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Dark Matter

Astrophysical observations: most of our Universe is non-baryonic and dark

Establishing the nature of DM is crucial for astrophysics and particle physics

Widely discussed DM candidate: Weakly Interacting Massive Particle (WIMP),
characterized by weak scale mass and weak-scale cross sections to SM fields

ubiquitous in New Physics models addressing the SM hierarchy problem

a stable WIMP with mass ranging between about 10 GeV and 1 TeV has 
the right thermal relic abundance to account for DM energy density

Interactions between WIMPs and SM fields: direct, indirect and collider searches
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Dark Matter Searches

In this talk focus on DIRECT SEARCHES: measure (or set limits on) nuclear recoil 
spectra for elastic scattering of WIMPs off target nuclei
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Spin-independent DD cross section

Spin-independent (SI) and spin-dependent (SD) interactions (non-relativistic limit). 
The dependence of the WIMP-nucleus scattering rate on the momentum transfer is 
encoded in form factors. The zero-momentum SI WIMP-nucleus cross section for a 
Dirac WIMP :

encode New Physics effects ∼ (1/ΛNP)n 

                     scales like      if            (no “isospin violation”) :σSI
WIMP−nucleus A2 fp = fn

enhancement in the SI cross section compared to SD leads to stronger bounds 
from null searches on NP parameters for SI interactions

In this talk we’ll discuss bounds on Wilson coefficients for effective (fermion) 
WIMP-SM operators (systematic framework, representative of a class of models 
where all non-SM particles are above the weak scale, except possibly the WIMP)

σSI
WIMP−nucleus =

µ2
χN
π

�
Zfp + (A− Z)fn

�2



DM and effective operators

Integrate out heavy mediators (mediator mass scale             ), match onto an EFT 
whose d.o.f. are DM field    and SM fields: ``SMχ EFT’’χ

Supplement the SM Lagrangian with new operators allowed by symmetries

LSMχ =
�

d>4

L(d)
SMχ

dimensionless Wilson coefficients

argue independently of details of specific UV completions

Allows us to:

info on UV models via bounds on Wilson coefficients from direct detection:
complementarity of searches, multiple tests of WIMP paradigm
properly connect operators at different scales, in terms of the effective 
d.o.f. at each scale: loop effects (matching, running, mixing)

Λ � 1 TeV

L(d)
SMχ

=
�

α

c
(d)
α

Λd−4
O

(d)
α



DM and effective operators

Example of from one-loop EW contribution to a Wilson coefficient :Is This Relevant?

Yes! And This is Why

Goodman et al., PRD82 (2010) (arXiv:1008.1783)

- Only light quarks and gluons as targets!
- Different sensitivity for different operators

Goodman and Witten, PRD31 (1985)

Effective Operators Mix Under RGE

D5 χγµχ qγµq SI
D6 χγµγ5χ qγµq SI v2 and SD q2

D7 χγµχ qγµγ5q SD v2 or q2

D8 χγµγ5χ qγµγ5q SD

Should we worry about order of a few 
corrections in a pre-discovery era?
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q̄

usually neglected since it barely changes the order of magnitude of the rate ... BUT

Effective d.o.f. for DD are DM particle, u-, d-, s-quark, gluons and photon :
if the mediators couple DM with heavy SM particles or leptons, then the 
leading contribution to DD rates comes from LOOP EFFECTS

If the mediators induce SUPPRESSED couplings to light quarks, then 
loop-induced couplings to NON-SUPPRESSED operators are important
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Connecting Λ and direct detection scale

Λ

EWSB scale

Direct detection scale 
(hadronic scale)

Heavy messengers are integrated out: in our scenario, 
only DM and SM fields are effective d.o.f. for scales (� 1 TeV) ≤ Λ

Top, Higgs, W and Z get integrated out (matching)

u-, d-, s-quark and gluons appear in nucleon matrix 
elements (heavier quarks integrated out) 

running and mixing in ``SMχ EFT’’  (unbroken                 )

running and mixing in ``EMSMχ EFT’’

SU(2)L × U(1)Y



SI DM-nucleus scattering in EFT

Unsuppressed operators of Dirac DM with light q and g at the DD scale to dim. 7: 

O
V V
qq =

1
Λ2

χ̄γµχ q̄ γµ q O
SS
qq =

mq

Λ3
χ̄χ q̄q O

S
gg =

αs

Λ3
χ̄χ GµνG

µν

Correspondingly, the proton coupling in the DM-nucleus cross section, up to dim. 7 :

vector couplings to quarks : fp
Vu

= fn
Vd

= 2fp
Vd

= 2fn
Vu

= 2

scalar couplings :                               , for heavy quarks�N |mq q̄q|N� = fN
q mN

The Wilson coefficient       encodes matching corrections from 
integrating out t-, b- and c-quarks 

CS
gg

fN
Q

fp =
1
Λ2

� �

q=u,d

CV V
qq fp

Vq
+

mN

Λ

� �

q=u,d,s

CSS
qq fp

q − 12π CS
gg fp

Q

��



Two applications of EFTs for direct detection:

Plan of the talk

SM loop effects lead to novel bounds on Wilson coefficients at the scale Λ 
contributing via RGEs to        at the direct detection scale, extracted 
from experimental limits on      . 
Systematic one-loop analysis of running, matching, mixing for EFT 
operators giving rise to SI interactions at dimension 6. In our study we 
assume that DM is a Dirac fermion and a SM gauge singlet.

Improved determination of hadronic uncertainties in scalar nucleon matrix 
elements that define       using Chiral Perturbation Theory.

1)

2)

CV V
qq

σχN

A. Crivellin, F. D’Eramo, M.P., PRL (2014)

F. D’Eramo, M.P., arXiv: 1411.3342

A. Crivellin, M. Hoferichter, M.P., PRD (2014)  
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The SM! EFT
LSMχ = LSM + χ

�
i/∂ −mχ

�
χ+

�

α,d>4

c(d)α

Λd−4
O

(d)
α

Direct Detection:!
SM interactions with WIMP bilinears O

(d)
α = χΓαχ×O

(d−3)
αSM

Dimension 5 Dimension 6

OS χχH
†
H

OP χγ5χH
†
H

OM χσµνχBµν

OE χσµνχ �µνρσBρσ

O
(i)
V f

χγµχ f iγµf i

O
(i)
Af

χγµγ5χ f iγµf i

OV H χγµχ H
†←→
DµH

OAH χγµγ5χH
†←→
DµH

f i = qiL, u
i
R, d

i
R, l

i
L, e

i
R

Operators at the scale Λ at dim. 5

field strength tensor

Consider operators at the mediator mass scale    (> EWSB scale), i.e. in SMχ EFT, 
giving unsuppressed contributions to SI WIMP-nucleus cross section.
Operators at dimension 5 are well studied in the literature :

Λ

U(1)Y

SM Higgs doublet

O
SS
qq

O
S
gg

       contributes to the dim. 7        after EWSB (tree-level Higgs exchange) and 
after integrating out heavy quarks also to              finite matching corrections
OS

Symbol Operator Symbol Operator

OS χχH
†
H OMB χσµνχBµν

OP χγ5χH
†
H OEB χσµνχ �µνρσBρσ

Table 2. Basis of dimension 5 operators for the SMχ Effective Theory.

Without the need of specifying the responsible symmetry, we make sure the DM field
is stable by requiring that every operator contains at least two χ fields. As an example,
if DM is stabilized by a Z2 symmetry, only operators with an even number of χ fields are
allowed. Furthermore, our focus is on DM elastic scattering off target nuclei, thus we only
need to consider operators with two DM fields. A complete basis of DM bilinears Oαχ is

Oαχ =
�
χχ , χγ5χ , χγµχ , χγµγ5χ , χσµνχ

�
. (2.4)

Upon applying Fierz identities if necessary, each higher dimensional operator O
(d)
α ap-

pearing in Eq. (2.2) can be written as a product of a DM bilinear and SM fields

O
(d)
α = O

(3)
αχ × O

(d−3)
αSM . (2.5)

The part involving only SM fields O
(d−3)
αSM has mass dimension d− 3, is a SM gauge singlet

but not necessarily a Lorentz singlet. We derive a complete basis of operators for the SMχ

EFT up to dimension 6 following this strategy: we first identify all possible gauge singlets
O

(d−3)
αSM by employing the same procedure described in Refs. [74, 75], then we take all allowed

Lorentz invariant contractions with DM bilinears in Eq. (2.4).
The first operators to look for are at dimension 5, which implies that we need gauge

invariant SM operators O
(2)
αSM with mass dimension 2. The following options are available

O
(2)
αSM =

�
H

†
H , Bµν , �µνρσB

ρσ
�

, (2.6)

where H and Bµν are the Higgs doublet and the hypercharge field strength, respectively.
The Lorentz invariant combinations with DM bilinears are listed in Table 2. Since they are
the lowest dimensional non-renormalizable operators, they do not mix onto other ones. As
is well known, the resulting long-range interaction arising from the dipole operators severely
constrain their Wilson coefficients [76–78]. The dimension 5 Higgs portal operator induces
interactions with the gluon field strength once heavy quarks are integrated out [79], and
current experiments are probing cross sections in its typical range [80–84]. DM interactions
to the Higgs also yields mono-Higgs events at colliders [85–87], and for light enough DM
(mχ < mh/2) they contribute to the invisible Higgs decay width [88–91]. No interesting
mixing takes place in this dimension 5 sector [65], and for this reason our RG analysis will
focus on dimension 6 operators, which we now identify.

For dimension 6 operators, the relevant SM structures of dimension 3 are the currents

O
(3)
αSM =

�
q
i
Lγµq

i
L, u

i
Rγµu

i
R, d

i
Rγµd

i
R, l

i
Lγµl

i
L, e

i
Rγµe

i
R, H

†
i
←→
D µH

�
, (2.7)
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field strength tensor

     contributes to the dim. 6        and         (matching corrections in the 
Wilson coefficients by integrating out the Z boson)

Consider operators at the New Physics scale    (> EWSB scale) contributing to this 
set of low-scale effective operators via matching corrections, running and mixing

Λ

At dim.5 :

O
T
M =

1
Λ

χ̄σµνχ Bµν OS

HH
=

1
Λ

χ̄χ H†H

U(1)Y SM Higgs doublet

O
T
M O

V V
qq O

V A
qq

O
S

HH
O

SS
qq

O
S
gg

g

g
v

χ̄

χ

OS
HH

t

h0

       contributes to the dim. 7        after EWSB (tree-level Higgs exchange) and 
after integrating out heavy quarks also to              finite matching corrections
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where H and Bµν are the Higgs doublet and the hypercharge field strength, respectively.
The Lorentz invariant combinations with DM bilinears are listed in Table 2. Since they are
the lowest dimensional non-renormalizable operators, they do not mix onto other ones. As
is well known, the resulting long-range interaction arising from the dipole operators severely
constrain their Wilson coefficients [76–78]. The dimension 5 Higgs portal operator induces
interactions with the gluon field strength once heavy quarks are integrated out [79], and
current experiments are probing cross sections in its typical range [80–84]. DM interactions
to the Higgs also yields mono-Higgs events at colliders [85–87], and for light enough DM
(mχ < mh/2) they contribute to the invisible Higgs decay width [88–91]. No interesting
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Operators at the scale Λ at dim. 5

Dipole DM strongly constrained by direct searches
Barger, Keung, Marfatia PLB (2011) 
Banks, Fortin, Thomas, 1007.5515 

The SM! EFT
LSMχ = LSM + χ

�
i/∂ −mχ

�
χ+

�

α,d>4

c(d)α

Λd−4
O

(d)
α

Direct Detection:!
SM interactions with WIMP bilinears O

(d)
α = χΓαχ×O

(d−3)
αSM

Dimension 5 Dimension 6

OS χχH
†
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OP χγ5χH
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R

field strength tensorU(1)Y

SM Higgs doublet

O
SS
qq

O
S
gg

       contributes to the dim. 7        after EWSB (tree-level Higgs exchange) and 
after integrating out heavy quarks also to              finite matching corrections
OS

Consider operators at the mediator mass scale    (> EWSB scale), i.e. in SMχ EFT, 
giving unsuppressed contributions to SI WIMP-nucleus cross section.
Operators at dimension 5 are well studied in the literature :

Λ



Operators at the scale Λ at dim. 6

At dim. 6 in SMχ EFT (                      is unbroken) :SU(2)L × U(1)Y

Symbol Operator Symbol Operator Symbol Operator

O
(i)
Γq χΓµχ q

i

L
γµqiL O

(i)
Γl χΓµχ l

i

L
γµliL O

(i)
ΓH χΓµχH

†
i
←→
D µH
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R
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Γe χΓµχ e
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R
γµeiR

O
(i)
Γd χΓµχ d

i

R
γµdiR

Table 3. Basis of dimension 6 operators for the SMχ EFT. The first two columns have three
different replicas, corresponding to the SM generations. We consider a generic χΓµχ, which can be
either a vector (Γµ = γµ) or an axial (Γµ = γµγ5) DM current or any linear combination of them.

where we do not assume any flavor violation The index i runs over the three different
fermion generations, thus the above vector has 5 × 3 + 1 = 16 components. The double-
arrow derivative entering the Higgs current reads

H
†←→
D µH ≡ H

†(DµH)− (DµH
†)H , (2.8)

with the covariant derivative defined as in Eq. (A.3) of App. A.

Lorentz invariant operators can be obtained by contracting the currents in Eq. (2.7)
with a DM current χΓµχ, where both vector Γµ = γµ and axial Γµ = γµγ5 currents are
possible. This gives a total of 16 × 2 = 32 independent operators. However, since χ is
a singlet, the DM current χΓµχ is invariant under RG evolution, thus we can study two
16-dimensional sectors separately. The basis for dimension 6 operators with a specific DM
current χΓµχ is shown in Table 3. For future convenience, we introduce a 16-dimensional
vector of Wilson coefficients

C
T

SMχ
≡
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c
(1)
Γq c

(1)
Γu c

(1)
Γd c

(1)
Γl c

(1)
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Γe c

(3)
Γq c

(3)
Γu c

(3)
Γd c

(3)
Γl c

(3)
Γe cΓH

�
, (2.9)

where cα is associated with the operator Oα in Table 3. The solid double line divides DM
interactions with the Higgs from the ones with SM fermions. The solid single lines divide
different SM generations and within each generation quarks and leptons are divided by a
dashed line.

We stress that the dimension 6 operator

OΓB = g
� cB
Λ2

χΓµχ ∂ν
Bνµ (2.10)

does not need to be included in our list since it can be expressed as a linear combination
of the ones listed in Table 3 by using classical equation of motion [92] for the hypercharge
field strength (see Eq. (A.10)). More specifically, the effect of this operator can be absorbed
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Since the DM bilinear is RG-invariant, we study the evolution from scale Λ down to 
the EWSB scale (= MZ) of this 16-dimensional vector of Wilson coefficients
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One-loop RGE from Λ to EWSB scale
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The anomalous dimension is a 16x16 matrix :
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d lnµ
CSMχ = γSMχCSMχ
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Figure 4. One loop corrections to the Wilson coefficient cL in the SMχ EFT, where the crossed

circle denotes the effective vertex between SM fields and the DM bilinear. The index j for right-

handed fermions can be either u or d. The diagrams for the one-loop corrections to cu
R

and cd
R
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notation is the same as Fig. 4. In the first row we have corrections from gauge interactions, in the

second row from Yukawa interactions.
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Figure 6. One loop corrections to the Wilson coefficient cB of the redundant operator in the SMχ

EFT. The crossed circle notation is the same as Fig. 4.

We start from the loop corrections to the Wilson coefficient cL, which can be induced

by gauge interactions (diagonal renormalization) and by Yukawa interactions (off-diagonal

renormalization). The associated Feynman diagrams are shown in Fig. 4. Loop effects for

cu
R

and cd
R

are analogous, with the important difference that right-handed fermions have no

SU(2)L interactions, and therefore there are no diagrams with W i
µ in the loop.

The analysis of loop corrections to cH involves many more Feynman diagrams. The

associated operator describes the DM interaction with two Higgs bosons, and we expect by

gauge invariance also diagrams with two Higgses and one electroweak gauge boson. We have

computed all the possible one-loop diagrams, both the ones with only two Higgs fields on
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Table 3. Basis of dimension 6 operators for the SMχ EFT. The first two columns have three
different replicas, corresponding to the SM generations. We consider a generic χΓµχ, which can be
either a vector (Γµ = γµ) or an axial (Γµ = γµγ5) DM current or any linear combination of them.

where we do not assume any flavor violation The index i runs over the three different
fermion generations, thus the above vector has 5 × 3 + 1 = 16 components. The double-
arrow derivative entering the Higgs current reads

H
†←→
D µH ≡ H

†(DµH)− (DµH
†)H , (2.8)

with the covariant derivative defined as in Eq. (A.3) of App. A.

Lorentz invariant operators can be obtained by contracting the currents in Eq. (2.7)
with a DM current χΓµχ, where both vector Γµ = γµ and axial Γµ = γµγ5 currents are
possible. This gives a total of 16 × 2 = 32 independent operators. However, since χ is
a singlet, the DM current χΓµχ is invariant under RG evolution, thus we can study two
16-dimensional sectors separately. The basis for dimension 6 operators with a specific DM
current χΓµχ is shown in Table 3. For future convenience, we introduce a 16-dimensional
vector of Wilson coefficients

C
T

SMχ
≡
�
c
(1)
Γq c

(1)
Γu c

(1)
Γd c

(1)
Γl c

(1)
Γe c
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(2)
Γu c
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(3)
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(3)
Γe cΓH

�
, (2.9)

where cα is associated with the operator Oα in Table 3. The solid double line divides DM
interactions with the Higgs from the ones with SM fermions. The solid single lines divide
different SM generations and within each generation quarks and leptons are divided by a
dashed line.

We stress that the dimension 6 operator

OΓB = g
� cB
Λ2

χΓµχ ∂ν
Bνµ (2.10)

does not need to be included in our list since it can be expressed as a linear combination
of the ones listed in Table 3 by using classical equation of motion [92] for the hypercharge
field strength (see Eq. (A.10)). More specifically, the effect of this operator can be absorbed
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We start from the loop corrections to the Wilson coefficient cL, which can be induced

by gauge interactions (diagonal renormalization) and by Yukawa interactions (off-diagonal

renormalization). The associated Feynman diagrams are shown in Fig. 4. Loop effects for

cu
R

and cd
R

are analogous, with the important difference that right-handed fermions have no

SU(2)L interactions, and therefore there are no diagrams with W i
µ in the loop.

The analysis of loop corrections to cH involves many more Feynman diagrams. The

associated operator describes the DM interaction with two Higgs bosons, and we expect by

gauge invariance also diagrams with two Higgses and one electroweak gauge boson. We have

computed all the possible one-loop diagrams, both the ones with only two Higgs fields on
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3 Renormalization Group Evolution

We present the complete one-loop RG equations in both EFTs. Here, we only show Feynman
diagrams and quote final results. Regularization and renormalization at one loop in both
EFTs are detailedly discussed in App.B. As explained in the previous Section, no interesting
loop effect takes place among the dimension 5 operators, besides the well known heavy quark
threshold contribution from the Higgs portal [79]. Thus we focus on dimension 6 operators.

3.1 From the messenger scale to the EWSB scale

The evolution of the Wilson coefficients in Eq. (2.9) is described by the differential equation

d CSMχ

d lnµ
= γSMχCSMχ , (3.1)

where µ is the renormalization scale and γSMχ is the anomalous dimension matrix. Our
goal here is to fill out the 16× 16 = 256 entries of the matrix γSMχ .

We start our one-loop analysis in this theory by considering external legs corrections.
Since the DM field is a gauge singlet, these contributions only involve SM fields and inter-
actions. We perform the field renormalizations

ψi → Z
1/2
ψi

ψi , H → Z
1/2
H

H , (3.2)

where ψi is any SM fermion, and we do it in such a way to subtract the infinite part from
the residue of each one-loop propagator. There are only two possible sources for this effect,
which are gauge and Yukawa interactions. As is well know, the Higgs quartic coupling does
not induce a one-loop contribution to the wave-function renormalization. The relevant
Feynman diagrams are shown in Figs. 2 and 3 for fermion and Higgs fields, respectively.

When considering vertex corrections, one still has to deal only with these two inter-
actions. We organize the presentation by fixing the external legs of a specific amplitude,
and then identifying all the possible one-loop contributions. In other words, we fix a given
effective operator from the ones in Table 6 and then look for operators mixing into it.
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Table 3. Basis of dimension 6 operators for the SMχ EFT. The first two columns have three
different replicas, corresponding to the SM generations. We consider a generic χΓµχ, which can be
either a vector (Γµ = γµ) or an axial (Γµ = γµγ5) DM current or any linear combination of them.

where we do not assume any flavor violation The index i runs over the three different
fermion generations, thus the above vector has 5 × 3 + 1 = 16 components. The double-
arrow derivative entering the Higgs current reads

H
†←→
D µH ≡ H

†(DµH)− (DµH
†)H , (2.8)

with the covariant derivative defined as in Eq. (A.3) of App. A.

Lorentz invariant operators can be obtained by contracting the currents in Eq. (2.7)
with a DM current χΓµχ, where both vector Γµ = γµ and axial Γµ = γµγ5 currents are
possible. This gives a total of 16 × 2 = 32 independent operators. However, since χ is
a singlet, the DM current χΓµχ is invariant under RG evolution, thus we can study two
16-dimensional sectors separately. The basis for dimension 6 operators with a specific DM
current χΓµχ is shown in Table 3. For future convenience, we introduce a 16-dimensional
vector of Wilson coefficients

C
T

SMχ
≡
�
c
(1)
Γq c

(1)
Γu c

(1)
Γd c

(1)
Γl c

(1)
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(2)
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(2)
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(2)
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(2)
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(3)
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(3)
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(3)
Γd c

(3)
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(3)
Γe cΓH

�
, (2.9)

where cα is associated with the operator Oα in Table 3. The solid double line divides DM
interactions with the Higgs from the ones with SM fermions. The solid single lines divide
different SM generations and within each generation quarks and leptons are divided by a
dashed line.

We stress that the dimension 6 operator

OΓB = g
� cB
Λ2

χΓµχ ∂ν
Bνµ (2.10)

does not need to be included in our list since it can be expressed as a linear combination
of the ones listed in Table 3 by using classical equation of motion [92] for the hypercharge
field strength (see Eq. (A.10)). More specifically, the effect of this operator can be absorbed
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We start from the loop corrections to the Wilson coefficient cL, which can be induced

by gauge interactions (diagonal renormalization) and by Yukawa interactions (off-diagonal

renormalization). The associated Feynman diagrams are shown in Fig. 4. Loop effects for

cu
R

and cd
R

are analogous, with the important difference that right-handed fermions have no

SU(2)L interactions, and therefore there are no diagrams with W i
µ in the loop.

The analysis of loop corrections to cH involves many more Feynman diagrams. The

associated operator describes the DM interaction with two Higgs bosons, and we expect by

gauge invariance also diagrams with two Higgses and one electroweak gauge boson. We have

computed all the possible one-loop diagrams, both the ones with only two Higgs fields on
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We start from the loop corrections to the Wilson coefficient cL, which can be induced

by gauge interactions (diagonal renormalization) and by Yukawa interactions (off-diagonal

renormalization). The associated Feynman diagrams are shown in Fig. 4. Loop effects for

cu
R

and cd
R

are analogous, with the important difference that right-handed fermions have no

SU(2)L interactions, and therefore there are no diagrams with W i
µ in the loop.

The analysis of loop corrections to cH involves many more Feynman diagrams. The

associated operator describes the DM interaction with two Higgs bosons, and we expect by

gauge invariance also diagrams with two Higgses and one electroweak gauge boson. We have

computed all the possible one-loop diagrams, both the ones with only two Higgs fields on

– 11 –

ψL,R ψL,RψL,R

G HW
i
,B

ψL,RψL,R ψL,RψL,R ψL,RψL,R

Figure 2. External legs corrections for SM fermions.

H H HH HHH

W
i
,B

W
i
,B ψL,R

ψL,R

Figure 3. External legs for SM Higgs.

3 Renormalization Group Evolution

We present the complete one-loop RG equations in both EFTs. Here, we only show Feynman
diagrams and quote final results. Regularization and renormalization at one loop in both
EFTs are detailedly discussed in App.B. As explained in the previous Section, no interesting
loop effect takes place among the dimension 5 operators, besides the well known heavy quark
threshold contribution from the Higgs portal [79]. Thus we focus on dimension 6 operators.

3.1 From the messenger scale to the EWSB scale

The evolution of the Wilson coefficients in Eq. (2.9) is described by the differential equation

d CSMχ

d lnµ
= γSMχCSMχ , (3.1)

where µ is the renormalization scale and γSMχ is the anomalous dimension matrix. Our
goal here is to fill out the 16× 16 = 256 entries of the matrix γSMχ .

We start our one-loop analysis in this theory by considering external legs corrections.
Since the DM field is a gauge singlet, these contributions only involve SM fields and inter-
actions. We perform the field renormalizations

ψi → Z
1/2
ψi

ψi , H → Z
1/2
H

H , (3.2)

where ψi is any SM fermion, and we do it in such a way to subtract the infinite part from
the residue of each one-loop propagator. There are only two possible sources for this effect,
which are gauge and Yukawa interactions. As is well know, the Higgs quartic coupling does
not induce a one-loop contribution to the wave-function renormalization. The relevant
Feynman diagrams are shown in Figs. 2 and 3 for fermion and Higgs fields, respectively.

When considering vertex corrections, one still has to deal only with these two inter-
actions. We organize the presentation by fixing the external legs of a specific amplitude,
and then identifying all the possible one-loop contributions. In other words, we fix a given
effective operator from the ones in Table 6 and then look for operators mixing into it.
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One-loop RGE from Λ to EWSB scale
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Table 3. Basis of dimension 6 operators for the SMχ EFT. The first two columns have three
different replicas, corresponding to the SM generations. We consider a generic χΓµχ, which can be
either a vector (Γµ = γµ) or an axial (Γµ = γµγ5) DM current or any linear combination of them.

where we do not assume any flavor violation The index i runs over the three different
fermion generations, thus the above vector has 5 × 3 + 1 = 16 components. The double-
arrow derivative entering the Higgs current reads

H
†←→
D µH ≡ H

†(DµH)− (DµH
†)H , (2.8)

with the covariant derivative defined as in Eq. (A.3) of App. A.

Lorentz invariant operators can be obtained by contracting the currents in Eq. (2.7)
with a DM current χΓµχ, where both vector Γµ = γµ and axial Γµ = γµγ5 currents are
possible. This gives a total of 16 × 2 = 32 independent operators. However, since χ is
a singlet, the DM current χΓµχ is invariant under RG evolution, thus we can study two
16-dimensional sectors separately. The basis for dimension 6 operators with a specific DM
current χΓµχ is shown in Table 3. For future convenience, we introduce a 16-dimensional
vector of Wilson coefficients
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where cα is associated with the operator Oα in Table 3. The solid double line divides DM
interactions with the Higgs from the ones with SM fermions. The solid single lines divide
different SM generations and within each generation quarks and leptons are divided by a
dashed line.

We stress that the dimension 6 operator

OΓB = g
� cB
Λ2

χΓµχ ∂ν
Bνµ (2.10)

does not need to be included in our list since it can be expressed as a linear combination
of the ones listed in Table 3 by using classical equation of motion [92] for the hypercharge
field strength (see Eq. (A.10)). More specifically, the effect of this operator can be absorbed
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We start from the loop corrections to the Wilson coefficient cL, which can be induced

by gauge interactions (diagonal renormalization) and by Yukawa interactions (off-diagonal

renormalization). The associated Feynman diagrams are shown in Fig. 4. Loop effects for

cu
R

and cd
R

are analogous, with the important difference that right-handed fermions have no

SU(2)L interactions, and therefore there are no diagrams with W i
µ in the loop.

The analysis of loop corrections to cH involves many more Feynman diagrams. The

associated operator describes the DM interaction with two Higgs bosons, and we expect by

gauge invariance also diagrams with two Higgses and one electroweak gauge boson. We have

computed all the possible one-loop diagrams, both the ones with only two Higgs fields on
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Matching at the EWSB scale

Λ

EWSB scale

Direct detection scale 
(hadronic scale)

(� 1 TeV)

Top, Higgs, W and Z get integrated out (matching)

running and mixing in EMSMχ EFT

u-, d-, s-quark and gluons appear in nucleon matrix 
elements (heavier quarks integrated out) 

running and mixing in SMχ EFT 
(dominated by the top Yukawa) ✓

Tree-level matching contributions from giving the Higgs a VEV and integrating out 
the Z boson (fermion pair is meant to be attached to the Z)

LχχZ =
cH

Λ2
χΓµχ �H†� i←→D µ�H� = −cH

Λ2
v
2
�

g2 + g� 2 χΓµχ Zµ

ΓH ΓH



Running from EWSB scale to GeV scale

We study the evolution for this 16-dimensional vector of Wilson coefficients  

In EMSMχ EFT vector and axial currents instead of LH/RH currents

Symbol Operator

OMF χσµνχFµν

OEF χσµνχ �µνρσF ρσ

Table 5. Basis of dimension 5 operators for the EMSMχ Effective Theory.

Symbol Operator Symbol Operator Symbol Operator

O
(i)
ΓV u χΓµχuiγµui O

(i)
ΓV d χΓµχ diγµdi O

(i)
ΓV e χΓµχ eiγµei

O
(i)
ΓAu χΓµχuiγµγ5ui O

(i)
ΓAd χΓµχ diγµγ5di O

(i)
ΓAe χΓµχ eiγµγ5ei

Table 6. Basis of dimension 6 operators for the EMSMχ Effective Theory. Each operator has
three different replicas, corresponding to the three SM generations. The DM bilinear can have both
vector or axial currents, namely Γ = {V,A}, where V µ = γµ and Aµ = γµγ5.

The top quark is not in the spectrum, thus we count 6× 3− 2 = 16 independent currents.
Also in this case they can be contracted with either a vector or and axial DM current,
giving a total of 32 independent operators. Each 16 dimensional sector shown in Table 6
can be studied separately. In analogy to Eq. (2.9), we define the vector

C
T
EMSMχ

=
�
c(1)ΓV u c(1)ΓV d c(2)ΓV u c(2)ΓV d c(3)ΓV d c(1)ΓV e c(2)ΓV e c(3)ΓV e c(1)ΓAu c(1)ΓAd c(2)ΓAu c(2)ΓAd c(3)ΓAd c(1)ΓAe c(2)ΓAe c(3)ΓAe

�
.

(2.22)
Here, the solid double line is used to divide DM couplings to a vector or an axial SM current,
whereas single solid lines divide quarks from leptons.

The redundant dimension 6 operator in this case is

OΓF = e
cF
Λ2

χΓµχ ∂νFνµ . (2.23)

Equations of motion for the electromagnetic field strength (see Eq. (A.12)) translates this
operator into a linear combination of the ones listed in Table 6, which equivalently amounts
to this shift of the Wilson coefficients for the operators with SM vector currents

c(i)ΓV u → c(i)ΓV u − e2QucF , (2.24)

c(i)ΓV d → c(i)ΓV d − e2QdcF , (2.25)

c(i)ΓV e → c(i)ΓV e − e2QecF . (2.26)

The operators with SM axial currents are not affected, since the photon only couples to
vector currents.

2.3 Matching the two EFTs at the EWSB scale

We conclude this Section by giving matching conditions between the two theories, namely
the relations between the Wilson coefficients in Eq. (2.22) and those in Eq. (2.9), both
evaluated at the EWSB scale, which is smaller than Λ in this setup. As we will see shortly,
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,

(3.5)
with the hypercharges as in Eq. (B.7).

3.2 From the EWSB scale to the nuclear scale

The Wilson coefficients given in Eq. (2.22) for the EFT below the EWSB scale evolve
according to

d CEMSMχ

d lnµ
= γEMSMχCEMSMχ . (3.6)

We now discuss how to obtain the 16 × 16 anomalous dimension matrix γEMSMχ . The
external leg corrections only come from the gauge sector. For strong interactions they are
identical to the ones in the SMχ EFT, and for electromagnetic interactions they can be
easily obtained from the analogous hypercharge diagrams. Their effect is again to cancel
out against the associated vertex corrections.

Also in this case there are two classes of vertex corrections. The first ones are due
to the SM four-fermion interactions, in the way we show in Fig. 7. This diagram in the
EMSMχ EFT is the analogous of the correction to cH discussed in the SMχ EFT, but the Z

boson is integrated out in this phase of the theory. Despite the fact that these diagrams are
suppressed by the Fermi constant, we keep them to be consistent with the analysis above
the EWSB scale, since their contribution is proportional to GF m2

ψ ∝ λ2
ψ.

The second effect is the radiative correction to the Wilson coefficient cF of the redun-
dant operator in Eq. (2.23). The diagrams are analogous to the fermion loop in Fig. 6, but
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We start from the loop corrections to the Wilson coefficient cL, which can be induced

by gauge interactions (diagonal renormalization) and by Yukawa interactions (off-diagonal

renormalization). The associated Feynman diagrams are shown in Fig. 4. Loop effects for

cu
R

and cd
R

are analogous, with the important difference that right-handed fermions have no

SU(2)L interactions, and therefore there are no diagrams with W i
µ in the loop.

The analysis of loop corrections to cH involves many more Feynman diagrams. The

associated operator describes the DM interaction with two Higgs bosons, and we expect by

gauge invariance also diagrams with two Higgses and one electroweak gauge boson. We have

computed all the possible one-loop diagrams, both the ones with only two Higgs fields on
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Evolution at dim. 6 and DD cross section

RGEs allow us to connect Wilson coefficients at the high scale (UV complete 
models) with the ones in WIMP-nucleus cross section (low scale). At dimension 6,

u- and d-quark vector-vector Wilson coefficients at a scale around 1 GeV

Spin-Independent Scattering

σSI =
m2

χm
2
N

(mχ +mN )2πΛ4
[(A+ Z)CV V u + (2A− Z)CV V d]

2

E. Aprile et al. PRL109 (2012), D. Akerib et al., PRL 112 (2014), T. Saab (SuperCDMS), Talk at SSI 2012, E. Aprile (XENON1T) Proceedings DM2012 at UCLA

Best Experimental Limits due to 
Coherent WIMP-Nucleus Scattering

Only vector-vector coupling 
to valence quarks relevant

Leff = χγµχ
�cV V u

Λ2
uγµu+

cV V d

Λ2
dγµd

�

µN

Constraints from experimental bounds

E. Aprile et al. (XENON100), PRL (2012) 
D. Akerib et al. (LUX), PRL (2014) 

T. Saab (SCDMS), talk at SSI (2012) 
E. Aprile et al. (XENON1T), Proceedings DM 2012

σSI
χN =

m2
χ m2

N
(mχ + mN )2 π Λ4

���c(1)
V V u(A + Z) + c(1)

V V d(2A− Z)
���
2



Evolution at dim. 6 and DD cross section

Standard Model loops lead to novel constraints from DD:

light quark vector currents from light quark axial-vector currents  

light quark vector currents from operators with heavy quarks 

light quark vector currents from operators with leptons

(Dark Matter bilinear here not affected: DM is SM gauge singlet)

RGEs allow us to connect Wilson coefficients at the high scale (UV complete 
models) with the ones in WIMP-nucleus cross section (low scale). At dimension 6,

σSI
χN =

m2
χ m2

N
(mχ + mN )2 π Λ4

���c(1)
V V u(A + Z) + c(1)

V V d(2A− Z)
���
2



The case of VV and VA operators

LD5 =
cD5

Λ2
χ γµχ

�
�

i

uiγµui +
�

i

diγµdi

�
, LD7 =

cD7

Λ2
χ γµχ

�
�

i

uiγµγ5u
i +

�

i

diγµγ5d
i

�

For flavor-universal DM-quark coupling this corresponds to 

Here, c(1)V V u and c(1)V V d are the first two component of the vector defined in Eq. (2.22),
whereas A, Z and mN are the mass number, atomic number and mass of the target nucleus
N , respectively.

In what follows, we consider specific choices of Wilson coefficients cΛ at the cutoff scale
and we evolve them down to the nuclear scale as in Eq. (4.5). We compare the predicted rate
as in Eq. (4.6) to the experimental limits, and extract bounds on the Wilson coefficients.
The constraints we find are model independent, in the sense that every UV complete model
generating that specific set cΛ when matched on the SMχ is subject to our constraints.

4.1 D5 and D7 operators

The connection between different DM negative searches is often expressed in terms of limits
on the coefficients for the effective operators introduced in Ref. [24]. For a vector current
of a fermion WIMP, the relevant operators are
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. (4.8)

We now connect this description to the notation used in this paper, and explore the conse-
quences of connecting EFT scales.

Keeping the complementarity among different searches in mind (e.g. between collider
and direct searches as in Ref. [24]), we take the operators in Eqs. (4.7) and (4.8) as defined
at the EFT cutoff Λ. In other words these are operators in the SMχ EFT. Considering
flavor universal coupling to SM quarks, D5 and D7 are reproduced by this set of Wilson
coefficients

cTΛ
��
D5,D7

=
�
cL cR cR 0 0 cL cR cR 0 0 cL cR cR 0 0 0

�
, (4.9)

where

cD5 =
cL + cR

2
, (4.10)

cD7 =
−cL + cR

2
. (4.11)

Our results are shown in the four panels of Fig. 8. In the top-left panel we consider the
case where only D5 is switched on, and plot current and projected experimental limits in the
(mχ,Λ) plane for c5 = 1. As is well known, huge scales for the mediator masses are necessary
to be consistent with experimental exclusion bounds. We gain valuable information from
this plot: given the extremely strong constraints on this operator, we are still likely to
get useful limits on the scale Λ in other cases where the dominant contribution to direct
detection rates is via D5 generated by SM loop effects. We deal with these cases in the
next subsections, but we first complete the discussion of the (D5, D7) set.

The top-right panel of Fig. 8 shows the analogous case where only D7 is switched on
at the scale Λ, with c7 = 1. The limits on Λ are weaker than the case of D5, but still in

– 16 –

cD5 =
cL + cR

2
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The case of VV and VA operators

Operators at the high scale Λ (mediator mass scale) : 
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First scenario: only one Wilson coefficient is non-vanishing (set = 1) at the scale Λ 

No constraint for VA case (D7) from SI cross section without RGE !



The case of VV and VA operators

Operators at the high scale Lambda: 
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Second scenario: both Wilson coefficients are non-vanishing at the scale Λ.
Fixing DM mass and mediator mass scale :

lighter bands if we neglect RGEs 



The case of operators with heavy quarks

If we have an UV complete model that couples DM only to heavy quarks 

faded vertical bands, namely no restriction at all on cD7. However, the RG evolution mixes
different operators, and the actual experimental limits are the oblique bands.

To summarize, if SM loop effects are included, it is not consistent to assume that c5 = 0

or c7 = 0 at all energy scales. This is our main point in this subsection. Furthermore, any
sensible UV completion is likely to generate both c5 and c7, at least at one loop [95]. The
constraints that such a model has to satisfy are the ones in the bottom panel of Fig. 8.

4.2 DM interacting with heavy quarks

Let us now focus on a different class of models, where the DM vector current only couples
to heavy SM quarks

cTΛ
��
HQ

=
�
0 0 0 0 0 0 0 0 0 0 cQ cU cD 0 0 0

�
. (4.12)

The results for this case are shown in Fig. 9. In the top-left panel we set cQ = cU = cD = 1,
or in other words we couple the DM to heavy quark vector currents at the EFT cutoff. The
limits are shown again in the (mχ,Λ) plane. In the top-right panel we choose the Wilson
coefficients such that the DM couples to heavy quark axial currents.

We observe a distinctive feature of couplings to heavy quarks: the limits for interactions
to axial currents are much stronger than the ones for vector currents, unlike for the case
of D5 and D7 (see top panels in Fig. 8). When considering D5 in the previous case, we
had couplings to vector currents of light quarks already at tree level, which explains why
the limits were much stronger than the loop induced couplings when starting from D7.
Here, couplings to light quarks are induced via loop effects in both cases, therefore we have
to look at the RG equations and see how this is achieved. The largest coupling driving
the mixing onto light quark currents is the top Yukawa, and its effect is encoded in the
anomalous dimension matrix in Eq. (3.4). As it turns out, for coupling to vector currents
of SM fermions there is no contribution to the running from Yukawa interactions, and
the mixing is driven by the sub-leading hypercharge contribution (see Eq. (3.5)). On the
contrary, for couplings to SM axial currents the top Yukawa contribution is maximal, and
a substantial mixing onto the Higgs operator OV H is radiatively induced, which in turns
gives interactions to light quarks once the Z boson is integrated out at the EWSB scale.

We also consider cases beyond the |ci| = 1 limit. In the bottom-left panel of Fig. 9 we fix
the DM mass to mχ = 100GeV, impose the isospin conserving condition cU = cD, and show
the allowed region in the (cQ, cU ) plane for three different values of Λ. Unsurprisingly, the
allowed region lies close to the diagonal line cQ = cD, since limits are weaker for coupling to
vector currents. In the bottom-right panel we consider isospin violation by fixing cD = 0.5

and identifying the allowed region in the (cQ, cU ) plane. The bands are still close to the
diagonal line, since the effect is driven by the top Yukawa which coupled the SM fields q(3)

L

and u(3)
R

.

4.3 Leptophilic Dark Matter

Another interesting possibility are leptophilic DM models

cTΛ
��
Leptoph.

=
�
0 0 0 cl ce 0 0 0 cl ce 0 0 0 cl ce 0

�
, (4.13)
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Less stringent bounds on HQ vector currents than HQ axial currents : 
(due to top Yukawa 
and mixing with Higgs 
operator) 



DM EFT constraints from SM loops

Our study shows the importance of a systematic analysis which takes into account 
SM loop effects when connecting operators at mediator mass scale with those at 
direct detection scale: we can put novel constraints on Wilson coefficients that 
could not be bounded from direct detection before.

Dim. 7: some mixing effect induced by EW interactions has already been pointed 
out by Haisch et al. (arXiv:1207.3971, 1302.4454, 1408.5046). Dim. 7 operators lead 
to interesting effects since EW field strength tensors are involved. 

We plan to study also the case of Majorana DM and spin-dependent cross section.

Systematic and complete EFT analysis up to dim. 7 is desirable.

Exploit complementarity of WIMP searches by describing UV complete models in 
terms of EFT operators after integrating out heavy mediators.



SI direct detection cross section 

O
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we now focus on the scalar couplings: �N |mq q̄q|N� = fN
q mN

are sources of hadronic uncertainties: how to quantify them reliably?fN
q

Unsuppressed operators with SM d.o.f. (light q and g) at the DD scale : 

Correspondingly, the proton coupling in the DM-nucleus cross section, up to dim. 7 :
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Scalar couplings: traditional approach 

Usually two-flavor couplings        are extracted from three-flavor quantities
Ellis et al. (2000, 2008); micrOMEGAs

y =
2�N |s̄s|N�

�N |ūu + d̄d|N� and z =
�N |ūu − s̄s|N�
�N |d̄d − s̄s|N�

fp
d =

2 σπN

(1 + mu/md) mp (1 + α)

α =
2z − (z − 1)y
2 + (z − 1)ywith σπN = 1/2 �N |(mu + md)(ūu + d̄d)|N�and

“pion-nucleon sigma term”

y determined with large uncertainties from SU(3) Chiral Perturbation Theory           
Borasoy, Meissner (1997)

z extracted from baryon octet mass relations derived in the SU(3) symmetric limit
 Cheng (1989)

fp,n
u,d

impossible within this approach to assign reliable theory uncertainties



Chiral Perturbation Theory

Effective theory of QCD for energies below 1 GeV 

Effective d.o.f. are matter fields (nucleons, etc.) and Goldstone bosons associated 
with spontaneous chiral symmetry breaking (pions in two-flavor case, also kaons 
and eta in the three-flavor case) 

Explicit chiral symmetry breaking due to small u-, d- (and s-) quark masses

Chiral expansion in small external momenta and quark (i.e. pion-, kaon-) masses

m2
π = B (mu + md) +O(m2

u,d)

�
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�n

,

�
mGB
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where Λχ � 1 GeV

SU(2) ChPT better convergence in the quark mass expansion than SU(3) ChPT 



Unnecessary assumptions about soft SU(3) flavor symmetry breaking can be 
avoided by evaluating two-flavor matrix elements in SU(2) ChPT: better 
convergence properties and reliable uncertainty estimates

Scalar couplings: our approach 

From the quark mass expansion of      with strong isospin breaking                ,(mu �= md)

Crivellin, Hoferichter, M.P. (2014)

Isospin violation effects               and              are overestimated by a factor 
of 2 in the traditional approach by Ellis et al. and micrOMEGAs
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Scalar couplings: our approach 

Coupling with s-quark: average of lattice QCD results,
Junnarkar, Walker-Loud (2013)

fN
s = 0.043± 0.011

Heavy quark coupling : fN
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Unnecessary assumptions about soft SU(3) flavor symmetry breaking can be 
avoided by evaluating two-flavor matrix elements in SU(2) ChPT: better 
convergence properties and reliable uncertainty estimates

From the quark mass expansion of      with strong isospin breaking                ,(mu �= md)mN
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Comparison between two approaches
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Red bands: our approach

Yellow bands: traditional approach with y estimated from SU(3) ChPT and 
z supplemented with a 30% error

Blue bands: traditional approach with y estimated from lattice value for   
and z supplemented with a 30% error
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Isospin violation in the scalar sector
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Assume that        and        for the DM-quark scalar operators at dim. 7 are 
the only non-vanishing Wilson coefficients contributing to the SI cross section

CSS
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Uncertainties get drastically reduced in our approach

Smaller isospin violating effects than previously thought

here σπN = 50MeV



Conclusions and Outlook

EFTs are useful tools in the context of direct detection of Dark Matter.
They allow us to argue independently of details of specific UV completions and to 
properly connect operators at different scales, involving different d.o.f.

A complete, systematic analysis for operators up to dimension 7 is motivated and 
desirable. Very stringent bounds are expected from forthcoming experiments.

Chiral effective field theory allows us to estimate hadronic uncertainties in nucleon 
matrix elements contributing to direct detection. Ongoing efforts to pin down the 
crucial pion-nucleon sigma term (based on lattice QCD, dispersion relations and 
ChPT...) and to extend the chiral approach to incorporate nuclear effects (see for 
example Cirigliano, Graesser, Ovanesyan, 1205.2695).


