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Heavy weakly interacting massive particle (WIMP) effective field theory is used to compute the WIMP-
nucleon scattering rate for general heavy electroweak multiplets through order mW=M, where mW and M
denote the electroweak and WIMP mass scales. The lightest neutral component of such an electroweak
multiplet is a candidate dark matter particle, either elementary or composite. Existing computations
for certain representations of electroweak SUð2ÞW × Uð1ÞY reveal a cancellation of amplitudes from
different effective operators at leading and subleading orders in 1=M, yielding small cross sections that are
below current dark matter direct-detection experimental sensitivities. We extend those computations and
consider all low-spin (spin-0, spin-1=2, spin-1, spin-3=2) heavy electroweak multiplets with arbitrary
SUð2ÞW × Uð1ÞY representations and provide benchmark cross section results for dark matter direct
detection experiments. For most self-conjugate TeV WIMPs with isospin ≤ 3 the cross sections are below
current experimental limits but within reach of next-generation experiments. An exception is the case of
pure electroweak doublet, where WIMPs are hidden below the neutrino floor.
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I. INTRODUCTION

The field of dark matter direct detection [1–4] comprises
a large class of experiments mainly designed to detect
weakly interacting massive particles (WIMPs) [5–15].
WIMPs can naturally explain the astronomically observed
relic abundance of dark matter mass density, created in
thermal equilibrium with other particles in the early
Universe [16]. The primary signal process for these experi-
ments is elastic scattering of WIMPs from atomic nuclei,
detected by observing the recoiling nucleus. Since the
precise nature of the dark matter particle is unknown, the
WIMP-nucleus cross section is a priori unknown. In order
to make predictions, the problem can be approached
from the “top-down” or the “bottom-up” perspective. In
the “top-down” approach, a specific UV complete theory
determines all possible couplings between the new particle

and Standard Model (SM) particles [17]; however, the
parameter space of all new physics models is large and
predictions rely on model assumptions. In the “bottom-up”
approach, a nonrelativistic expansion enforcing only the
constraints of spacetime symmetries can be employed
[18,19]. While this approach does not depend on the
underlying UV theory of the dark matter, the coefficients
of the associated effective operators, and hence the dark
matter-nucleus scattering rate, are undetermined.
The null results of collider searches up to a few

hundred GeV [20,21] and thermal relic abundance esti-
mates [22–25] suggest WIMP masses greater than the
electroweak scale, M ≳ few × 100 GeV ≫ mW . Heavy
WIMP effective theory (HWET) is operative in this regime
and has advantages of both the “top-down” and “bottom-
up” approaches. By using the scale separation between mW
and M, HWET describes large classes of UV theories, and
predicts absolute WIMP-nucleus cross sections.
The interactions of electroweak-charged WIMPS with

quarks and gluons involve two classes of quark and gluon
operators, transforming as spin-0 and spin-2, that largely
cancel at the amplitude level, resulting in an “accidentally”
suppressed cross section. Such cancellations have been
found using relativistic WIMP effective theory in specific
UV completions [26], and in HWET at both leading and
subleading power [27–29]. For example, for benchmark
Wino-like or Higgsino-like particles, the leading order of
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HWET predicts a cross section one or a few orders of
magnitude smaller [30] than the current experimental
limits. In fact, the cancellation essentially remains after
including 1=M power corrections, and accounting for
potential differences in nuclear responses for spin-0 and
spin-2 channels [31,32]; subleading contributions do not
lift the cross sections up to the discovery limits of current
direct detection experiments.
The next generation dark matter direct detection exper-

imental sensitivities will be improved by orders of magni-
tude [33–35], and more stringent constraints on the
supersymmetric electroweak multiplets will be placed by
collider experiments [36,37]. To shed further light on the
above-mentioned amplitude cancellation and to determine
sensitivity targets for next generation experiments, we
consider more general WIMPs with arbitrary electroweak
representation and spin. We aim to carry out a thorough
survey of general electroweak-charged heavy WIMPs and
compute their cross sections for scattering on a nucleon
utilizing heavy WIMP effective theory through first sub-
leading power, providing benchmark theoretical results for
future direct detection phenomenology. Our computations
will show that, for most of the self-conjugate WIMPs with
low isospins, the WIMP and nucleon elastic scattering
spin-independent cross sections naturally lie close to the
neutrino floor of direct detection experiments, and are
within striking range of next-generation experiments at or
below the neutrino floor.
The remainder of the paper is organized as follows.

Section II constructs the heavy WIMP effective theory at

the electroweak scale including order 1=M power correc-
tions. Section III constructs the low-energy effective theory
containing the WIMP and low-energy QCD. Section IV
matches the electroweak scale heavy WIMP effective
theory onto this low-energy effective theory. Section V
illustrates minimal UV completions of the electroweak
scale heavy WIMP effective theory. Section VI computes
the cross sections for WIMP-proton elastic scattering and
provides comparisons with experimental sensitivities.
Section VII is a summary.

II. SUBLEADING POWER HEAVY WIMP
EFFECTIVE THEORY

Let us consider an electroweak multiplet with mass M
large compared to the weak scale, and construct the
effective theory for this heavy particle in powers of 1=M.
We restrict attention to the case of a self-conjugate heavy
particle; this forbids tree level Z0 boson interactions,
enabling the particle to survive current experimental
exclusion limits. Universal behavior is shared by heavy
WIMPs of different spin at the leading order of the heavy
WIMP effective theory [27]. We here investigate effects
through subleading order 1=M and will consider Lorentz
spin-0, spin-1=2, spin-1, and spin-3=2 WIMPs.

A. Effective Lagrangians

The effective Lagrangian in the one-heavy-particle sector
takes the following form for spin-0, spin-1=2, spin-1, and
spin-3=2:

Lspin-0
HWET ¼ ϕ†

v

�
iv ·D − δm −

D2⊥
2M

−
fðHÞ
M

−
gðW;BÞ

M
þ…

�
ϕv; ð1Þ

Lspin-1=2
HWET ¼ χ̄v

�
iv ·D − δm −

D2⊥
2M

−
fðHÞ
M

−
gðW;BÞ

M
þ…

�
χv; ð2Þ

Lspin-1
HWET ¼ Vμ†

v

��
iv ·D − δm −

D2⊥
2M

−
fðHÞ
M

�
ð−gμνÞ þ

gðW;BÞμν
M

þ…

�
Vν
v; ð3Þ

Lspin-3=2
HWET ¼ ξ̄μv

��
iv ·D − δm −

D2⊥
2M

−
fðHÞ
M

�
ð−gμνÞ þ

gðW;BÞμν
M

þ…

�
ξνv: ð4Þ

Here the ellipses denote terms of order 1=M2, vμ is the
heavy WIMP velocity with v2 ¼ 1, and δm is a residual
mass matrix after integrating out the heavy particle.
The covariant derivative is Dμ ¼ ∂μ − ig1YBμ − ig2Wa

μTa

where Y is the Uð1ÞY hypercharge and Ta are SUð2ÞW
generators, with a ¼ 1; 2; 3. Perpendicular components
are projected using gμν⊥ ≡ gμν − vμvν as usual (thus e.g.,

σμν⊥ ¼ gαμ⊥ gβν⊥ σαβ, Dμ
⊥ ¼ Dμ − vμv ·D). We have applied

field redefinitions to remove redundant operators, and
enforced the constraints for expressing heavy particles in
terms of four-component Dirac spinors with vector indices
(e.g., vμV

μ
v ¼ 0, =vξμv ¼ ξμv, and γμξ

μ
v ¼ 0) [38]. The Higgs-

WIMP interaction fðHÞ will be discussed below. Terms
contained in gðW;BÞ give rise to suppressed spin-
dependent scattering rates and will not be considered
further in this work [32].
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B. Higgs interactions

The Higgs-WIMP interaction, fðHÞ, depends on the
specific spin and electroweak representation of the WIMP.
Let us construct gauge- and Lorentz-invariant operators
containing WIMP and Higgs fields, for a general ðJ; YÞ
representation of SUð2ÞW × Uð1ÞY , with J being SUð2Þ
isospin and Y being U(1) hypercharge. Since we are
concerned with the one-WIMP sector, there must be two
WIMP fields in the Lagrangian interaction. Since the
Standard Model Higgs H is a ð1=2; 1=2Þ representation
under SUð2ÞW × Uð1ÞY, there is no three-point gauge-
invariant interaction. The leading WIMP-Higgs interaction
arises from four-point interactions with two WIMP fields
and two Higgs fields. The Higgs bilinear H†H transforms
as a singlet, and H†τaH transforms as a triplet with τa the
isospin Pauli matrices. It is convenient to introduce
H̃ ≡ iτ2H�, which transforms identically to H under
SU(2) but has opposite hypercharge.
The possible forms for fðHÞ can be tabulated by first

considering manifestly Lorentz-invariant Lagrangians and
then making the identifications,

spin-0∶ ΦðxÞ ¼
ffiffiffiffiffi
1

M

r
e−iMv·xϕvðxÞ; ð5Þ

spin-1=2∶ χ ¼
ffiffiffi
2

p
e−iMv·xðχv þ XvÞ; ð6Þ

spin-1∶ VμðxÞ ¼
ffiffiffiffiffi
1

M

r
e−iMv·xVμ

vðxÞ; ð7Þ

spin-3=2∶ ξμ ¼
ffiffiffi
2

p
e−iMv·xðξμv þ Ξμ

vÞ; ð8Þ

where for χ and ξμ, the second terms in parentheses denote
antiparticle degrees of freedom that are integrated out (the
components satisfy =vχv ¼ χv, =vξμ ¼ ξμ, and =vXv ¼ −Xv,
=vΞμ ¼ −Ξμ). Let us consider separately the cases of spin 0,
1=2, 1, and 3=2.

1. Spin-0

The relativistic spin-0 electroweak multiplet and Higgs
interaction takes the form

Lspin-0
H ¼ c1;0ϕ†ϕH†H þ c2;0ϕ†taϕH†τaH

þ ðc3;0ϕ†taϕ̃H̃†τaH þ H:c:ÞδY;1=2
þ ðc4;0ϕ†taϕ̃H†τaH̃ þ H:c:ÞδY;−1=2; ð9Þ

where ta is an SU(2) generator, ϕ̃≡Uϕ� and U is a ð2J þ
1Þ × ð2J þ 1Þ matrix acting as a similarity transformation
for isospin-J representation [39],

Uðeiα·tÞ�U−1 ¼ eiα·t; ð10Þ

where t ¼ ðt1; t2; t3Þ are SUð2Þ generators and α ¼
ðα1;α2; α3Þ are real parameters. The explicit matrix ele-
ments are

t1mn ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mð2J þ 1 −mÞ
p

δn;mþ1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nð2J þ 1 − nÞ

p
δn;m−1

�
=2;

t2mn ¼ −i
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mð2J þ 1 −mÞ
p

δn;mþ1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nð2J þ 1 − nÞ

p
δn;m−1

�
=2;

t3mn ¼ ðJ þ 1 −mÞδmn;

Umn ¼ ð−1Þmþ1δmþn;2Jþ2; ð11Þ

wherem; n ¼ 1; 2;…; 2J þ 1. In particular, when J ¼ 1=2,
U is the matrix iτ2 that we have introduced above in the
construction of H̃. The coefficient ci;0 has a subscript 0
standing for spin-0. The notation H.c. denotes hermitian
conjugate. Gauge-invariant interactions among electroweak
multiplets including Higgs field can also be obtained by
brute-force construction of gauge-singlets using Clebsch-
Gordan coefficients [39], and we have checked the equiv-
alency of the two methods. Electroweak multiplets and
Higgs interaction has also been constructed in [40].
When the hypercharge Y ¼ 0, we restrict attention to

integer isospin, for which there is an electrically neutral
dark matter candidate. For integer isospin, the SU(2)

representation is real, and the scalar field ϕ may be chosen
real, and identified with Φ in Eq. (5). Interaction c2;0
vanishes in this case, and only c1;0 appears; according to
Eq. (5), fðHÞ ¼ c1;0H†H ≡ −cHH†H [27,31]. Real scalar
triplet and Higgs interaction has also been constructed
in [41]. When Y ≠ 0, the fieldΦ in Eq. (5) is identified with
the column vector of two real scalar fields,

Φ ¼
 1ffiffi

2
p ðϕþ ϕ�Þ
iffiffi
2

p ðϕ − ϕ�Þ

!
; ð12Þ

and fðHÞ may be read off according to Eq. (5).
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2. Spin-1=2

For a spin-1=2 electroweak multiplet, let us construct the self-conjugate fields from Weyl spinors, ψL and ψ 0
L,

transforming under SUð2ÞW × Uð1ÞY as

ψL → eiα·teiβYψL; ψ 0
L → e−iα·t

�
e−iβYψ 0

L: ð13Þ
The general spin-1=2 Higgs interaction is then

Lspin-1=2
H ¼ −

1

M

h
c1;1

2
H†Hðψ 0T

L iσ
2ψLÞ þ c2;1

2
H†τaHðψ 0T

L iσ
2taψLÞ þ c3;1

2
H†τaH̃ðψT

Liσ
2U†taψLÞδY;1=2

þ c4;1
2
H̃†τaHðψ 0T

L iσ
2taUψ 0

LÞδY;1=2 þ c5;1
2
H̃†τaHðψT

Liσ
2U†taψLÞδY;−1=2

þ c6;1
2
H†τaH̃ðψ 0T

L iσ
2taUψ 0

LÞδY;−1=2 þ H:c:
i
: ð14Þ

To connect with Eq. (6), let us embed ψL and ψ 0
L into the

Dirac field ψ , with its conjugate ψc,

ψ ¼
�

ψL

iσ2ψ 0�
L

�
; ψc ¼

�
ψ 0
L

iσ2ψ�
L

�
; ð15Þ

where the Pauli matrix σ2 acts as a generator in the Lorentz
group. The self-conjugate (Majorana) fermion field χ in
Eq. (6) is then identified with

χ ¼
�
χ1

χ2

�
¼
0
@ 1ffiffi

2
p ðψ þ ψcÞ
iffiffi
2

p ðψ − ψcÞ

1
A: ð16Þ

For hypercharge Y ¼ 0 and integer isospin, we may
choose irreducible representations involving a single
Weyl fermion, i.e., ψ 0

L ¼ ψL. For this case, all interactions
except c1;1

2
vanish. Coefficient c1;1

2
may be chosen real1 and

according to Eq. (6), fðHÞ ¼ c1;1
2
H†H ≡ −2cHH†H [32].

For the Dirac fermion (Higgsino) case, J ¼ Y ¼ 1=2, the
gauge-invariant interaction (14) may be simplified. After
expressing ψL and ψ 0

L in terms of χv via Eqs. (15), (16),
and (6), fðHÞ in Eq. (2) is expressed as a matrix with four
real parameters [32].2 The Dirac fermion and Higgs
interaction has also been constructed in [42,43]. The

Weyl fermion doublet and Higgs interaction has also been
constructed in [44,45].

3. Spin-1

Similar to the spin-0 case, the spin-1 electroweak
multiplet and Higgs bilinear interaction takes the form,

Lspin-1
H ¼ c1;1Vμ†VμH†H þ c2;1Vμ†taVμH†τaH

þ ðc3;1Vμ†taṼμH̃†τaH þ H:c:ÞδY;1=2
þ ðc4;1Vμ†taṼμH†τaH̃ þ H:c:ÞδY;−1=2; ð17Þ

where Ṽμ ¼ UV�
μ, and the self-conjugate basis consists of

two real vectors,

Vμ
1 ¼

1ffiffiffi
2

p ðVμ þ Vμ†Þ; Vμ
2 ¼

iffiffiffi
2

p ðVμ − Vμ†Þ; ð18Þ

where Vμ ¼ ðVμ
1; V

μ
2ÞT is the relativistic field mapping onto

the heavy vector Vμ
v in Eq. (7).

4. Spin-3=2

Similar to the spin-1=2 case, the spin-3=2 electroweak
multiplet and Higgs bilinear interaction takes the form

Lspin-3=2
H ¼ 1

M

h
c1;3

2
H†HðΨ0μT

L iσ2ΨμLÞ þ c2;3
2
H†τaHðΨ0μT

L iσ2taΨμLÞ þ c3;3
2
H†τaH̃ðΨμT

L iσ2U†taΨμLÞδY;1=2
þ c4;3

2
H̃†τaHðΨ0μT

L iσ2taUΨ0
μLÞδY;1=2 þ c5;3

2
H̃†τaHðΨμT

L iσ2U†taΨμLÞδY;−1=2
þ c6;3

2
H†τaH̃ðΨ0μT

L iσ2taUΨ0
μLÞδY;−1=2 þ H:c:

i
; ð19Þ

1This may be obtained by field redefinition δψL ∼ ðH†H=M2ÞψL.
2The correspondence with Eq. (2) of Ref. [32] is a ¼ −Reðc2Þ=2, b ¼ −ðc�3 þ c4Þ=2 and c ¼ −Reðc1 − c2=2Þ=2.
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where we have the Rarita-Schwinger field Ψμ and its
conjugate Ψcμ,

Ψμ ¼
� Ψμ

L

iσ2Ψ0μ�
L

�
; Ψμc ¼

�
Ψ0μ

L

iσ2Ψμ�
L

�
: ð20Þ

Constructing self-conjugate fermions from Ψμ and Ψcμ,

ξμ1 ¼
1ffiffiffi
2

p ðΨμ þΨμcÞ; ξμ2 ¼
iffiffiffi
2

p ðΨμ −ΨμcÞ; ð21Þ

we identify ξμ ≡ ðξμ1; ξμ2ÞT as the relativistic field in Eq. (8).

5. EWSB and Feynman rules

After electroweak symmetry breaking, the Higgs field
acquires its vacuum expectation value

hHi ¼ vffiffiffi
2

p
�
0

1

�
; ð22Þ

and in the self-conjugate basis, the mass matrix becomes

δMðvÞ ¼ δmþ v2

2M

�
M1 þReðM2Þ −ImðM2Þ
−ImðM2Þ M1 −ReðM2Þ

�
;

ð23Þ

where the matrices M1 and M2 are

ðM1Þkl¼ðAþBkÞδkl;
ðM2Þkl¼δY;1=2Cð−1Þk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk−1Þð2Jþ2−kÞ

p
δkþl;2Jþ3

þδY;−1=2C0ð−1Þk
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kð2Jþ1−kÞ

p
δkþl;2Jþ1; ð24Þ

with k; l ¼ 1; 2;…; 2J þ 1 and

A ¼ 1

2
½Reðc1;sÞ −Reðc2;sÞðJ þ 1Þ�;

B ¼ 1

2
Reðc2;sÞ;

C ¼ c�3;s þ c4;s
2

ðδs;1
2
þ δs;3

2
Þ þ c3;sðδs;0 þ δs;1Þ;

C0 ¼ c�5;s þ c6;s
2

ðδs;1
2
þ δs;3

2
Þ þ c4;sðδs;0 þ δs;1Þ; ð25Þ

where s ¼ 0; 1
2
; 1; 3

2
, is the spin.

For even dimension isospin multiplets we focus on the
case Y ¼ �1=2, where C ≠ 0 breaks the mass degeneracy
between electrically neutral states. Diagonalizing the mass
matrix Eq. (23), when isospin J is half-integer (even-
dimension representation) and hypercharge Y ¼ 1=2, the
eigenvalues are

v2

2M
ðAþBÞ; v

2

2M
ðAþBÞ;

v2

2M

�
Aþ

�
Jþ 3

2

�
B�

�
Jþ 1

2

�
jCj
�
;

v2

2M

"
Aþ

�
Jþ 3

2

�
B�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2B2 þ

��
Jþ 1

2

�
2

− n2
�
jCj2

s #
;

v2

2M

"
Aþ

�
Jþ 3

2

�
B�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2B2 þ

��
Jþ 1

2

�
2

− n2
�
jCj2

s #
;

ð26Þ

for integer n ¼ 1;…; J − 1=2. The two mass eigenvalues in
the first row correspond to the components with the largest
magnitudes of charge,Q ¼ �ðJ þ 1=2Þ. The nonvanishing
C term acts to split the degenerate mass of two neutral
components and v2

2M ½Aþ ðJ þ 3
2
ÞB − ðJ þ 1

2
ÞjCj� in the

second row is the mass of the lightest neutral component,
the WIMP. The four mass eigenvalues in the last two rows
are for the two pairs of components with opposite charges
Q ¼ �n.
When isospin J is a half-integer and hypercharge

Y ¼ −1=2, the mass eigenvalues are

v2

2M
ðAþ ð2Jþ 1ÞBÞ; v

2

2M
ðAþ ð2Jþ 1ÞBÞ;

v2

2M

�
Aþ

�
Jþ 1

2

�
B�

�
Jþ 1

2

�
jC0j
�
;

v2

2M

"
Aþ

�
Jþ 1

2

�
B�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2B2 þ

��
Jþ 1

2

�
2

− n2
�
jC0j2

s #
;

v2

2M

"
Aþ

�
Jþ 1

2

�
B�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2B2 þ

��
Jþ 1

2

�
2

− n2
�
jC0j2

s #
;

ð27Þ

with similar notation as for the Y ¼ 1=2 case. Here
v2
2M ½Aþ ðJ þ 1

2
ÞB − ðJ þ 1

2
ÞjC0j� is the mass of the lightest

neutral component, the WIMP.
When J is an integer (odd-dimension representation),

the hypercharge must be an integer to provide a neutral
component for the WIMP. Further, if the electroweak
multiplet is self-conjugate, hypercharge must be zero.
After electroweak symmetry breaking, the mass matrix
becomes

δMðvÞ ¼ δmþ v2

2M
M0

1; ð28Þ

where

ðM0
1Þkl ¼ ðA0 þ B0kÞδkl; ð29Þ
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for k; l ¼ 1; 2;…; 2J þ 1, with

A0 ¼ Reðc1;sÞ −Reðc2;sÞðJ þ 1Þ;
B0 ¼ Reðc2;sÞ: ð30Þ

The eigenvalue for the neutral state is v2½A0þ
B0ðJ þ 1Þ�=ð2MÞ.
After electroweak symmetry breaking, the WIMP inter-

acts with the dynamical components of the Higgs field, ϕ1,
ϕ2, ϕ3 and h as follows:

H ¼ hHi þ 1ffiffiffi
2

p
�
ϕ1 þ iϕ2

hþ iϕ3

�
; ð31Þ

and the Lagrangian of the heavy field after electroweak
symmetry breaking in the charge and mass eigenstate

basis χðμÞ0 is

L ¼ χ̄ðμÞ0

�
iv · ∂þ eQv · Aþ g2

cos θW
v · ZðT̃3 − sin2θWQÞ

þ g2ffiffiffi
2

p v · ðWþT̃þ þW−T̃−Þ − δM −
D2⊥
2M

þ fðhÞ
M

þ gðW;ZÞ
M

þ � � �
�
χ0ðμÞ; ð32Þ

where the WIMP is the lightest neutral state of the

electroweak multiplet which we denote as χðμÞ0 (with or
without the vector index μ depending on its spin), and the
tilded gauge generator matrices refer to this basis. Here
fðhÞ describes the WIMP interaction with the Higgs boson,
cf. Fig. 1. The Feynman rule for this vertex, ivcHðgμνÞ=M,
is related to the mass eigenvalue of the lightest neutral state.
When hypercharge Y ¼ 1=2, it is

−i
v
M

�
Aþ

�
J þ 3

2

�
B −

�
J þ 1

2

�
jCj
�
: ð33Þ

When hypercharge Y ¼ −1=2, it is

−i
v
M

�
Aþ

�
J þ 1

2

�
B −

�
J þ 1

2

�
jC0j
�
: ð34Þ

When hypercharge Y ¼ 0, it is

−i
v
M

½A0 þ ðJ þ 1ÞB0�: ð35Þ

If inelastic scattering is considered, the relevant operators
will involve components in the electroweak multiplet other
than the WIMP, as well as ϕ1, ϕ2, ϕ3 components in the
Higgs field, which can be found by inserting Eq. (31) into
the fðHÞ term in the Lagrangians, Eqs. (1)–(4), then
diagonalizing to the charge and mass eigenstate basis as

in the above procedure. We focus on elastic scattering in
this paper and leave the inelastic case to future work.

III. LOW-ENERGY EFFECTIVE THEORY

After electroweak symmetry breaking, the dark matter

particle χðμÞ0 is a singlet under SUð3Þc × Uð1Þe:m:. The low-
energy effective operators for dark matter (DM) and
nucleon scattering at the quark level can be constructed
from heavyWIMP bilinears, and quark and gluon bilinears.
We focus on WIMP-nucleon spin-independent elastic

scattering, which is the dominant process for many dark
matter direct detection experiments. The relevant low-
energy effective theory for the spin-independent interaction
of spin-0 and spin-1=2 heavy WIMP with quarks (the top-
quark has been integrated out) and gluons is [29,46]

L ¼ χ̄0χ0

( X
q¼u;d;s;c;b

h
cð0Þq Oð0Þ

q þ cð2Þq vμvνO
ð2Þμν
q

i

þ cð0Þg Oð0Þ
g þ cð2Þg vμvνO

ð2Þμν
g

)
; ð36Þ

where

Oð0Þ
q ¼ mqq̄q; Oð2Þμν

q ¼ 1

2
q̄

�
γfμiDνg

− −
gμν

d
i=D−

�
q;

Oð0Þ
g ¼ GAμνGA

μν; Oð2Þμν
g ¼ −GAμλGAν

λ þ
1

d
gμνðGA

αβÞ2;
ð37Þ

with Dμ
− ≡Dμ − D⃖μ.

For higher-spin particles, no essentially new operators
appear in the spin-independent sector of the low-energy
effective theory.3 For spin-1 and spin-3=2 heavy WIMPs
interacting with quarks and gluons, we have

L ¼ χ̄μ0χ
ν
0

	 X
q¼u;d;s;c;b

h
cð0Þq Oð0Þ

q þ cð2Þq vαvβO
ð2Þαβ
q

i

þ cð0Þg Oð0Þ
g þ cð2Þg vαvβO

ð2Þαβ
g



gμν: ð38Þ

FIG. 1. WIMP-WIMP-Higgs boson effective interaction at
order 1=M. The double line denotes the heavy WIMP field
and the dashed line denotes the Higgs boson.

3This may be seen by constructing an explicit basis, and
enforcing the constraints on higher-spin representations for heavy
particles [38], e.g., vμχ

μ
0 ¼ 0, =vχμ0 ¼ χμ0, ϵναβμv

νσαβχμ0 ¼ 0.
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IV. WEAK MATCHING

To determine the Wilson coefficients in the effective
theories Eqs. (36) and (38) and obtain results for WIMP-
nucleon elastic scattering, we match the low-energy
Lagrangian to the electroweak scale effective theory (32)
by integrating out the weak-scale particles.
The matching diagrams for WIMP and quark operators

are shown in Fig. 2. Note that all diagrams involving

Nambu-Goldstone bosons are suppressed compared to the
diagrams present in Fig. 2. All Standard Model particles are
treated as massless except the weak scale particlesW�, Z0,
h, t-quark, which will be integrated out. The matching for
WIMP and gluon operators are shown in Fig. 3. The details
of the matching can be found in [47].
The renormalized Wilson coefficients in Eqs. (36)

and (38) for the low-energy five-flavor quarks and gluons
effective theory are

FIG. 3. Diagrams contributing through 1=M order to gluon matching, with the same notation as in Fig. 2. Curly lines denote gluons.
Diagrams with both gluons attached to the upper quark line or with one gluon attached to each of the upper and lower quark lines are not
shown in the second row.

FIG. 2. Diagrams contributing through 1=M order to quark matching. Double lines denote the WIMP, solid lines denote quarks, zigzag
lines denote weak-gauge bosons, and dashed lines denote the Higgs boson. The encircled cross denotes an insertion of 1=M-order
effective operators.
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ĉð0ÞU ðμÞ¼−
1

2x2h

�
fWþ fZ

c3W

�
þ fZ
8cW

ðcðUÞ2
V −cðUÞ2

A Þ−mW

πM
cH
α22x

2
h

;

ĉð0ÞD ðμÞ¼−
1

2x2h

�
fWþ fZ

c3W

�
þ fZ
8cW

ðcðDÞ2
V −cðDÞ2

A Þ−δDbfW
xt

8ðxtþ1Þ3−
mW

πM
cH
α22x

2
h

;

ĉð0Þg ðμÞ¼αsðμÞ
4π

	
1

6

�
1

x2h

�
fWþ fZ

c3W

�
þfW

�
Nl

2
þ 1

2ðxtþ1Þ2
��

þmW

πM
cH

3α22x
2
h

þ fZ
16cW

��
cðDÞ2
V þcðDÞ2

A

�
þ1

4

�
cðUÞ2
V þcðUÞ2

A

�

×

�
4ð48y6t −2y4t þ9y2t −1Þ

3ð4y2t −1Þ3 þ8

3
−πytþ

32y6t ð8y2t −7Þ
ð4y2t −1Þ7=2 arctan

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4y2t −1

q ��

þ1

4

�
cðUÞ2
V −cðUÞ2

A

��
3πyt−

32y4t ð24y4t −21y2t þ5Þ
ð4y2t −1Þ7=2 arctan

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4y2t −1

q �
−
4ð144y6t −70y4t þ9y2t −2Þ

3ð4y2t −1Þ3
��


;

ĉð2ÞU ðμÞ¼fW
3
þ fZ
6cW

ðcðUÞ2
V þcðUÞ2

A Þ− fZ
4c2W

ðcðUÞ2
V þcðUÞ2

A ÞmW

πM
−fW

mW

2πM
;

ĉð2ÞD ðμÞ¼fW
3
þ fZ
6cW

ðcðDÞ2
V þcðDÞ2

A Þ− fZ
4c2W

ðcðDÞ2
V þcðDÞ2

A ÞmW

πM
−fW

mW

2πM

þfW
δDb

2

�
3xtþ2

3ðxtþ1Þ3−
2

3
−
mW

πM
x2t ð1−x4t þ4x2t logxtÞ

ðx2t −1Þ3
�
;

ĉð2Þg ðμÞ¼αsðμÞ
4π

	
2fW

�
Nl

�
−
4

9
log

μ

mW
−
1

2

�
−
ð2þ3xtÞ
9ð1þxtÞ3

log
μ

mWð1þxtÞ
−
ð12x5t −36x4t þ36x3t −12x2t þ3xt−2Þ

9ðxt−1Þ3 log
xt

1þxt

−
2xtð−3þ7x2t Þ
9ðx2t −1Þ3 log2−

48x6t þ24x5t −104x4t −35x3t þ20x2t þ13xtþ18

36ðx2t −1Þ2ð1þxtÞ
�
þfW

mW

2πM

�
Nl

�
8

3
log

μ

mW
−
1

3

�

þ 16x4t
3ðx2t −1Þ3 logxt log

μ

mW
−
4ð3x2t −1Þ
3ðx2t −1Þ2 log

μ

mW
þ16x2t

3
log2xt−

4ð4x6t −16x4t þ6x2t þ1Þ
3ðx2t −1Þ3 logxt

þ8x2t ðx6t −3x4t þ4x2t −1Þ
3ðx2t −1Þ3 Li2ð1−x2t Þþ

4π2x2t
9

−
8x4t −7x2t þ1

3ðx2t −1Þ2
�
þ fZ
16cW

�h
2
�
cðUÞ2
V þcðUÞ2

A

�
þ3
�
cðDÞ2
V þcðDÞ2

A

�i

×

�
−
32

9
log

μ

mZ
−4

�
þ
�
cðUÞ2
V þcðUÞ2

A

��32ð24y8t −21y6t −4y4t þ5y2t −1Þ
9ð4y2t −1Þ7=2 arctan

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4y2t −1

q �
−
πyt
3

þ4ð48y6t þ62y4t −47y2t þ9Þ
9ð4y2t −1Þ3

�
þ
�
cðUÞ2
V −cðUÞ2

A

��4y2t ð624y4t −538y2t þ103Þ
9ð4y2t −1Þ3 −

13πyt
3

þ32y2t ð104y6t −91y4t þ35y2t −5Þ
3ð4y2t −1Þ7=2 arctan

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4y2t −1

q �i�

þ fZ
24c2W

mW

πM

�h
2
�
cðUÞ2
V þcðUÞ2

A

�
þ3
�
cðDÞ2
V þcðDÞ2

A

�i�
8 log

μ

mZ
−1

�

−ðcðUÞ2
V þcðUÞ2

A Þ
�
1−18y2t þ36y4t

ð4y2t −1Þ2 þ8ð1−4y2t þ3y4t þ18y6t Þ logyt
ð4y2t −1Þ3

þ16y2t ð2−13y2t þ32y4t −18y6t Þ
ð4y2t −1Þ7=2

�
2arctan

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4y2t −1
p �

logyt− ImLi2

�
1− i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4y2t −1

p
2y2t

���

þ4y2t ðcðUÞ2
V −cðUÞ2

A Þ
�
−
8−59y2t þ108y4t

ð4y2t −1Þ3 −
ð29−128y2t þ108y4t Þlogyt

ð4y2t −1Þ3

þ2ð−7þ38y2t −82y4t þ108y6t Þ
ð4y2t −1Þ7=2

�
2arctan

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4y2t −1
p �

logyt− ImLi2

�
1− i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4y2t −1

p
2y2t

����

; ð39Þ

where the reduced coefficients ĉðSÞi are given in terms of the original Wilson coefficients by cðSÞi ≡ ðπα22=m3
WÞĉðSÞi with

α2 ¼ g22=ð4πÞ, where i ¼ u; d; s; c; b; g is the index for quark or gluon and U denotes up-type while D denotes down-type
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and we have neglected small corrections from jVtdj2 and
jVtsj2, The u and c quarks have the same coefficients, as do
d and s quarks through all the weak-matching calculations.
The group theory factors are fW ¼JðJþ1Þ−Y2, fZ ¼ Y2.
The strong coupling is denoted by αsðμÞ. The mass ratios
are defined as xj ≡mj=mW and yj ≡mj=mZ where mZ is
the mass of Z0 boson, and j is the index of the specific
particle, e.g., j ¼ t stands for top quark, j ¼ h for Higgs
boson. Li2ðzÞ≡P∞

k¼1 z
k=k2 is the dilogarithm function.

Nl ¼ 2 is the number of massless Standard Model
generations.

V. ILLUSTRATIVE UV COMPLETIONS

At subleading order 1=M, the underlying UV completion
impacts spin-independent direct detection cross sections
via the single parameter cH, cf. Eq. (39). This parameter is
in turn determined by coefficients A, B, C, A0, B0, and C0 in
Eqs. (33)–(35) We illustrate the determination of cH by
considering minimal Standard Model extensions with a
new electroweak multiplet containing our dark matter
WIMP. For the spin-1=2 case, cH in Eqs. (45) and (47)
is determined by the corresponding renormalizable
Lagrangian in Eqs. (44) and (46). For the spin-0, spin-1,
and spin-3=2 cases, we consider weakly coupled UV
models with associated UV scale ΛUV, and estimate cH
in Eqs. (42), (43), and (49) by including the leading
logarithmically enhanced contribution when ΛUV ≫ M.

A. Real bosons

For a real boson electroweak multiplet, the matching
between the UV theory and the effective theory to

determine WIMP-Higgs interaction operators is shown in
Fig. 4. For a real scalar, we take the Lagrangian

Lspin-0
UV ¼ 1

2
DμΦDμΦ −

1

2
M2Φ2; ð40Þ

and for a real vector, we take the Lagrangian

Lspin-1
UV ¼ −

1

4
ðDμVν −DνVμÞðDμVν −DνVμÞ þ 1

2
M2VμVμ:

ð41Þ

For a real scalar, a generalization of the results in
Ref. [31] yields

cspin-0H ¼ JðJ þ 1Þ
2

α22 log
Λ2
UV

M2
þ…; ð42Þ

where ΛUV is a scale intrinsic to the UV theory (the “UV
theory of the UV theory” scale) and the ellipsis denotes
terms that are not logarithmically enhanced in the limit
ΛUV ≫ M. In models such as a weakly interacting stable
pion [48], this scale is Λ2

UV ∼M2=α2, and we consider this
case in Sec. VI. Similarly, for a real vector we find

cspin-1H ¼ JðJ þ 1Þ
6

α22 log
Λ2
UV

M2
: ð43Þ

B. Fermions

For fermionic electroweak multiplets with hypercharge
Y ¼ �1=2, we consider a UV theory containing a Dirac

FIG. 4. Matching condition for the coefficients in the EFT for UV theory consisting of the Standard Model plus an electroweak
multiplet real boson. Solid lines denote the boson, dashed lines denote Higgs doublet, zigzag lines denote SUð2ÞW × Uð1ÞY gauge fields.
The black square denotes a counterterm contact interaction. Matching is performed in the electroweak symmetric theory. Double lines
on the rhs denote heavy WIMPs and the encircled cross denotes insertion of a 1=M effective theory vertex.
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field ψ , related to the self-conjugate field χ as in Eq. (16).
We include another electroweak multiplet Majorana fer-
mion χ0, in a ðJ0; Y 0Þ representation of SUð2ÞW × Uð1ÞY ,
with mass M0 ≫ M. The field χ0 serves to split the
degenerate mass of the neutral components in χ (for
Y 0 ≠ 0, the Majorana fermion χ0 is a reducible representa-
tion of SUð2ÞW × Uð1ÞY constructed from a Dirac fermion
λ, similar to the construction of χ from ψ). We include the
general renormalizable interaction Fðψ ; χ0; HÞ allowed by
gauge invariance,

Lspin-1=2
UV ¼ ψ̄ði=D −MÞψ þ 1

2
χ̄0ði=D −M0Þχ0 þ Fðψ ; χ0; HÞ;

ð44Þ

where the detailed expression of Fðψ ; χ0; HÞ can be found
in the Appendix.
The matching is shown in Fig. 5. The Higgs-WIMP-

WIMP coupling is determined by the quantities A, B, and C
in Eq. (25), which are given by explicit computation as in
the Appendix. In the pure WIMP limit, i.e., M0 ≫ M, the
Wilson coefficient in the Feynman rules Eqs. (33) and (34)
reduce to

cH ¼ −
3

2
α22½JðJ þ 1Þ þ tan2θW jYj þ tan4θWY2�; ð45Þ

where θW is the weak mixing angle, and Y ¼ �1=2 for
even-dimension electroweak multiplets.

For the Y ¼ 0 case, we consider the limit M0 → ∞ and
the renormalizable Lagrangian containing a single electri-
cally neutral component reduces to

Lspin-1=2
UV ¼ 1

2
χ̄ði=D −MÞχ: ð46Þ

The matching is again described by the diagrams in Fig. 5.
In the pure WIMP limit, we have A0 ¼ 3

2ð4πÞ2 g
4
2JðJ þ 1Þ and

B0 ¼ 0, and the Wilson coefficient from Eq. (35) reduces to

cH ¼ −
3

2
α22JðJ þ 1Þ: ð47Þ

For a Rarita-Schwinger, spin-3=2, WIMP, we take the
effective UV Lagrangian to be

Lspin-3=2
UV ¼ −Ψ̄μ½ði=D −MÞgμν − ðiγμDν þ iγνDμÞ

þ γμði=DþMÞγν�Ψν; ð48Þ

and do the matching as in Fig. 5, similar to the procedures
for the spin-1=2 case. We obtain the coefficient

cH ¼ −
2

3
α22½JðJ þ 1Þ þ tan2θW jYj

þ tan4θWY2� logΛ
2
UV

M2
þ…; ð49Þ

FIG. 5. Matching condition for the coefficients in the EFT for UV theory consisting of the Standard Model plus electroweak
multiplet self-conjugate fermion. Solid lines denote the fermions, with the blue line denoting the heavier fermion with mass M0.
Double lines denote the WIMPs. Other notations are the same as in the bosonic matching, Fig. 4. The third diagram on the lhs only
appears when Y ¼ �1=2 for even-dimension electroweak multiplet. The last diagram on the lhs appears when the fermion
is spin-3=2.
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where Y ¼ 0 for odd-dimension multiplets and Y ¼ �1=2
for even-dimension multiplets.

VI. CROSS SECTIONS

The benchmark WIMP-nucleon elastic scattering spin-
independent cross section is

σN ¼ m2
r

π
jMð0Þ

N þMð2Þ
N j2; ð50Þ

where N ¼ n, p is a nucleon, mr ¼ mNM=ðmN þMÞ ≈
mN is the reduced mass of the WIMP-nucleon system, and
the scattering amplitude is

MðSÞ
N ¼

X
i¼q;g

cðSÞi ðμ0ÞhNjOðSÞ
i ðμ0ÞjNi; ð51Þ

where S ¼ 0; 2 for operators with different spins. The
nucleon states jNi are nonperturbative and we use lattice
QCD to evaluate the nucleon matrix elements at energy
scale μ0 ∼ GeV. So the heavy quarks, bottom and charm
need to be integrated out from the 5-flavor QCD theories,
Eq. (36). Renormalization group evolution from the
5-flavor effective QCD theory at the weak scale μt to
the bottom quark mass scale μb ∼mb, threshold matching
at μb, running from μb to charm quark mass scale μc ∼mc,
threshold matching at μc, further running from μc to μ0 are
performed. Details can be found in Ref. [29]. Specifically,
we take μt ¼ ðmt þmWÞ=2 ¼ 126 GeV, μb ¼ 4.75 GeV,
μc ¼ 1.4 GeV, and μ0 ¼ 1.2 GeV. For the spin-0 coeffi-
cients, renormalization group evolution and threshold
matching are performed at next-to-next-to-next-to leading
order (NNNLO). For spin-2 coefficients, the running and
matching are at NLO. In the end, we obtain the 3-flavor
effective QCD theory, with q ¼ u; d; s in Eq. (51) being the
three light flavors and g denoting the gluon. We take the
same lattice QCD data for nucleon matrix elements as
in Ref. [32].
For our default matching scales μt, μb, μc and μ0, and

with the central values of all nucleon matrix elements at
scale μ0, we find that the spin-0 and spin-2 amplitudes for
WIMP and proton scattering are (normalized by spin-2

amplitude Mð2Þ
p jM→∞ ¼ JðJ þ 1Þ when Y ¼ 0)

Mð0Þ
p ¼−0.82JðJþ1Þ−0.42Y2−299.50cH

mW

M
;

Mð2Þ
p ¼JðJþ1Þ−0.25Y2− ½0.51JðJþ1Þ−0.072Y2�mW

M
;

ð52Þ

where the low-energy effective theory of WIMP and
3-flavor QCD operators at 1=M order is yet to be
determined by one parameter cH. We may constrain cH
by current direct detection experimental limits [1]. We plot
the allowed region of cH for different isospins of a WIMP

in Fig. 6. For half-integer J the hypercharge is Y ¼ �1=2.
For integer J the hypercharge is Y ¼ 0. For comparison, we
also display the constraints that would be obtained by
neglecting electroweak loop corrections, i.e., including
only tree-level Higgs exchange diagrams (q2) in Fig. 2
and (g2) in Fig. 3.
We may match onto the minimal UV theories in Sec. V

to obtain concrete values for cH and predict benchmark
results for general WIMP and nucleon spin-independent
scattering cross sections. For a real bosonic heavy WIMP,
the central values for the amplitudes are

Mð0Þ
p ¼ −JðJ þ 1Þ

�
0.824 − 0.342η

mW

M
log

ΛUV

M

�
;

Mð2Þ
p ¼ JðJ þ 1Þ

�
1 − 0.515

mW

M

�
; ð53Þ

where η ¼ 1 for a spin-0 WIMP, η ¼ 1=3 for a spin-1
WIMP, and ΛUV is a UV scale. We take ΛUV ∼M=

ffiffiffiffiffi
α2

p ∼
10M for illustration, as discussed in Sec. V. For a self-
conjugate spin-1=2 heavy WIMP, the amplitudes are

Mð0Þ
p ¼ −0.824JðJ þ 1Þ − 0.417Y2

þ ½0.513JðJ þ 1Þ þ 0.153jYj þ 0.0457Y2�mW

M
;

Mð2Þ
p ¼ JðJ þ 1Þ − 0.247Y2

− ½0.515JðJ þ 1Þ − 0.0716Y2�mW

M
: ð54Þ

For a self-conjugate spin-3=2 heavy WIMP, the amplitudes
are

Mð0Þ
p ¼ −0.824JðJ þ 1Þ − 0.417Y2 þ ½0.456JðJ þ 1Þ

þ 0.136jYj þ 0.0407Y2�mW

M
log

ΛUV

M
;

Mð2Þ
p ¼ JðJ þ 1Þ − 0.247Y2

− ½0.515JðJ þ 1Þ − 0.0716Y2�mW

M
; ð55Þ

where again ΛUV is a UV scale and we will take it to be
M=

ffiffiffiffiffi
α2

p
. From Eqs. (53)–(55) we see clearly the cancella-

tion between spin-0 and spin-2 amplitudes. For all values
of spin and for all electroweak quantum numbers with
JðJ þ 1Þ ≥ Y2 (such that the multiplet contains an electri-
cally neutral component), Mð0Þ is negative at leading
power and Mð2Þ is positive. Similarly at 1=M order, the
contributions to Mð0Þ and Mð2Þ have opposite sign. The
cancellation is especially severe for the Higgsino-like
case J ¼ Y ¼ 1=2.
We plot the spin-independent cross sections for different

heavyWIMPs and proton scattering in Figs. 7 and 8, versus
the mass of the WIMP. When evaluating the nucleon-level
amplitude, we have perturbative uncertainties from Wilson
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coefficients and nonperturbative uncertainties from had-
ronic matrix elements. Uncertainty for perturbative com-
putation of the matching coefficients is estimated by
varying the matching scales within the ranges m2

W=2 ≤
μ2t ≤ 2m2

t , m2
b=2 ≤ μ2b ≤ 2m2

b, m2
c=2 ≤ μ2c ≤ 2m2

c, and
1.0 GeV ≤ μ0 ≤ 1.4 GeV. Uncertainties from neglect
of higher order (starting from 1=M2 order) power correc-

tions are estimated by shifting Mð2Þ
p → Mð2Þ

p jM→∞½1�
ðmW=MÞ2�. Uncertainties from nucleon matrix elements
are propagated to the observable cross section [29,49–52].
We add the errors in quadrature from different sources
mentioned above, for spin-0 and spin-2 amplitudes sepa-
rately. Uncertainties from perturbative calculations of

Wilson coefficients and lattice QCD calculations of had-
ronic matrix elements are comparable. Compared to had-
ronic and perturbative uncertainty, neglected 1=M2 power
corrections are estimated to dominate forM < 500 GeV, to
be comparablee for 500 GeV≲M ≲ 1 TeV and to be
negligible for M ≳ 1 TeV.4 The maximum and minimum

of all possible values of the combination jMð0Þ
p þMð2Þ

p j set
the bounds of the colored cross section bands for each
WIMP in Figs. 7 and 8. The cross section increases as the
isospin increases, and the central value varies from
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FIG. 6. Constraints on the dimensionless parameter cH for WIMPS with different isospins, versus WIMP mass. Zoomed bounds for
WIMP mass smaller than 2 TeV are shown at upper-left corners. Dashed lines are constraints on cH neglecting electroweak radiative
corrections as described in the text.

4For a more detailed discussion of hadronic, perturbative, and
power correction uncertainty, see Refs. [31,32].
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10−50 cm2 order to 10−46 cm2 order from lowest isospin
J ¼ 1=2 to highest isospin J ¼ 3 for WIMP mass at 1 TeV.
In Figs. 7 and 8, also shown are the recent dark matter

direct detection experimental exclusion (90% confidence)
limits [1–4] for the relevant TeV mass range. Above the
TeV scale, for isospin J smaller than 3, the WIMP proton
cross section is below current experimental sensitivity. For
fermionic WIMPs, when J ¼ 3, the cross section overlaps
with LUX-ZEPLIN (LZ) experiment limit in the 1 TeV mass
region. For bosonic triplet (J ¼ 1) WIMPs, the cross section
is close to the neutrino floor [53]. For fermionic doublet
(J ¼ 1=2) WIMPs, the cross section upper bound is much
lower than the neutrino floor. Other low-isospin WIMPs lie
between current experimental limit and the neutrino floor.

VII. SUMMARY

We have used heavy particle effective theory to
study general heavy WIMP and nucleon scattering at
subleading 1=M order, and to compute cross sections for

arbitrary electroweak representations and low-spin par-
ticles. We focused on the elastic and spin-independent
process which is a primary target for dark matter direct
detection experiments.
The spin-independent cross section is universal at lead-

ing power, determined by Standard Model parameters once
the WIMP spin and electroweak representation are speci-
fied. At subleading 1=M order, dependence on the UV
structure is encoded by a single coefficient cH describing
the WIMP-WIMP-Higgs boson coupling. We constrain this
coefficient using current experimental exclusion limits [1]
and find −0.2≲ cH ≲ 0.1 (90% CL) at 1 TeV WIMP mass,
with a slight dependence on the isospin of the WIMP,
cf. Fig. 6. These model-independent results can be inter-
preted as constraints on the parameter space of specific UV
completions, cf. e.g., Ref. [54]. In contrast to WIMP-
nucleus scattering for direct detection, the pair production
of WIMPs at collider experiments, and the pair annihilation
of WIMPs leading to relic abundance constraints and
indirect detection signals, are sensitive to the underlying

FIG. 7. Spin-independent scattering cross section for different bosonic WIMP multiplets on proton, versus the WIMP mass.

FIG. 8. Spin-independent scattering cross section for different fermionic WIMPmultiplets on proton, versus the WIMPmass. For half-
integer J the hypercharge is Y ¼ �1=2. For integer J the hypercharge is Y ¼ 0.
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WIMP model, e.g., scalar versus fermion and composite
versus elementary. WIMP mass constraints from specific
models can be readily overlaid in the plots of Figs. 7 and 8,
cf. e.g., Refs. [21,23–25,55–57] for mass constraints in
specific models.
We also predict benchmark cross sections in dark matter

direct detection experiments through 1=M order, by match-
ing our heavy WIMP effective theory to minimal UV
extensions of Standard Model to obtain cH. The corre-
sponding cross sections are below current experimental
limits for low isospin electroweak multiplets, either bosonic
or fermionic, mostly lying between the experimental limit
and the neutrino floor. Central values vary between
∼10−50 cm2 and ∼10−46 cm2 from lowest isospin J ¼ 1=2
to highest isospin J ¼ 3 for WIMP mass at 1 TeV. These
cross sections are within striking range of next-generation
experiments, with the exception of electroweak doublets,
which hide below the neutrino floor. In general, higher-
isospin WIMPs have larger cross section and for a given
WIMP mass will be discovered or excluded by direct
detection first. Uncertainties due to nuclear effects of
the heavy element experimental target, e.g., xenon, are
similar in magnitude to uncertainties of the cross section
which have been computed here, and are not expected
to change the predicted discovery range for these

WIMPs [32]. For most cases these heavy WIMPs can be
discovered or excluded with next-generation direct detec-
tion experiments. An exceptional case is the electroweak
doublet, whose cross section is impacted by a severe
amplitude cancellation. Experimental methods such as
directional discrimination, annual modulation, and
improved flux measurements [58–60] may allow access
to cross sections below the neutrino floor, complementing
indirect searches.
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APPENDIX: DETAILS OF UV MATCHING ONTO HWET FOR FERMIONS

Consider the Lagrangian,

Lspin-1=2
UV ¼ ψ̄ði=D −MÞψ þ 1

2
χ̄0ði=D −M0Þχ0

þ δY0;Y−1=2fψ̄k½A1

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δl;k−1δJ0;J−1=2 þ B1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δlkδJ0;Jþ1=2�λlH2

− ψ̄k½−A1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δl;k−1δJ0;J−1=2 þ B1

ffiffiffi
k

p
δl;kþ1δJ0;Jþ1=2�λlH1

þ ψ̄k½A0
1

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δl;k−1δJ0;J−1=2 þ B0

1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δlkδJ0;Jþ1=2�γ5λlH2

− ψ̄k½−A0
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δl;k−1δJ0;J−1=2 þ B0

1

ffiffiffi
k

p
δl;kþ1δJ0;Jþ1=2�γ5λlH1

− ψc
k½A8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δklδJ0;J−1=2 − B8

ffiffiffi
k

p
δl;kþ1δJ0;Jþ1=2�λcl H�

1

− ψc
k½A8

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δl;k−1δJ0;J−1=2 þ B8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δlkδJ0;Jþ1=2�λcl H�

2

− ψc
k½A0

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δklδJ0;J−1=2 − B0

8

ffiffiffi
k

p
δl;kþ1δJ0;Jþ1=2�γ5λcl H�

1

− ψc
k½A0

8

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δl;k−1δJ0;J−1=2 þ B0

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δlkδJ0;Jþ1=2�γ5λcl H�

2g
þ δY0;Yþ1=2f−ψk½A2

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δl;k−1δJ0;J−1=2 þ B2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δlkδJ0;Jþ1=2�λlH�

1

− ψ̄k½−A2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δl;k−1δJ0;J−1=2 þ B2

ffiffiffi
k

p
δl;kþ1δJ0;Jþ1=2�λlH�

2

− ψ̄k½A0
2

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δl;k−1δJ0;J−1=2 þ B0

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δlkδJ0;Jþ1=2�γ5λlH�

1

− ψ̄k½−A0
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δl;k−1δJ0;J−1=2 þ B0

2

ffiffiffi
k

p
δl;kþ1δJ0;Jþ1=2�γ5λlH�

2

þ ψc
k½A6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δklδJ0;J−1=2 − B6

ffiffiffi
k

p
δl;kþ1δJ0;Jþ1=2�λcl H2

− ψc
k½A6

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δl;k−1δJ0;J−1=2 þ B6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δlkδJ0;Jþ1=2�λcl H1

þ ψc
k½A0

6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δklδJ0;J−1=2 − B0

6

ffiffiffi
k

p
δl;kþ1δJ0;Jþ1=2�γ5λcl H2
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− ψc
k½A0

6

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δl;k−1δJ0;J−1=2 þ B0

6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δlkδJ0;Jþ1=2�γ5λcl H1g

þ δY0;−Yþ1=2fψkð−1Þk½A3

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δlþk;2Jþ2δJ0;J−1=2

− B3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δkþl;2Jþ3δJ0;Jþ1=2�λcl H2

− ψ̄kð−1Þk½A3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δlþk;2Jþ1δJ0;J−1=2 þ B3

ffiffiffi
k

p
δlþk;2Jþ2δJ0;Jþ1=2�λcl H1

þ ψ̄kð−1Þk½A0
3

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δlþk;2Jþ2δJ0;J−1=2 − B0

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δkþl;2Jþ3δJ0;Jþ1=2�γ5λcl H2

− ψ̄kð−1Þk½A0
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δlþk;2Jþ1δJ0;J−1=2 þ B0

3

ffiffiffi
k

p
δlþk;2Jþ2δJ0;Jþ1=2�γ5λcl H1

− ψc
kð−1Þk½A7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δkþl;2Jþ1δJ0;J−1=2 þ B7

ffiffiffi
k

p
δkþl;2Jþ2δJ0;Jþ1=2�λlH�

1

− ψc
kð−1Þk½−A7

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δkþl;2Jþ2δJ0;J−1=2 þ B7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δkþl;2Jþ3δJ0;Jþ1=2�λlH�

2

− ψc
kð−1Þk½A0

7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δkþl;2Jþ1δJ0;J−1=2 þ B0

7

ffiffiffi
k

p
δkþl;2Jþ2δJ0;Jþ1=2�γ5λlH�

1

− ψc
kð−1Þk½−A0

7

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δkþl;2Jþ2δJ0;J−1=2 þ B0

7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δkþl;2Jþ3δJ0;Jþ1=2�γ5λlH�

2g
þ δY0;−Y−1=2f−ψkð−1Þk½A4

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δlþk;2Jþ2δJ0;J−1=2

− B4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δkþl;2Jþ3δJ0;Jþ1=2�λcl H�

1

− ψ̄kð−1Þk½−A4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δlþk;2Jþ1δJ0;J−1=2 þ B4

ffiffiffi
k

p
δlþk;2Jþ2δJ0;Jþ1=2�λcl H�

2

− ψ̄kð−1Þk½A0
4

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δlþk;2Jþ2δJ0;J−1=2 − B0

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δkþl;2Jþ3δJ0;Jþ1=2�γ5λcl H�

1

− ψ̄kð−1Þk½−A0
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δlþk;2Jþ1δJ0;J−1=2 þ B0

4

ffiffiffi
k

p
δlþk;2Jþ2δJ0;Jþ1=2�γ5λcl H�

2

þ ψc
kð−1Þk½A5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δkþl;2Jþ1δJ0;J−1=2 þ B5

ffiffiffi
k

p
δkþl;2Jþ2δJ0;Jþ1=2�λlH2

− ψc
kð−1Þk½−A5

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δkþl;2Jþ2δJ0;J−1=2 þ B5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δkþl;2Jþ3δJ0;Jþ1=2�λlH1

þ ψc
kð−1Þk½A0

5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1 − k

p
δkþl;2Jþ1δJ0;J−1=2 þ B0

5

ffiffiffi
k

p
δkþl;2Jþ2δJ0;Jþ1=2�γ5λlH2

− ψc
kð−1Þk½−A0

5

ffiffiffiffiffiffiffiffiffiffiffi
k − 1

p
δkþl;2Jþ2δJ0;J−1=2 þ B0

5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 2 − k

p
δkþl;2Jþ3δJ0;Jþ1=2�γ5λlH1g þ H:c: terms; ðA1Þ

where λ is a Dirac fermion to construct χ0, similar to the role of ψ for χ, Ai, A0
i and Bi, B0

i are coupling constants in the UV
theory. We match the UV theory Eq. (A1) onto the effective theory Eq. (14), and determine the effective theory coefficients
from the UV couplings.

Let us do the matching for the operator χmα χlβH
†
i Hj, where α, β ¼ 1; 2 are indices for two Majorana fermions χ1 or χ2, m,

l ¼ 1; 2 are indices for two components of each Majorana fermion χα, and i, j ¼ 1; 2 are indices for the two components of
Higgs doublet. The first diagram on the left-hand side with exchange of two W fields yields a group factor

ðT̃aT̃bÞml
αβðτaτb þ τbτaÞij ¼

1

2
JðJ þ 1Þδαβδmlδij; ðA2Þ

When the first diagram of the left-hand side contains one W and one B exchange, it gives a group factor

½ðT̃aT̃0Þml
αβ þ ðT̃0T̃aÞml

αβ �ðτaτ0 þ τ0τaÞij ¼ YδαβðJ1mlσ
1
ij þ J3mlσ

3
ijÞ þ iYσ2ijJ

2
mlð−δα1δβ2 þ δα2δβ1Þ; ðA3Þ

where a, b ¼ 1; 2; 3.
When the first diagram of the left-hand side contains two B fields exchange, it gives a group factor

ðT̃0T̃0Þml
αβðτ0τ0 þ τ0τ0Þij ¼

Y2

2
δαβδmlδij: ðA4Þ

Thus, working out all the Feynman rules and the first diagram of the left-hand side contributes to the operator χ̄mα χlβH
†
i Hj

a coefficient

−
�
1

2
JðJ þ 1Þg42δmlδij þ Yg21g

2
2ðJ1mlσ

1
ij þ J3mlσ

3
ijÞ þ

Y2

2
g41δmlδij

�
δαβIloop − iYg21g

2
2σ

2
ijJ

2
mlð−δα1δβ2 þ δα2δβ1ÞIloop; ðA5Þ
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where Iloop is the loop integral for the first diagram on the left-hand side and

Iloop ¼
Z

ddp
ð2πÞd

γμð=pþ =qþMÞγμ
½ðpþ qÞ2 −M2 þ i0�ðp2 þ i0Þ2 ¼

i
ð4πÞ2−ϵ

Γð1þ ϵÞ
M1þ2ϵ ð3 − 2ϵÞ; ðA6Þ

with d ¼ 4 − 2ϵ.
The second diagram vanishes by straightforward computation in dimensional regularization. The only surviving

diagram on the right-hand side is the last diagram and other diagrams vanish since the loop integrals are scaleless but
dimensionful.
Specifically, let us consider the matching when J0 ¼ J − 1=2 and Y 0 ¼ Y − 1=2 ¼ −Y þ 1=2 ¼ 0. Other choices will

bring us similar results and the heavy-limit result is the same as we will see in Eq. (45). When we choose α ¼ β ¼ 1,
i ¼ j ¼ 1 and m ¼ l, we obtain

R:H:S ¼ −
i

2M
½Reðc1;1=2Þ −Reðc2;1=2Þðl − J − 1Þ�δml;

L:H:S ¼ −
�
1

2
JðJ þ 1Þg42δmlδij þ Yg21g

2
2ðJ1mlσ

1
ij þ J3mlσ

3
ijÞ þ

Y2

2
g41δmlδij

�
Iloop

þ i
4M0 ðjA1j2 þ jA3j2 þ jA7j2 þ jA8j2Þð2J þ 1 − lÞδml; ðA7Þ

and

Reðc1;1=2Þ ¼
3

ð4πÞ2 ½JðJ þ 1Þg42 þ Y2g41� −
M
2M0 ðjA1j2 þ jA3j2 þ jA7j2 þ jA8j2ÞJ;

Reðc2;1=2Þ ¼
6g21g

2
2

ð4πÞ2 Y −
M
2M0 ðjA1j2 þ jA3j2 þ jA7j2 þ jA8j2Þ: ðA8Þ

Then we have the coefficients in Eq. (25),

A ¼ 1

2
½Reðc1;1=2Þ −Reðc2;1=2ÞðJ þ 1Þ�

¼ 3

2ð4πÞ2 ½g
4
2JðJ þ 1Þ − 2g21g

2
2YðJ þ 1Þ þ Y2g41� þ

M
4M0 ðjA1j2 þ jA3j2 þ jA7j2 þ jA8j2Þ;

B ¼ 1

2
Reðc2;1=2Þ ¼

3g21g
2
2

ð4πÞ2 Y −
M
4M0 ðjA1j2 þ jA3j2 þ jA7j2 þ jA8j2Þ: ðA9Þ

To obtain the coefficient C in Eq. (25), let us consider the matching for operator χ̄mα χlβHiHj and we choose α ¼ 2, β ¼ 1,
i ¼ j ¼ 1. and mþ l ¼ 2J þ 1,

R:H:S ¼ −
c4;1=2 þ c�3;1=2

4M
ð−1Þl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lð2J þ 1 − lÞ

p
δlþm;2Jþ1;

L:H:S ¼ i
4M0 A3A�

8ð−1Þl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lð2J þ 1 − lÞ

p
δlþm;2Jþ1; ðA10Þ

yielding

C ¼ c4;1=2 þ c�3;1=2
2

¼ −i
A3A�

8

2

M
M0 : ðA11Þ
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