ (iH†←→D µH)(χaγµχb) n2

χ

Qφl (lpγµlr)(iφa
←→
∂µφb) n2

g

(
nφ
2

)
Qφq (qpγµqr)(iφa

←→
∂µφb) n2

g

(
nφ
2

)
Qφe (epγµer)(iφa

←→
∂µφb) n2

g

(
nφ
2

)
Qφu (upγµur)(iφa

←→
∂µφb) n2

g

(
nφ
2

)
Qφd (dpγµdr)(iφa

←→
∂µφb) n2

g

(
nφ
2

)
Qlχ (lpγµlr)(χaγµχb) n2

gn
2
χ

Qqχ (qpγµqr)(χaγµχb) n2
gn

2
χ

Qeχ (epγµer)(χaγµχb) n2
gn

2
χ

Quχ (upγµur)(χaγµχb) n2
gn

2
χ

Qdχ (dpγµdr)(χaγµχb) n2
gn

2
χ

Table 11. Dimension-six ∆B = ∆L = 0 operators in DSMEFT, part 1. The first column gives
the dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.
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DSMEFT: dimension 6 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number

(4,2)

QH4φ2 (H†H)2φaφb
(
nφ+1

2
)

QBφ2 BµνB
µνφaφb

(
nφ+1

2
)

Q
B̃φ2

B̃µνB
µνφaφb

(
nφ+1

2
)

QWφ2 W I
µνW

Iµνφaφb
(
nφ+1

2
)

Q
W̃φ2

W̃ I
µνW

I µνφaφb
(
nφ+1

2
)

QGφ2 GAµνG
Aµνφaφb

(
nφ+1

2
)

Q
G̃φ2

G̃AµνG
Aµνφaφb

(
nφ+1

2
)

QH2BX (H†H)BµνXµν
a nX

Q
H2B̃X

(H†H)B̃µνXµν
a nX

QH2WX (H†τ IH)W I
µνX

µν
a nX

Q
H2W̃X

(H†τ IH)W̃ I
µνX

µν
a nX

Qeφ2 (lperH)φaφb + h.c. n2
g

(
nφ+1

2
)

+ h.c.
Quφ2 (qpurH̃)φaφb + h.c. n2

g

(
nφ+1

2
)

+ h.c.
Qdφ2 (qp drH)φaφb + h.c. n2

g

(
nφ+1

2
)

+ h.c.
QeX (lpσµνer)HXµν

a + h.c. n2
gnX + h.c.

QuX (qpσµνur)H̃Xµν
a + h.c. n2

gnX + h.c.
QdX (qpσµνdr)HXµν

a + h.c. n2
gnX + h.c.

Table 12. Dimension-six ∆B = ∆L = 0 operators in DSMEFT, part 2. The first column gives
the dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.

DSMEFT: dimension 4 ∆B = 0, ∆L = 1 + h.c.
(dSM, dDM) Name Operator Number

(5/2, 3/2) QHχl εijH
i(χaljp) ngnχ

Table 13. Dimension-four ∆B = 0, ∆L = 1 operator in DSMEFT. The first column gives the
dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.

DSMEFT: dimension 5 ∆B = 0, ∆L = 1 + h.c.
(dSM, dDM) Name Operator Number

(5/2, 5/2) QHχlφ εijH
i(χaljp)φb ngnφnχ

Table 14. Dimension-five ∆B = 0, ∆L = 1 operator in DSMEFT. The first column gives the
dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.
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DSMEFT: dimension 6 ∆B = 0, ∆L = 1 + h.c.
(dSM, dDM) Name Operator Number

(5/2,7/2)
QHχlφ2 εijH

i(χaljp)φbφc ng
(
nφ+1

2
)
nχ

QHχl∂φ εijH
i(χTaCγµljp)∂µφb ngnφnχ

QHχlX εijH
i(χaσµν ljp)Xb µν ngnχnX

(9/2,3/2)

QH3χl εijH
i(H†H)(χaljp) ngnχ

QHχe (iH̃†DµH)(χaγµep) ngnχ
QHBχl εijH

jBµν(χaσµν lip) ngnχ
QHWχl εik(τ I)kjHjW I

µν(χaσµν lip) ngnχ

Q(1)
leχ εij(li Tp Cljr)(esCχTa ) ng

(
ng
2
)
nχ

Q(3)
leχ εij(li Tp Cσµν ljr)(esσµνCχTa ) ng

(
ng+1

2
)
nχ

Q(1)
dqχl εij(dpqir)(χaljs) n3

gnχ

Q(3)
dqχl εij(dpσµνqir)(χaσµν ljs) n3

gnχ
Qduχe (dpγµur)(χaγµes) n3

gnχ
Qquχl (qipur)(χalis) n3

gnχ

Table 15. Dimension-six ∆B = 0, ∆L = 1 operators in DSMEFT. The first column gives the
dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.

DSMEFT: dimension 6 ∆B = 0, ∆L = 2 + h.c.
(dSM, dDM) Name Operator Number

(5, 1) Qννφ εijεklH
jH l(li Tp Clkr )φa

(
ng+1

2
)
nφ

Table 16. Dimension-six ∆B = 0, ∆L = 2 operator in DSMEFT. The first column gives the
dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.

DSMEFT: dimension 6 ∆L = 0, ∆B = 1 + h.c.
(dSM, dDM) Name Operator Number

(9/2,3/2)
Q(1)
ddu εαβγ(dαTp Cdβr )(χTaCuγs ) ng

(
ng
2
)
nχ

Q(3)
ddu εαβγ(dαTp Cσµνd

β
r )(χTaCσµνuγs ) ng

(
ng+1

2
)
nχ

Qqqd εαβγεij(qiα Tp Cqjβr )(χTaCdγs ) ng
(
ng+1

2
)
nχ

Table 17. Dimension-six ∆L = 0, ∆B = 1 operators in DSMEFT. The first column gives the
dimensions of the SM and DM part of the operator, and the fourth column is the number of
operators.

– 24 –



J
H
E
P
0
6
(
2
0
2
2
)
0
8
6

C DLEFT operators

This appendix gives the DLEFT operators up to dimension six that include both DM and
LEFT fields. The purely DM operators are given in appendix A and the purely LEFT
operators in [47, 48]. We also give the tree-level matching contributions to these operators
from DSMEFT, when heavy SM degrees of freedom are integrated out at the EW scale.
The matching conditions depend on the Z and W couplings

[Zφ]ab = 1
2v

2
T CDH∂φ

ab

, [Zχ]ab = −1
2v

2
T CDHχ

ab

, [Wχ]ap = 1
2v

2
T CHχe

ap
, (C.1)

and

ABW = v2
T sCH2BX + v2

T cCH2WX + 2sCBX , (C.2)
A
B̃W

= v2
T sCH2B̃X

+ v2
T cCH2W̃X

+ 2sC
B̃X

, (C.3)

The neutral and charged currents are

Jµ = ABW∂νX
νµ +A

B̃W
∂νX̃

νµ, (C.4)

jµZ = [Zφ]ab(iφa
←→
∂µφb) + [Zχ]ab(χaγµχb) + [ZνL ]pr(νLpγµνLs) + [ZeL ]pr(eLpγµeLr)

+ [ZeR ]pr(eRpγµeRr) + [ZuL ]pr(uLpγµuLr) + [ZuR ]pr(uRpγµuRr) + [ZdL ]pr(dLpγµdLr)
+ [ZdR ]pr(dRpγµdRr) , (C.5)

jµW = [Wχ]ap(χaγµep) + [Wl]pr(νLpγµeLr) + [Wq]pr(uLpγµdLr) + [WR]pr(uRpγµdRr) ,
(C.6)

which enter the interaction Lagrangian

L = −Zµ (gZj
µ
Z + Jµ)− g2√

2

(
W+
µ j

µ
W + h.c.

)
+ . . . . (C.7)

The relation of the mass eigenstate fields Z and W to the electroweak fields W 3 and B as
well as the couplings [Zfi ]pr for SM fermions are defined in [47]. The couplings gZ and gW
are defined in ref. [73]. Integrating out the Z and W fields give the low-energy interaction

L = − g2
2

2M2
W

jWµj
µ
W −

g2
Z

2M2
Z

jZµj
µ
Z −

gZ
M2
Z

jZµJ
µ − 1

2M2
Z

JµJµ . (C.8)

The X̃ term in Jµ can be dropped using the Bianchi identity

∂νX̃
µν = 0 . (C.9)

The equation of motion ∂µXµν = jνX can be used to rewrite eq. (C.8) as

L = − g2
2

2M2
W

jWµj
µ
W −

g2
Z

2M2
Z

jZµj
µ
Z + gZABW

M2
Z

jZµj
µ
X −

A2
BW

2M2
Z

jµXjXµ . (C.10)

The first two terms give the matching contributions listed in the tables. The last two
terms depend on the dark matter currents jµX , which are given in terms of the DM gauge
generators, which we have not specified. Their contribution must be added to the matching.
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There are also matching contributions from Higgs exchange. However, as discussed
in [47], there are additional suppressions to Higgs couplings because, by assumption, the
particles in DLEFT all have masses much smaller than the electroweak scale. The Yukawa
couplings of the light SM fermions are mlight/v, and formally one higher order in the
DLEFT power counting. There are similar suppressions of φa−H and χa−H interactions,
so that φa and χa remain light after electroweak symmetry breaking. These are:

1. φ(H†H) has a (mlight/v)3 suppression.

2. φ2(H†H) has a (mlight/v)2 suppression.

3. φ(H†H)2 has a (mlight/v)3 suppression.

4. φ2(H†H)2 has a (mlight/v)2 suppression.

5. φ3(H†H) has a mlight/v suppression.

6. χ2(H†H) has a mlight/v suppression.

7. Hχl has a mlight/v suppression.

8. H(H†H)χl has a mlight/v suppression.

As a result, Higgs exchange does not contribute at dimension-six, and can be neglected, as
was the case in LEFT [47].

DLEFT: dimension 4 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number Matching

(2,2) OFX FµνX
µν
a nX cCBX

a
+ v2

T

2

(
cC

H2BX
a

− sC
H2WX

a

)
O
F̃X

F̃µνX
µν
a nX cC

B̃X
a

+ v2
T

2

(
cC

H2B̃X
a

− sC
H2W̃X

a

)

(3,1)
Oeφ (eLpeRr)φa + h.c. n2

gnφ + h.c. vT√
2C eφ

pra

Ouφ (uLpuRr)φa + h.c. n2
gnφ + h.c. vT√

2C uφ
pra

Odφ (dLpdRr)φa + h.c. n2
gnφ + h.c. vT√

2C dφ
pra

Table 18. Dimension-four ∆B = ∆L = 0 operators in DLEFT. Note that Oeφ is not the same as
Qeφ, etc. The first column gives the dimensions of the SM and DM part of the operator, the fourth
column is the number of operators, and the fifth column is the additional matching contribution at
the EW scale.
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DLEFT: dimension 5 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number Matching

(2,3)
OFXφ FµνX

µν
a φb nφnX cCBXφ

ab

O
F̃Xφ

F̃µνX
µν
a φb nφnX cC

B̃Xφ
ab

OFχ Fµν(χTaCσµνχb) + h.c.
(
nχ
2
)

+ h.c. cCBχ
ab

(3,2)

Oeφ2 (eLpeRr)φaφb + h.c. n2
g

(
nφ+1

2
)

+ h.c. vT√
2C eφ2

prab

Ouφ2 (uLpuRr)φaφb + h.c. n2
g

(
nφ+1

2
)

+ h.c. vT√
2Cuφ2

prab

Odφ2 (dLpdRr)φaφb + h.c. n2
g

(
nφ+1

2
)

+ h.c. vT√
2C dφ2

prab

OeX (eLpσµνeRr)Xµν
a + h.c. n2

gnX + h.c. vT√
2CeX

pra

OuX (uLpσµνuRr)Xµν
a + h.c. n2

gnX + h.c. vT√
2CuX

pra

OdX (dLpσµνdRr)Xµν
a + h.c. n2

gnX + h.c. vT√
2CdX

pra

(4,1)

OFφ FµνF
µνφa nφ c2 CBφ

a
+ s2 CWφ

a

O
F̃φ

F̃µνF
µνφa nφ c2 C

B̃φ
a

+ s2 C
W̃φ
a

OGφ GAµνG
Aµνφa nφ CGφ

a

O
G̃φ

G̃AµνG
Aµνφa nφ C

G̃φ
a

Table 19. Dimension-five ∆B = ∆L = 0 operators in DLEFT. Note that Oeφ2 and OeX are not
the same as Qeφ2 and QeX , etc. The first column gives the dimensions of the SM and DM part of
the operator, the fourth column is the number of operators, and the fifth column is the additional
matching contribution at the EW scale.

DLEFT: dimension 6 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number Matching

(2,4)

OFX2 F ν
µ Xa ν

αXb α
µ

(
nX
2
)

cC
BX2

ab

O
F̃X2

F̃ ν
µ Xa ν

αXb α
µ

(
nX
2
)

cC
B̃X2

ab

OFXφ2 FµνX
µν
a φbφc

(
nφ+1

2
)
nX cC

BXφ2

abc

O
F̃Xφ2

F̃µνX
µν
a φbφc

(
nφ+1

2
)
nX cC

B̃Xφ2

abc

OFχφ Fµν(χTaCσµνχb)φc + h.c. nφ
(
nχ
2
)

+ h.c. cCBχφ
abc

Table 20. Dimension-six ∆B = ∆L = 0 operators in DLEFT, part 1. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

– 27 –



J
H
E
P
0
6
(
2
0
2
2
)
0
8
6

DLEFT: dimension 6 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number Matching

(3,3)

Oeφ3 (eLpeRr)φaφbφc + h.c. n2
g

(
nφ+2

3
)

+ h.c. 0
Ouφ3 (uLpuRr)φaφbφc + h.c. n2

g

(
nφ+2

3
)

+ h.c. 0
Odφ3 (dLpdRr)φaφbφc + h.c. n2

g

(
nφ+2

3
)

+ h.c. 0
OLφν (νLpγµνLr)(iφa

←→
∂µφb) n2

g

(
nφ
2
)

C φl
prab

− g2
Z

M2
Z

[Zν ]pr[Zφ]ab

OLφe (eLpγµeLr)(iφa
←→
∂µφb) n2

g

(
nφ
2
)

C φl
prab

− g2
Z

M2
Z

[ZeL ]pr[Zφ]ab

OLφu (uLpγµuLr)(iφa
←→
∂µφb) n2

g

(
nφ
2
)

C φq
prab

− g2
Z

M2
Z

[ZuL ]pr[Zφ]ab

OLφd (dLpγµdLr)(iφa
←→
∂µφb) n2

g

(
nφ
2
)

C φq
prab

− g2
Z

M2
Z

[ZdL ]pr[Zφ]ab

ORφe (eRpγµeRr)(iφa
←→
∂µφb) n2

g

(
nφ
2
)

C φe
prab

− g2
Z

M2
Z

[ZeR ]pr[Zφ]ab

ORφu (uRpγµuRr)(iφa
←→
∂µφb) n2

g

(
nφ
2
)

C φu
prab

− g2
Z

M2
Z

[ZuR ]pr[Zφ]ab

ORφd (dRpγµdRr)(iφa
←→
∂µφb) n2

g

(
nφ
2
)

C φd
prab

− g2
Z

M2
Z

[ZdR ]pr[Zφ]ab

OeXφ (eLpσµνeRr)Xµν
a φb + h.c. n2

gnφnX + h.c. 0
OuXφ (uLpσµνuRr)Xµν

a φb + h.c. n2
gnφnX + h.c. 0

OdXφ (dLpσµνdRr)Xµν
a φb + h.c. n2

gnφnX + h.c. 0

Table 21. Dimension-six ∆B = ∆L = 0 operators in DLEFT, part 2. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.
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DLEFT: dimension 6 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number Matching

(3,3)

OV,LRνχ (νLpγµνLr)(χaγµχb) n2
gn

2
χ C lχ

prab

− g2
Z

M2
Z

[Zν ]pr[Zχ]ab

OV,LReχ (eLpγµeLr)(χaγµχb) n2
gn

2
χ C lχ

prab

− g2
Z

M2
Z

[ZeL ]pr[Zχ]ab

OV,LRuχ (uLpγµuLr)(χaγµχb) n2
gn

2
χ C qχ

prab
− g2

Z

M2
Z

[ZuL ]pr[Zχ]ab

OV,LRdχ (dLpγµdLr)(χaγµχb) n2
gn

2
χ C qχ

prab
− g2

Z

M2
Z

[ZdL ]pr[Zχ]ab

OV,RReχ (eRpγµeRr)(χaγµχb) n2
gn

2
χ C eχ

prab
− g2

Z

M2
Z

[ZeR ]pr[Zχ]ab

OV,RRuχ (uRpγµuRr)(χaγµχb) n2
gn

2
χ C uχ

prab
− g2

Z

M2
Z

[ZuR ]pr[Zχ]ab

OV,RRdχ (dRpγµdRr)(χaγµχb) n2
gn

2
χ C dχ

prab

− g2
Z

M2
Z

[ZdR ]pr[Zχ]ab

OS,RReχ (eLpeRr)(χTaCχb) + h.c. n2
g

(
nχ+1

2
)

+ h.c. 0
OS,RRuχ (uLpuRr)(χTaCχb) + h.c. n2

g

(
nχ+1

2
)

+ h.c. 0
OS,RRdχ (dLpdRr)(χTaCχb) + h.c. n2

g

(
nχ+1

2
)

+ h.c. 0
OT,RReχ (eLpσµνeRr)(χTaCσµνχb) + h.c. n2

g

(
nχ
2
)

+ h.c. 0
OT,RRuχ (uLpσµνuRr)(χTaCσµνχb) + h.c. n2

g

(
nχ
2
)

+ h.c. 0
OT,RRdχ (dLpσµνdRr)(χTaCσµνχb) + h.c. n2

g

(
nχ
2
)

+ h.c. 0
OS,LReχ (eRpeLr)(χTaCχb) + h.c. n2

g

(
nχ+1

2
)

+ h.c. 0
OS,LRuχ (uRpuLr)(χTaCχb) + h.c. n2

g

(
nχ+1

2
)

+ h.c. 0
OS,LRdχ (dRpdLr)(χTaCχb) + h.c. n2

g

(
nχ+1

2
)

+ h.c. 0

Table 22. Dimension-six ∆B = ∆L = 0 operators in DLEFT, part 3. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

DLEFT: dimension 6 ∆B = ∆L = 0
(dSM, dDM) Name Operator Number Matching

(4,2)

OFφ2 FµνF
µνφaφb

(
nφ+1

2
)

c2 C
Bφ2

ab

+ s2 C
Wφ2

ab

O
F̃φ2

F̃µνF
µνφaφb

(
nφ+1

2
)

c2 C
B̃φ2

ab

+ s2 C
W̃φ2

ab

OGφ2 GAµνG
Aµνφaφb

(
nφ+1

2
)

C
Gφ2

ab

O
G̃φ2

G̃AµνG
Aµνφaφb

(
nφ+1

2
)

C
G̃φ2

ab

(5,1)

OeFφ (eLpσµνeRr)Fµνφa + h.c. n2
gnφ + h.c. 0

OuFφ (uLpσµνuRr)Fµνφa + h.c. n2
gnφ + h.c. 0

OdFφ (dLpσµνdRr)Fµνφa + h.c. n2
gnφ + h.c. 0

OuGφ (uLpσµνTAuRr)GAµνφa + h.c. n2
gnφ + h.c. 0

OdGφ (dLpσµνTAdRr)GAµνφa + h.c. n2
gnφ + h.c. 0

Table 23. Dimension-six ∆B = ∆L = 0 operators in DLEFT, part 4. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.
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DLEFT: dimension 3 ∆B = 0, ∆L = 1 + h.c.
(dSM, dDM) Name Operator Number Matching

(3/2, 3/2) Oχν (χaνLp) ngnχ − vT√
2CHχl

ap
− v3

T

2
√

2CH3χl
ap

Table 24. Dimension-three ∆B = 0, ∆L = 1 operator in DLEFT. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

DLEFT: dimension 4 ∆B = 0, ∆L = 1 + h.c.
(dSM, dDM) Name Operator Number Matching

(3/2, 5/2) Oχνφ (χaνLp)φb ngnφnχ − vT√
2CHχlφ

apb

Table 25. Dimension-four ∆B = 0, ∆L = 1 operator in DLEFT. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

DLEFT: dimension 5 ∆B = 0, ∆L = 1 + h.c.
(dSM, dDM) Name Operator Number Matching

(3/2,7/2) Oχνφ2 (χaνLp)φbφc ng
(
nφ+1

2
)
nχ − vT√

2CHχlφ2

apbc

OχνX (χaσµννLp)Xb µν ngnχnX − vT√
2CHχlX

apb

(7/2, 3/2) OFχν Fµν(χaσµννLp) ngnχ
vT√

2

(
cCHBχl

ap
− sCHWχl

ap

)
Table 26. Dimension-five ∆B = 0, ∆L = 1 operators in DLEFT. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

DLEFT: dimension 6 ∆B = 0, ∆L = 1 + h.c.
(dSM, dDM) Name Operator Number Matching

(3/2, 9/2)

Oχνφ3 (χaνLp)φbφcφd ng
(
nφ+2

3
)
nχ 0

OχνXφ (χaσµννLp)Xb µνφc ngnφnχnX 0
OLφχν (χTaCγµνLp)(iφb

←→
∂µφc) ng

(
nφ
2
)
nχ 0

OS,LRχνχ (χaνLp)(χTb Cχc) ngnχ
(
nχ+1

2
)

0
OS,LLχνχ (χaνLp)(χbCχTc ) 1

3ngnχ(n2
χ − 1) 0

(7/2, 5/2) OFχνφ Fµν(χaσµννLp)φb ngnφnχ 0

(9/2, 3/2)

OV,LLνχν (νLpγµνLr)(χTaCγµνLs) ng
(
ng+1

2
)
nχ 0

OV,LLeχν (eLpγµeLr)(χTaCγµνLs) n3
gnχ 0

OV,LLuχν (uLpγµuLr)(χTaCγµνLs) n3
gnχ 0

OV,LLdχν (dLpγµdLr)(χTaCγµνLs) n3
gnχ 0

OV,LLduχe (dLpγµuLr)(χTaCγµeLs) n3
gnχ 0

Table 27. Dimension-six ∆B = 0, ∆L = 1 operators in DLEFT, part 1. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

– 30 –



J
H
E
P
0
6
(
2
0
2
2
)
0
8
6

DLEFT: dimension 6 ∆B = 0, ∆L = 1 + h.c.
(dSM, dDM) Name Operator Number Matching

(9/2,3/2)

OV,RLeχν (eRpγµeRr)(χTaCγµνLs) n3
gnχ 0

OV,RLuχν (uRpγµuRr)(χTaCγµνLs) n3
gnχ 0

OV,RLdχν (dRpγµdRr)(χTaCγµνLs) n3
gnχ 0

OV,RLduχe (dRpγµuRr)(χTaCγµeLs) n3
gnχ 0

OV,LRduχe (dLpγµuLr)(χaγµeRs) n3
gnχ − g2

2
2M2

W

[Wq]∗rp[Wχ]as
OV,RRduχe (dRpγµuRr)(χaγµeRs) n3

gnχ Cduχe
pras
− g2

2
2M2

W

[WR]∗rp[Wχ]as

OS,RRduχe (dLpuRr)(χTaCeRs) n3
gnχ 0

OT,RRduχe (dLpσµνuRr)(χTaCσµνeRs) n3
gnχ 0

OS,RLeχν (eLpeRr)(χaνLs) n3
gnχ

g2
2

M2
W

[Wl]∗sp[Wχ]ar
OS,RLuχν (uLpuRr)(χaνLs) n3

gnχ Cquχl
pras

OS,RLdχν (dLpdRr)(χaνLs) n3
gnχ 0

OS,RLduχe (dLpuRr)(χaeLs) n3
gnχ Cquχl

pras

OS,LLeχν (eRpeLr)(χaνLs) n3
gnχ − 1

2C
(1)
leχ
srpa

+ 1
2C

(1)
leχ
rspa
− 6C(3)

leχ
srpa
− 6C(3)

leχ
rspa

OS,LLuχν (uRpuLr)(χaνLs) n3
gnχ 0

OS,LLdχν (dRpdLr)(χaνLs) n3
gnχ −C(1)

dqχl
pras

OS,LLduχe (dRpuLr)(χaeLs) n3
gnχ C

(1)
dqχl
pras

OT,LLeχν (eRpσµνeLr)(χaσµννLs) n3
gnχ

1
8C

(1)
leχ
srpa
− 1

8C
(1)
leχ
rspa
− 1

2C
(3)
leχ
srpa
− 1

2C
(3)
leχ
rspa

OT,LLuχν (uRpσµνuLr)(χaσµννLs) n3
gnχ 0

OT,LLdχν (dRpσµνdLr)(χaσµννLs) n3
gnχ −C(3)

dqχl
pras

OT,LLduχe (dRpσµνuLr)(χaσµνeLs) n3
gnχ C

(3)
dqχl
pras

OS,LRduχe (dRpuLr)(χTaCeRs) n3
gnχ 0

Table 28. Dimension-six ∆B = 0, ∆L = 1 operators in DLEFT, part 2. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

DLEFT: dimension 4 ∆B = 0, ∆L = 2 + h.c.
(dSM, dDM) Name Operator Number Matching

(3, 1) Oνφ (νTLpCνLr)φa
(
ng+1

2
)
nφ

v2
T

2 Cννφ
pra

Table 29. Dimension-four ∆B = 0, ∆L = 2 operator in DLEFT. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.
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DLEFT: dimension 5 ∆B = 0, ∆L = 2 + h.c.
(dSM, dDM) Name Operator Number Matching

(3,2) Oνφ2 (νTLpCνLr)φaφb
(
ng+1

2
)(
nφ+1

2
)

0
OνX (νTLpCσµννLr)Xµν

a

(
nχ
2
)
nX 0

Table 30. Dimension-five ∆B = 0, ∆L = 2 operators in DLEFT. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

DLEFT: dimension 6 ∆B = 0, ∆L = 2 + h.c.
(dSM, dDM) Name Operator Number Matching

(3,3)

Oνφ3 (νTLpCνLr)φaφbφc
(
ng+1

2
)(
nφ+2

3
)

0
OνXφ (νTLpCσµννLr)Xµν

a φb
(
ng
2
)
nφnX 0

OS,LLνχ (νTLpCνLr)(χaCχTb )
(
ng+1

2
)(
nχ+1

2
)

0
OT,LLνχ (νTLpCσµννLr)(χaσµνCχTb )

(
ng
2
)(
nχ
2
)

0
OS,LRνχ (νTLpCνLr)(χTaCχb)

(
ng+1

2
)(
nχ+1

2
)

0
(5, 1) OνFφ (νTLpCσµννLr)Fµνφa

(
ng
2
)
nφ 0

Table 31. Dimension-six ∆B = 0, ∆L = 2 operators in DLEFT. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

DLEFT: dimension 6 ∆B = 0, ∆L = 3 + h.c.
(dSM, dDM) Name Operator Number Matching

(9/2, 5/2) OS,LLνχν (νTLpCνLr)(χaνLs) 1
3ng(n

2
g − 1)nχ 0

Table 32. Dimension-six ∆B = 0, ∆L = 3 operator in DLEFT. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.

– 32 –



J
H
E
P
0
6
(
2
0
2
2
)
0
8
6

DLEFT: dimension 6 ∆L = 0, ∆B = 1 + h.c.
(dSM, dDM) Name Operator Number Matching

(9/2,3/2)

OS,LRudd εαβγ(uαTLpCd
β
L r)(χTaCd

γ
R s) n3

gnχ C qqd
pras

+ C qqd
rpas

OS,LLddu εαβγ(dαTLpCd
β
L r)(χau

γ
L s) ng

(
ng
2
)
nχ 0

OT,LLddu εαβγ(dαTLpCσµνd
β
L r)(χaσµνu

γ
L s) ng

(
ng+1

2
)
nχ 0

OS,RLddu εαβγ(dαTRpCd
β
R r)(χau

γ
L s) ng

(
ng
2
)
nχ 0

OS,RLdud εαβγ(dαTRpCu
β
R r)(χad

γ
L s) n3

gnχ 0
OS,LRddu εαβγ(dαTLpCd

β
L r)(χTaCu

γ
R s) ng

(
ng
2
)
nχ 0

OS,RRddu εαβγ(dαTRpCd
β
R r)(χTaCu

γ
R s) ng

(
ng
2
)
nχ C

(1)
ddu
pras

OT,RRddu εαβγ(dαTRpCσµνd
β
R r)(χTaCσµνu

γ
R s) ng

(
ng+1

2
)
nχ C

(3)
ddu
pras

Table 33. Dimension-six ∆L = 0, ∆B = 1 operators in DLEFT. The first column gives the
dimensions of the SM and DM part of the operator, the fourth column is the number of operators,
and the fifth column is the additional matching contribution at the EW scale.
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