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A "direct-detection-phobic" model
▪ Model where LHC and IceCube are competitive

   → No spin-independent WIMP-nucleon scattering

- Vector-boson s-channel messenger 
- Majorana DM

- Axial couplings to quarks and DM

  (no couplings to leptons)

- Four parameters: 

The total width for the mediator is:
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3 Capture of DM in the sun

4 Relic density

Contrary to previous work, we calculate the full relic density accounting for resonnant effects.’
We found that these account for a difference of XX %.

5 LHC limits

The obsersed and expected number of events have been provided by the CMS and ATLAS

collaboration.

6 The method

We considered the width to be physical. We scan over 4 parameters. We compute the relic

density for each point.

7 The computation

We generate the UFOmodel files with FeynRules 2.1 [15, 16]. To use it inMadgraph5 aMC@NLO

[17]. We use Pythia [18, 19] to perform parton shower. We use Delphes [20] for a simulation of

both the CMS and ATLAS detector aparatus.

We use it also [21] to obtain aCalchep [22] output. This has been then used in micromegas

4 [23].

ΓV = ΓV→qq(MV , gq) + ΓV→χχ(MV ,mχ, gχ)

MV ,mχ, gq, gχ

MV ,mχ, (gqgχ),ΓV

mχ, (gqgχ/M2
V )
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at
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m2
V
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where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).
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Ṅ = C⊙ − CAN2 → 0

C⊙ = CAN2 ∝ neutrino flux

gqγµγ5

gχγµγ5

Q

−→
Q2 < M2

V

t V b χ

3

The total width for the mediator is:

Γv =
mv
π

�
λ2
χ

6

�
1− 4

m2
χ

m2
v

�3/2
+

6�

i=1

λ2
q

4

�
1− 4

m2
qi

m2
v

�3/2
�
.

3 Capture of DM in the sun

4 Relic density

Contrary to previous work, we calculate the full relic density accounting for resonnant effects.’
We found that these account for a difference of XX %.

5 LHC limits

The obsersed and expected number of events have been provided by the CMS and ATLAS

collaboration.

6 The method

We considered the width to be physical. We scan over 4 parameters. We compute the relic

density for each point.

7 The computation

We generate the UFOmodel files with FeynRules 2.1 [15, 16]. To use it inMadgraph5 aMC@NLO

[17]. We use Pythia [18, 19] to perform parton shower. We use Delphes [20] for a simulation of

both the CMS and ATLAS detector aparatus.

We use it also [21] to obtain aCalchep [22] output. This has been then used in micromegas

4 [23].

ΓV = ΓV→qq(MV , gq) + ΓV→χχ(MV ,mχ, gχ)

MV ,mχ, gq, gχ

MV ,mχ, (gqgχ),ΓV

mχ, (gqgχ/M2
V )

3

The total width for the mediator is:

Γv =
mv
π

�
λ2
χ

6

�
1− 4

m2
χ

m2
v

�3/2
+

6�

i=1

λ2
q

4

�
1− 4

m2
qi

m2
v

�3/2
�
.

3 Capture of DM in the sun

4 Relic density

Contrary to previous work, we calculate the full relic density accounting for resonnant effects.’
We found that these account for a difference of XX %.

5 LHC limits

The obsersed and expected number of events have been provided by the CMS and ATLAS

collaboration.

6 The method

We considered the width to be physical. We scan over 4 parameters. We compute the relic

density for each point.

7 The computation

We generate the UFOmodel files with FeynRules 2.1 [15, 16]. To use it inMadgraph5 aMC@NLO

[17]. We use Pythia [18, 19] to perform parton shower. We use Delphes [20] for a simulation of

both the CMS and ATLAS detector aparatus.

We use it also [21] to obtain aCalchep [22] output. This has been then used in micromegas

4 [23].

ΓV = ΓV→qq(MV , gq) + ΓV→χχ(MV ,mχ, gχ)

MV ,mχ, gq, gχ

MV ,mχ, (gqgχ),ΓV ⇒ gq, gχ

mχ, (gqgχ/M2
V )
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
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lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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physics beyond the SM which would lead to such effective
interactions are introduced in Section V. To obtain lim-
its on the effective couplings of WIMPs with matter from
the annihilation in the Sun, we need to calculate the cap-
ture rate of WIMPs in the Sun. The capture rate is given
in terms of the WIMP-nucleus scattering cross-sections
presented in Section VI. In Section VI we also present
a calculation of the dark matter relic density within the
effective field theory, which provides complementary in-
formation on the allowed WIMP masses and couplings.
Our results are presented in Section VII, where we show
the limits on the effective WIMP-quark couplings and a
comparison with constraints from the dark matter relic
density and searches at the LHC. The astrophysical un-
certainties from the local WIMP density and velocity dis-
tribution are discussed in Section VIII. We conclude in
Section IX.

II. WIMP CAPTURE AND ANNIHILATION IN
THE SUN

The idea that dark matter from the halo could be ac-
cumulated by celestial bodies passing through it was put
forth in the 1980s by a variety of physicists (see [29] and
references therein). Since then it has been established
as one of the standard methods for indirect detection of
dark matter and was employed by several Earth-bound
experiments [30–34].

The number of dark matter particles in the Sun, N , is
governed by the Riccati differential equation [35]

Ṅ = C⊙ − CAN
2 − CEN, (1)

where Ṅ denotes the derivative with respect to time,
C⊙ is the rate at which new dark matter particles are
captured, CAN2 = 2ΓA is twice the rate at which dark
matter annihilates, and CEN accounts for the escape of
particles due to hard elastic scattering, also called evapo-
ration. The parameter CA is responsible for the depletion
of dark matter particles through self-annihilation. It is
given by CA = �σAv�/Veff, where �σAv� is the velocity-
averaged annihilation cross-section and Veff is the effec-
tive volume of the WIMP core [35]. Note that �σAv� is
calculated in the limit of zero relative velocity, since the
WIMPs in the Sun are highly non-relativistic. The last
term in Eq. (1), CEN , was shown to be negligible in the
case of the Sun for WIMPs with mχ � 10GeV [36]. The
capture rate C⊙ depends on the WIMP density and ve-
locity distribution and on the elastic WIMP-nucleon scat-

tering cross-section [37]. For the numerical computation
of the capture rate we use the computer code DarkSUSY
[38].
It is crucial for our analysis that the WIMP-nucleon

scattering cross-section has a spin-dependent (SD) and a
spin-independent (SI) part. Due to coherent scattering
off all nucleons in an atom, SI scattering has a quadratic
dependence on the mass number A, σSI ∝ A2, which
leads to strong enhancement for heavy elements. SD
scattering on the other hand depends on the total nu-
clear angular momentum σSD ∝ JN and is sub-dominant
when the target material does not contain a large abun-
dance of elements with unpaired spin. For the Sun, how-
ever, there is a large abundance of target material with
non-zero nuclear angular momentum in the form of hy-
drogen, and thus the SD scattering contributes signifi-
cantly to the total scattering rate and WIMP capture.
The capture rate C⊙ also depends on the velocity distri-
bution of WIMPs in the halo which is usually assumed to
be a Maxwell-Boltzmann distribution. However, recently
other velocity distributions have been studied and shown
to have significant effects on solar capture rates [39]. We
will discuss the impact of the choice of the velocity dis-
tribution on our results in Section VIII.
Neglecting the evaporation term, the solution of

Eq. (1) is

ΓA =
CAN2

2
=

1

2
C⊙ tanh2(

�
C⊙CA t). (2)

For large times t and correspondingly large values of�
C⊙CA t � 1, the tanh-term becomes � 1, and the

annihilation rate depends only on the capture rate, but
not on the annihilation cross section:

ΓA =
1

2
C⊙ ≡ 1

2
(KSIσSI +KSDσSD). (3)

Here, KSI and KSD are capture efficiencies for the SI
and SD parts of the scattering. For C⊙CA t � 1, WIMP
annihilation and capture are in equilibrium, C⊙ = 2ΓA =

CAN2, and thus Ṅ = 0.
Through a measurement of the neutrino flux, neutrino

telescopes are sensitive to the WIMP annihilation rate.
If WIMP capture and annihilation are in equilibrium,
the annihilation rate determines the capture rate, C⊙ =
2ΓA, which in turn provides information on the elastic
WIMP scattering cross sections σSI and σSD probed in
direct detection experiments.
Assuming that the Sun has been collecting WIMPs

during its whole lifetime, t = t⊙ � 1.5 × 1017 s, results
in the approximate expression [35]

�
C⊙CA t⊙ � 330

�
C⊙
s−1

�1/2 � �σAv�
cm3 s−1

�1/2 � mχ

10GeV

�3/4
. (4)

With WIMP scattering cross sections, and thus capture rates, at the level of the current experimental upper lim-

[Joakim Edsjö]

Annihilation rate:  

Equilibrium:

The total width for the mediator is:

Γv =
mv
π

�
λ2
χ

6

�
1− 4

m2
χ

m2
v

�3/2
+

6�

i=1

λ2
q

4

�
1− 4

m2
qi

m2
v

�3/2
�
.

3 Capture of DM in the sun

4 Relic density

Contrary to previous work, we calculate the full relic density accounting for resonnant effects.’
We found that these account for a difference of XX %.

5 LHC limits

The obsersed and expected number of events have been provided by the CMS and ATLAS

collaboration.

6 The method

We considered the width to be physical. We scan over 4 parameters. We compute the relic

density for each point.

7 The computation

We generate the UFOmodel files with FeynRules 2.1 [15, 16]. To use it inMadgraph5 aMC@NLO

[17]. We use Pythia [18, 19] to perform parton shower. We use Delphes [20] for a simulation of

both the CMS and ATLAS detector aparatus.

We use it also [21] to obtain aCalchep [22] output. This has been then used in micromegas

4 [23].

ΓV = ΓV→qq(MV , gq) + ΓV→χχ(MV ,mχ, gχ)

MV ,mχ, gq, gχ

MV ,mχ, (gqgχ),ΓV

mχ, (gqgχ/M2
V )
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dark matter, the annihilation rate can become large enough to lead to an equilibrium between
dark matter capture and annihilation.

The evolution of the number of dark matter particles in the Sun, N , can be described by the
Riccati differential equation [42]

Ṅ = C⊙ − CAN
2 − CEN, (4)

where Ṅ denotes the time derivative of N , C⊙ is the capture rate of dark matter particles in the
Sun, CAN2 = 2ΓA is twice the dark matter annihilation rate and CEN is the evaporation rate,
i.e. the rate at which particles escape the Sun due to hard elastic scattering. For dark matter
particles with masses mχ � 10GeV, the evaporation term can be neglected [43], allowing for a
simple solution of Eq. (4):

CAN
2 = C⊙ tanh2

��
C⊙CA t

�
. (5)

For large times,
√
C⊙CA t � 1, the tanh-term in (5) approaches one, and WIMP annihilation

and capture are in equilibrium, C⊙ = 2ΓA = CAN2, and thus Ṅ = 0. Hence in equilibrium
the annihilation rate does not depend on the annihilation cross section, but only on the capture
rate, which in turn is determined by the elastic WIMP scattering cross section. We shall analyse
the equilibrium condition within our model in more detail in Sec. 4.2.3.

Through a measurement of the neutrino flux, neutrino telescopes are sensitive to the WIMP
annihilation rate. We consider data from the IceCube Neutrino Observatory [22] taken during
317 days in the years 2011 and 2012. No significant excess over background has been observed
and these measurements can thus be used to set limits on possible dark matter signals.

The search has been interpreted in terms of limits on the spin-dependent WIMP-proton
scattering cross section. The WIMP-nucleon scattering cross section in our model is

σ(N)
SD =

12µ2
Nχ g

2
χ

πM4
V




�

q=u,d,s

gq ∆
(N)
q




2

� 1.8× 10−40 cm2
� µNχ

1GeV

�2 �gχgq
1

�2
�
1TeV

MV

�4

,

(6)

where µNχ = mχmN/(mχ + mN ) is the reduced WIMP-nucleon mass and N = p for WIMP-
proton scattering.2 In the second line of (6) we have used the fact that gq is universal and

included the numerical values for the nucleon form factors ∆(p)
u = ∆(n)

d = 0.85, ∆(n)
u = ∆(p)

d =

−0.42 and ∆(p)
s = ∆(n)

s = −0.08 [46]. In our model with universal couplings gq, and neglecting
the small mass difference between the proton and the neutron, the WIMP-neutron scattering
cross section probed in direct detection experiments (see section 4.3) is equal to the WIMP-
proton cross section.

The IceCube interpretation of the dark matter search considers two benchmark scenarios
according to dark matter annihilation into bb̄ or W+W− only. However, in the model considered
here, annihilation into tt̄, bb̄ and V V are the most important channels, cf. Fig. 6. Therefore,
in Secs. 4.2.1 and 4.2.2 we will estimate limits on the spin-dependent WIMP-proton scattering
cross section for annihilation into tt̄ and V V , respectively, from the limits for annihilation into
W+W− and bb̄ presented in Ref. [22]. For the exclusion limits on the parameter space of our
model we consider all three relevant annihilation channels and compute the significance, µ, via

µ(mχ,MV ) = σ(p)
SD(mχ,MV )

�
Rtt̄(mχ,MV )

σUL
tt̄ (mχ)

+
Rbb(mχ,MV )

σUL
bb (mχ)

+
RV V (mχ,MV )

σUL
V V (mχ,MV )

�
, (7)

2The scattering cross section for Majorana fermion dark matter given in Eq. (6) is larger than the one for
Dirac fermion dark matter by a factor of four (see e.g. [44]). This is in contradiction with the result quoted in
Ref. [45], which is a factor of eight smaller than our result.
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Figure 31: Astrophysical and cosmological quantities in themχ-MV plane in four slices of the considered parameter

space:
√
gχgq = 1, ΓV = 0.01MV (upper left panel),

√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2,

ΓV = 0.01MV (lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel). The shaded regions denote

the dominant annihilation channel, in red, blue, green and grey we denote dominant annihilation into tt̄, bb̄, light
flavour quarks and two mediators, respectively. The 90% CL lower exclusion limits from the IceCube Neutrino

Observatory (green line) and from LUX derived from the limits presented in Ref. [? ] (purple line) are also

displayed. The dark grey shaded band denotes the region where the relic density matches the dark matter density

within ±10%. In the region below the red thin line the equilibrium condition is fulfilled, i.e.
√
C⊙CA t⊙ > 3.
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Ṅ = C⊙ − CAN2 → 0

C⊙ = CAN2 ∝ neutrino flux

gqγµγ5

gχγµγ5

Q

−→
Q2 < M2

V

t V b χ

3

The total width for the mediator is:

Γv =
mv
π

�
λ2
χ

6

�
1− 4

m2
χ

m2
v

�3/2
+

6�

i=1

λ2
q

4

�
1− 4

m2
qi

m2
v

�3/2
�
.

3 Capture of DM in the sun

4 Relic density

Contrary to previous work, we calculate the full relic density accounting for resonnant effects.’
We found that these account for a difference of XX %.

5 LHC limits

The obsersed and expected number of events have been provided by the CMS and ATLAS

collaboration.

6 The method

We considered the width to be physical. We scan over 4 parameters. We compute the relic

density for each point.

7 The computation

We generate the UFOmodel files with FeynRules 2.1 [15, 16]. To use it inMadgraph5 aMC@NLO

[17]. We use Pythia [18, 19] to perform parton shower. We use Delphes [20] for a simulation of

both the CMS and ATLAS detector aparatus.

We use it also [21] to obtain aCalchep [22] output. This has been then used in micromegas

4 [23].

ΓV = ΓV→qq(MV , gq) + ΓV→χχ(MV ,mχ, gχ)

MV ,mχ, gq, gχ

MV ,mχ, (gqgχ),ΓV

mχ, (gqgχ/M2
V )
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Figure 31: Astrophysical and cosmological quantities in themχ-MV plane in four slices of the considered parameter

space:
√
gχgq = 1, ΓV = 0.01MV (upper left panel),

√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2,

ΓV = 0.01MV (lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel). The shaded regions denote

the dominant annihilation channel, in red, blue, green and grey we denote dominant annihilation into tt̄, bb̄, light
flavour quarks and two mediators, respectively. The 90% CL lower exclusion limits from the IceCube Neutrino

Observatory (green line) and from LUX derived from the limits presented in Ref. [? ] (purple line) are also

displayed. The dark grey shaded band denotes the region where the relic density matches the dark matter density

within ±10%. In the region below the red thin line the equilibrium condition is fulfilled, i.e.
√
C⊙CA t⊙ > 3.
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Ṅ = C⊙ − CAN2 → 0

C⊙ = CAN2 ∝ neutrino flux

gqγµγ5

gχγµγ5

Q

−→
Q2 < M2

V

t V b χ

3

The total width for the mediator is:

Γv =
mv
π

�
λ2
χ

6

�
1− 4

m2
χ

m2
v

�3/2
+

6�

i=1

λ2
q

4

�
1− 4

m2
qi

m2
v

�3/2
�
.

3 Capture of DM in the sun

4 Relic density

Contrary to previous work, we calculate the full relic density accounting for resonnant effects.’
We found that these account for a difference of XX %.

5 LHC limits

The obsersed and expected number of events have been provided by the CMS and ATLAS

collaboration.

6 The method

We considered the width to be physical. We scan over 4 parameters. We compute the relic

density for each point.

7 The computation

We generate the UFOmodel files with FeynRules 2.1 [15, 16]. To use it inMadgraph5 aMC@NLO

[17]. We use Pythia [18, 19] to perform parton shower. We use Delphes [20] for a simulation of

both the CMS and ATLAS detector aparatus.

We use it also [21] to obtain aCalchep [22] output. This has been then used in micromegas

4 [23].

ΓV = ΓV→qq(MV , gq) + ΓV→χχ(MV ,mχ, gχ)

MV ,mχ, gq, gχ

MV ,mχ, (gqgχ),ΓV

mχ, (gqgχ/M2
V )
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Figure 4: 90% CL upper limits on the annihilation rate ΓA and the spin-dependent WIMP-proton scattering cross

section σSD for 100% annihilation into tt̄ (black solid line) derived from a reinterpretation of the data from the

IceCube Neutrino Observatory [22]. For comparison we also show the limits for 100% annihilation into bb̄ (blue

dotted line) and W+W−
(red dashed line) taken from Ref. [22].

4.2.2 Limit on σSD for annihilation into V V

In this subsection we will derive limits on the spin-dependent WIMP-proton scattering cross

section for dark matter annihilating to 100% into mediator pairs V V . The procedure is analo-

gous to that for annihilation into tt̄ described in Sec. 4.2.2. Annihilation into V V takes place

only for MV < mχ, where the mediator decays solely into quarks. As we consider a universal

coupling to all quarks, the corresponding branching ratios are simply determined by the ac-

cessible phase space. Here we only take into account neutrinos arising from the decay of the

mediator into bottom and top quarks. In order to justify this choice we computed the differ-
ential neutrino spectra dnν/dEν for annihilation into all quark flavours with WimpSim 3 [50].

4

As expected, the neutrino flux spectra for light flavour quarks d, u, s are much softer than for

bottom and top quarks and can thus be neglected. The neutrino flux for annihilation into charm

quarks is weaker than that for b-quarks by a factor of 3 to 10 (and much weaker than for top

quarks) in the relevant energy range and is hence subdominant. We simulate the annihilation

process χχ → V V and the subsequent decays V → qq̄ (including the decay t → Wb for q = t)
with Madgraph5 aMC@NLO and estimate the resulting limit on Γ V V

A analogous to Eq. (8)

through:
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A
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Nevents

Nevents�
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1

2
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all W
in event i�

j

1

ΓWW
A (E

Wj

i )

+

all b
in event i�

j

1

Γ bb
A (E

bj
i )



 . (10)

As the resulting limit depends on the WIMP mass and the mediator mass we have scanned

the corresponding two-dimensional grid. The limits on Γ V V
A are considerably weaker than for

Γ tt̄
A . The limit on the spin-dependent WIMP-proton scattering cross section, σV V

SD , is derived

analogously to the tt̄ case. In Fig. 5 we present both the limit on ΓA (left panel) and σV V
SD (right

panel). As the limits depend both on mχ and MV we show two slices in the parameter space

MV /mχ = 0.75 and MV /mχ = 0.35, respectively. The main difference between these two slices

arises due to the opening of the mediator decay into top quarks for MV > 2mt, which greatly

enhances the sensitivity and which sets in at different mχ.

4
The program package WimpSim is linked to PYTHIA 6 [26] for the simulation of dark matter annihilation

in the Sun, Nusigma [51] for the simulation of neutrino-nucleon interactions and to DarkSUSY [49] for the

implementation of the Sun’s density profile. We take the neutrino oscillation parameters from Ref. [52].
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Figure 31: Astrophysical and cosmological quantities in themχ-MV plane in four slices of the considered parameter

space:
√
gχgq = 1, ΓV = 0.01MV (upper left panel),

√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2,

ΓV = 0.01MV (lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel). The shaded regions denote

the dominant annihilation channel, in red, blue, green and grey we denote dominant annihilation into tt̄, bb̄, light
flavour quarks and two mediators, respectively. The 90% CL lower exclusion limits from the IceCube Neutrino

Observatory (green line) and from LUX derived from the limits presented in Ref. [? ] (purple line) are also

displayed. The dark grey shaded band denotes the region where the relic density matches the dark matter density

within ±10%. In the region below the red thin line the equilibrium condition is fulfilled, i.e.
√
C⊙CA t⊙ > 3.
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Figure 4: 90% CL upper limits on the annihilation rate ΓA and the spin-dependent WIMP-proton scattering cross

section σSD for 100% annihilation into tt̄ (black solid line) derived from a reinterpretation of the data from the

IceCube Neutrino Observatory [22]. For comparison we also show the limits for 100% annihilation into bb̄ (blue

dotted line) and W+W−
(red dashed line) taken from Ref. [22].

4.2.2 Limit on σSD for annihilation into V V

In this subsection we will derive limits on the spin-dependent WIMP-proton scattering cross

section for dark matter annihilating to 100% into mediator pairs V V . The procedure is analo-

gous to that for annihilation into tt̄ described in Sec. 4.2.2. Annihilation into V V takes place

only for MV < mχ, where the mediator decays solely into quarks. As we consider a universal

coupling to all quarks, the corresponding branching ratios are simply determined by the ac-

cessible phase space. Here we only take into account neutrinos arising from the decay of the

mediator into bottom and top quarks. In order to justify this choice we computed the differ-
ential neutrino spectra dnν/dEν for annihilation into all quark flavours with WimpSim 3 [50].

4

As expected, the neutrino flux spectra for light flavour quarks d, u, s are much softer than for

bottom and top quarks and can thus be neglected. The neutrino flux for annihilation into charm

quarks is weaker than that for b-quarks by a factor of 3 to 10 (and much weaker than for top

quarks) in the relevant energy range and is hence subdominant. We simulate the annihilation

process χχ → V V and the subsequent decays V → qq̄ (including the decay t → Wb for q = t)
with Madgraph5 aMC@NLO and estimate the resulting limit on Γ V V

A analogous to Eq. (8)

through:

�
Γ V V
A

�−1
=

1

Nevents

Nevents�

i=1

1

2





all W
in event i�

j

1

ΓWW
A (E

Wj

i )

+

all b
in event i�

j

1

Γ bb
A (E

bj
i )



 . (10)

As the resulting limit depends on the WIMP mass and the mediator mass we have scanned

the corresponding two-dimensional grid. The limits on Γ V V
A are considerably weaker than for

Γ tt̄
A . The limit on the spin-dependent WIMP-proton scattering cross section, σV V

SD , is derived

analogously to the tt̄ case. In Fig. 5 we present both the limit on ΓA (left panel) and σV V
SD (right

panel). As the limits depend both on mχ and MV we show two slices in the parameter space

MV /mχ = 0.75 and MV /mχ = 0.35, respectively. The main difference between these two slices

arises due to the opening of the mediator decay into top quarks for MV > 2mt, which greatly

enhances the sensitivity and which sets in at different mχ.

4
The program package WimpSim is linked to PYTHIA 6 [26] for the simulation of dark matter annihilation

in the Sun, Nusigma [51] for the simulation of neutrino-nucleon interactions and to DarkSUSY [49] for the

implementation of the Sun’s density profile. We take the neutrino oscillation parameters from Ref. [52].
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The resulting IceCube limits on the model parameter space considering the annihilation

channels bb̄, tt̄ and V V are shown in Fig. 6. The sensitivity to annihilation into V V is signifi-

cantly weaker than for tt̄ and – below the tt̄ threshold – for bb̄ final states. This causes a drop

in the limit on MV for regions where annihilation into V V is dominant (light grey areas).
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Figure 5: 90% CL upper limits on the annihilation rate ΓA and the spin-dependent WIMP-proton scattering

cross section σSD for 100% annihilation into V V (black lines) derived from a reinterpretation of the data from

the IceCube Neutrino Observatory [22]. We show two slices regarding the mediator mass, MV /mχ = 0.75 (solid

line) and MV /mχ = 0.35 (dot-dashed line). For comparison we also show the limits for 100% annihilation into bb̄
(blue dotted line) and W+W−

(red dashed line) taken from Ref. [22].

4.2.3 Equilibrium condition for capturing and annihilation in the Sun

As discussed at the beginning of Sec. 4.2, for large times,
√
C⊙CA t � 1, dark matter matter

annihilation and capture in the Sun are in equilibrium, and the limits on the annihilation rate

can directly be translated into limits on the elastic WIMP-nucleon scattering.

Assuming that the Sun has been collecting dark matter during its entire lifetime, t = t⊙ �
1.5× 10

17
s, the equilibrium condition can approximately be expressed by [42]

�
C⊙CA t⊙ � 330

�
C⊙
s−1

�1/2� �σAv�
cm3 s−1

�1/2 � mχ

10GeV

�3/4
� 1 . (11)

In practice
√
C⊙CA t⊙ � 3 is already enough to obtain an error of less than a percent on C⊙.

In order to estimate
√
C⊙CA t⊙ for our model, we compute �σAv� with micrOMEGAs. The

capture rate, C⊙, can be deduced from the WIMP-nucleon scattering cross section using the

capture efficiency (see Sec. 4.2.1)

C⊙ = KSD(mχ)σSD . (12)

In Fig. 6 we show the contours
√
C⊙CA t⊙ = 3 (labelled “EQ”) in the mχ-MV plane. Below this

line the equilibrium condition is fulfilled and the interpretation of the IceCube measurement in

terms of the elastic scattering cross section is straightforward.

A similar conclusion was put forward for the limits set in Ref. [4], where �σAv� was computed

within the EFT. However, the fact that the equilibrium condition holds in the EFT limit does

not imply that it should hold in the simplified model description, as the thermally averaged

cross section, �σAv�, can be smaller in the latter case.

4.3 Limits from Direct detection

Although providing much stronger limits on the spin-independent WIMP-nucleon scattering

cross section, direct detection experiments are also capable of imposing limits on spin-dependent

10
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Figure 32: Astrophysical and cosmological quantities in themχ-MV plane in four slices of the considered parameter

space:
√
gχgq = 1, ΓV = 0.01MV (upper left panel),

√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2,

ΓV = 0.01MV (lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel). The shaded regions denote

the dominant annihilation channel, in red, blue, green and grey we denote dominant annihilation into tt̄, bb̄, light
flavour quarks and two mediators, respectively. The 90% CL lower exclusion limits from the IceCube Neutrino

Observatory (green line) and from LUX derived from the limits presented in Ref. [? ] (purple line) are also

displayed. The dark grey shaded band denotes the region where the relic density matches the dark matter density

within ±10%. In the region below the red thin line the equilibrium condition is fulfilled, i.e.
√
C⊙CA t⊙ > 3.
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gχgq = 1, ΓV = 0.01MV (upper left panel),

√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2,

ΓV = 0.01MV (lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel). The shaded regions denote

the dominant annihilation channel, in red, blue, green and grey we denote dominant annihilation into tt̄, bb̄, light
flavour quarks and two mediators, respectively. The 90% CL lower exclusion limits from the IceCube Neutrino

Observatory (green line) and from LUX derived from the limits presented in Ref. [? ] (purple line) are also

displayed. The dark grey shaded band denotes the region where the relic density matches the dark matter density

within ±10%. In the region below the red thin line the equilibrium condition is fulfilled, i.e.
√
C⊙CA t⊙ > 3.
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EFT Limit

▪ Re-interpret LHC Run I mono-jet + MET searches
   [ATLAS:1502.01518, CMS: 1408.3583]
▪ Simulation: FeyRules/MadGraph/Phythia/Delphes

1 10 100 1000

100

1000

10
4

√
gχgq = 1, ΓV = 0.01MV

mχ [GeV]

M
V
[G

eV
]

M
V

=
2m

χ
1 10 100 1000

100

1000

10
4

√
gχgq = 1, ΓV = 0.5MV

mχ [GeV]

M
V
[G

eV
]

M
V

=
2m

χ

1 10 100 1000

100

1000

10
4

√
gχgq = 0.2, ΓV = 0.01MV

mχ [GeV]

M
V
[G

eV
]

↑
n
o
ΓV

so
l.

M
V

=
2m

χ

1 10 100 1000

100

1000

10
4

√
gχgq = 0.2, ΓV = 0.5MV

mχ [GeV]

M
V

=
2m

χ

Figure 33: Lower exclusion limits in the mχ-MV plane at 95% CL for the ATLAS (blue lines) and CMS (red
lines) mono-jet searches. The limits for the simplified model (solid lines), for the EFT (dashed lines) and for
the EFT applying the Q-truncation (dotted lines) are shown. Four slices of the parameter space:

√
gχgq = 1 ,

ΓV = 0.01MV (upper left panel),
√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2, ΓV = 0.01MV

(lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel) are displayed. The blue shaded region in the

left panels represent the parameters space not allowing a consistent solution for the mediator width as a function
of MV ,mχ,

√
gχgq.
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Figure 2. Left panel: The monojet process from a qq̄ initial state in the EFT framework. The con-
tact interaction is represented by the shaded blob. Details of the particle mediating the interaction
do not have to be specified. Right panel: This shows a UV resolution of the contact interaction for
an (axial)-vector mediator Z

�
, exchanged in the s-channel. The momentum transfer through the

s-channel is denoted by Q.

exchanged in the s-channel. We remain agnostic to the precise origin of the vector mediator

and its coupling with dark matter and quarks. One example of such a mediator is a (axial)-

vector Z
�
, a massive spin-one vector boson from a broken U(1)

�
gauge symmetry [40, 41].

A second example is a composite vector mediator, similar to the ω in QCD [42]. In either

case, in addition to the usual terms in the Standard Model Lagrangian, the Lagrangian

with general quark interaction terms is

L = −1

4
Z �
µνZ

�µν +
1

2
m2

medZ
�µZ

�
µ + iχ̄γµ∂µχ−mDMχ̄χ

+ Z
�
µχ̄γ

µ(gχV − gχAγ
5)χ+ Z

�
µ

�

q

q̄γµ(gqV − gqAγ
5)q .

(3.1)

Here mmed is the (axial)-vector mass term and gV and gA are the vector and axial couplings

respectively. The dark matter particle χ is a Dirac fermion with mass mDM, neutral under

the Standard Model gauge groups. The sum extends over all quarks and for simplicity,

we assume that the couplings gqV and gqA are the same for all quarks. While in general,

a Z
�
from a broken U(1)

�
will also have couplings to leptons and gauge bosons, we do

not consider them here as they are not relevant for the monojet search.1 This simplified

model is similar (albeit simpler) to the model discussed in [31]. Simplified models of vector

mediators have also been discussed in [4, 18, 31, 43, 44].

While the above Lagrangian allows for both vector and axial-vector interactions, the

phenomenology and limits from the monojet search are similar in both cases. Therefore

for the purposes of clarity, we focus on one: the axial-vector interaction. In the remainder

of this article, we set gχV = gqV = 0 and redefine gχ ≡ gχA and gq ≡ ggA. The axial-vector

interaction has two advantages. Firstly, this interaction is non-zero for Majorana dark

matter (the normalisation of our results would change by a factor of four in this case),

unlike the vector interaction, which vanishes for Majorana dark matter. Secondly, the

1We assume that the charges are chosen so the U(1)
�
gauge symmetry is anomaly free. This may require

additional particles.
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we assume that the couplings gqV and gqA are the same for all quarks. While in general,
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from a broken U(1)
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will also have couplings to leptons and gauge bosons, we do

not consider them here as they are not relevant for the monojet search.1 This simplified

model is similar (albeit simpler) to the model discussed in [31]. Simplified models of vector

mediators have also been discussed in [4, 18, 31, 43, 44].

While the above Lagrangian allows for both vector and axial-vector interactions, the

phenomenology and limits from the monojet search are similar in both cases. Therefore

for the purposes of clarity, we focus on one: the axial-vector interaction. In the remainder

of this article, we set gχV = gqV = 0 and redefine gχ ≡ gχA and gq ≡ ggA. The axial-vector

interaction has two advantages. Firstly, this interaction is non-zero for Majorana dark

matter (the normalisation of our results would change by a factor of four in this case),

unlike the vector interaction, which vanishes for Majorana dark matter. Secondly, the
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Figure 34: Lower exclusion limits in the mχ-MV plane at 95% CL for the ATLAS (blue lines) and CMS (red
lines) mono-jet searches. The limits for the simplified model (solid lines), for the EFT (dashed lines) and for
the EFT applying the Q-truncation (dotted lines) are shown. Four slices of the parameter space:

√
gχgq = 1 ,

ΓV = 0.01MV (upper left panel),
√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2, ΓV = 0.01MV

(lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel) are displayed. The blue shaded region in the

left panels represent the parameters space not allowing a consistent solution for the mediator width as a function
of MV ,mχ,

√
gχgq.
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Figure 36: Summary of the exclusion limits in the mχ-MV plane in four slices of the considered parameter space:√
gχgq = 1, ΓV = 0.01MV (upper left panel),

√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2,

ΓV = 0.01MV (lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel). We show the 95%CL lower

exclusion limits from mono-jet searches at ATLAS (blue lines) and CMS (red lines) (both in the simplified model

interpretation) as well as limits from searches for resonances in di-jet signatures taken from Ref. [? ] (orange

shaded regions are excluded). Furthermore, we show the 90%CL lower exclusion limits from the IceCube Neutrino

Observatory (green line) and from LUX derived from the limits presented in Ref. [? ] (purple line). The dark

grey shaded band denotes the region where the relic density matches the dark matter density within ±10%. In

the light-grey shaded region above it, the dark matter is over-produced. The blue shaded region in the left panels

do not allow for a consistent solution for the mediator width as a function of MV ,mχ,
√
gχgq within the model.
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WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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WIMP off quarks through the exchange of a vector particle:
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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t-, s- and u-channel contributions (upper left, upper right and
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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Figure 35: Summary of the exclusion limits in the mχ-MV plane in four slices of the considered parameter space:√
gχgq = 1, ΓV = 0.01MV (upper left panel),

√
gχgq = 1, ΓV = 0.5MV (upper right panel),

√
gχgq = 0.2,

ΓV = 0.01MV (lower left panel) and
√
gχgq = 0.2, ΓV = 0.5MV (lower right panel). We show the 95%CL lower

exclusion limits from mono-jet searches at ATLAS (blue lines) and CMS (red lines) (both in the simplified model

interpretation) as well as limits from searches for resonances in di-jet signatures taken from Ref. [? ] (orange

shaded regions are excluded). Furthermore, we show the 90%CL lower exclusion limits from the IceCube Neutrino

Observatory (green line) and from LUX derived from the limits presented in Ref. [? ] (purple line). The dark

grey shaded band denotes the region where the relic density matches the dark matter density within ±10%. In

the light-grey shaded region above it, the dark matter is over-produced. The blue shaded region in the left panels

do not allow for a consistent solution for the mediator width as a function of MV ,mχ,
√
gχgq within the model.
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and

gA = (gL−gR)/2, and correspondingly for g�V,A. The La-
grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-

pling the axial-vector quark bilinear to the vector WIMP

bilinear and vice versa vanish in the non-relativistic limit.

The remaining two terms contain a pure vector and a

pure axial-vector coupling:

gV g�V
m2

V

q̄γµqχγµχ and
gAg�A
m2

V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic

limit and contributes to spin-independent scattering,

while the second term contains the operator O
(6)
AA, which

we have shown to give rise to spin-dependent scatter-

ing. Note, that for a Majorana WIMP the first term

vanishes due to charge conjugation symmetry, and scat-

tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-

fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †

µν +m2
V V

†
µV

µ − q̄γµ
(gV − gAγ

5
)χV †

µ

− χ̄γµ
(g∗V − g∗Aγ

5
)qVµ, (11)

where we have already inserted the explicit expressions of

the left- and right-handed projection operators to write

the fermion currents in the standard V − A form. The

corresponding effective Lagrangian for the WIMP-quark

interactions reads

Leff = − 1

m2
V

q̄γµ
(gV − gAγ

5
)χq̄γµ(g

∗
V − g∗Aγ

5
)χ. (12)

We can use Fierz identities [65] to rearrange the terms

and arrive at

Leff =− 1

m2
V

�
(|gV |

2 − |gA|
2
)q̄qχ̄χ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµqχ̄γµχ

− 1

2
(|gV |

2
+ |gA|

2
)q̄γµγ5qχ̄γµγ

5χ
�
, (13)

where we have omitted terms not contributing in the non-

relativistic limit. The effective Lagrangian includes the

axial-vector operator O
(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore

give rise to both spin-dependent and independent scatter-

ing. If we assume that the WIMP is a Majorana fermion,

the vector operator would vanish. The scalar operator,

however, is even under charge conjugation and would

therefore still contribute to spin-independent scattering.

Therefore, in order for spin-dependent scattering to dom-

inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This

corresponds to the so-called chiral limit where either the

left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of

the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-

tor boson must carry color and electromagnetic charge.

Furthermore, the Lagrangian does not exhibit a Z2-

symmetry in the WIMP sector, and the WIMP can thus

decay into Vµ and a lighter SM particle. In order to as-

sure that the WIMP can account for the present day relic

abundance, the WIMP would have to be lighter than the

mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also

be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂

µφ)− 1

2
m2

φφ
2 − q̄(gLPL + gRPR)qφ

−χ̄(g�lPL + g�rPR)χφ, (14)

only leads to scalar operators, which do not contribute

to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-

grangian

L = (∂µφ
†
)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5
)χφ†

−χ̄(g∗S + g∗P γ
5
)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ
5
)χq̄(g∗V + g∗Aγ

5
)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using

Fierz identities to rearrange the spinor bilinears and ne-

glecting terms which vanish in the non-relativistic limit

11

we deduce that

d =
gAg�A
m2

V

. (37)

If we furthermore require perturbative couplings

gA, g�A <
√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same

strength to the WIMP and to quarks, gA = g�A, we arrive
at the relation

mV >

�
4π

d
. (38)

The resulting lower bounds on the mediator mass are

shown in FIG. 4 for the case of universal couplings. For

a WIMP mass of mχ ≈ 1TeV, the IceCube data can ex-

clude vector boson mediators lighter than approximately

2 and 5 TeV, for a soft or hard neutrino spectrum, re-

spectively. Assuming that the couplings gA, g�A can be

as large as 4π corresponds to the most optimal scenario,

and the limits would be weaker if the couplings of the

underlying theory would be smaller. However, the LHC

bounds on the mediator mass would scale in the same

way so that the relative sensitivity of IceCube and LHC

searches does not change.

The ATLAS and CMS analyses of mono-jet events as-

sume that the creation of WIMPs is described by one

of several effective operators. For each one of these op-

erators a signal prediction is made and then compared

with the background expectation in several signal re-

gions, mainly characterised by the missing energy in the

final state and the transverse momentum of a leading

hadronic jet [26, 27].

For the axial-vector operator the final analysis com-

pares the number of measured events and events ex-

pected from background in a signal region which re-

quires pjetT , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjetT > 110 GeV for the CMS

search. Since no significant excess over the background

expectation was observed, 90% CL lower limits on the

suppression scale Λ of the effective operator can be de-

rived from this analysis. Note that the LHC collabora-

tions report limits on the axial-vector coupling for Dirac

dark matter. We have thus rescaled the numbers pro-

vided in Refs. [26, 27] by a factor of 2 to account for the

larger cross section for Majorana dark matter production.

It is important to note, however, that because of the

potentially large momentum transfer in high-energy col-

lisions, the mass of the mediating particle should be in

the TeV-range for the effective field theory to be reliable

at the LHC [78, 79]. Ref. [78] compares the LHC limits

on the suppression scale Λ set by the effective field theory

approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator

masses, mmed � 2.5 TeV, the effective field theory lim-

its reproduce the limits from the simplified model quite

well. For lighter mediators, the effective field theory ei-

ther underestimates the actual limit on Λ when the cross

FIG. 4. Lower bounds on the mass of the mediating vector

boson mV for Majorana dark matter with universal axial-

vector couplings to quarks. The blue (green) curve corre-

sponds to limits set by the IceCube solar WIMP analysis for

soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−

-channel). The red (orange) dashed lines show lower

limits from dark matter searches in mono-jet events at the

LHC by the ATLAS (CMS) collaborations [26, 27]. The red

(orange) shaded area corresponds to the region given in 39,

where the effective field theory approach significantly under-

estimates the actual LHC limits provided by ATLAS (CMS),

as described in Ref. [78].

section is resonantly enhanced, or it overestimates the

limit because the predicted missing energy distribution

is too soft compared to the simplified model. Ref. [78]

provides “rule of thumb” approximations for the values

of mediator masses at which the transition to the reso-

nant enhancement region occurs. This region depends on

the cut applied on the missing transverse energy in the

final state and is given by

�
4m2

χ + /E
2
T � mmed � 6

�
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-

fective field theory approach is reliable, below the lower

bound, the effective field theory limits overestimate the

simplified model limits. Within the bounds, the cross

section is resonantly enhanced, so that the effective field

theory limits underestimate the limits within the simpli-

fied model. In FIG. 4 the region of resonant enhancement

for /ET = 350 GeV and /ET = 500 GeV are indicated by

the red and orange bands, respectively. In this region

we would thus expect the limits set by LHC searches to

be stronger than the ones presented in the figure. How-

ever, the limits provided by IceCube extend to WIMP

masses beyond the current LHC sensitivity, and beyond

the region of resonant cross section enhancement, and
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Summary

▪ Considered "DD-phobic" model:  Vector mediator with axial
   couplings

▪ Striking complementarity between various constraints

▪ LHC: EFT not reliable, Q-truncation conservative estimate

▪ ATLAS mono-jet strongest constraint on thermal relic strip
  sensitive up to 

▪ IceCube important for annihilation into tt: 
   Strongest limits for 

on the size of the couplings and the mediator width. The indirect searches for dark matter
annihilation in the Sun by IceCube probe intermediate and large dark matter masses and show
a maximal sensitivity for masses mχ ≈ 200 − 500GeV. In this region, the dark matter capture
efficiencies in the Sun are still sizeable, and dark matter annihilation is predominantly into top
quarks, leading to more highly energetic neutrinos and thus a higher neutrino detection efficiency
with IceCube.

We have also computed the relic density within our model, and have combined the LHC
mono-jet and IceCube limits with constraints from direct detection and the collider search for
di-jet resonances. We find a striking complementarity of the different experimental approaches,
which probe particular and often distinct regions of the model parameter space. Thus, the com-
bination of future collider, indirect and direct searches for dark matter will allow a comprehensive
test of minimal dark matter models.

Acknowledgement

We would like to thank Chiara Arina, Pavel Gretskov, Carlos de los Heros, Kerstin Hoepfner,
Alexander Knochel, Manfred Krauss, Lennart Oymanns, Mohamed Rameez, Carsten Rott and
Jory Sonnenveld for helpful discussions. We acknowledge support by the German Research
Foundation DFG through the research unit “New physics at the LHC”, the Helmholtz Alliance
for Astroparticle Physics and the German Federal Ministry of Education and Research BMBF.

References

[1] J. Abdallah, A. Ashkenazi, A. Boveia, G. Busoni, A. De Simone, et al., Simplified Models
for Dark Matter and Missing Energy Searches at the LHC. arXiv:1409.2893 [hep-ph].

[2] S. Malik et al., “Interplay and Characterization of Dark Matter Searches at Colliders and
in Direct Detection Experiments,” 2014. arXiv:1409.4075 [hep-ex].
http://inspirehep.net/record/1316493/files/arXiv:1409.4075.pdf.

[3] D. Abercrombie, N. Akchurin, E. Akilli, J. A. Maestre, B. Allen, et al., Dark Matter
Benchmark Models for Early LHC Run-2 Searches: Report of the ATLAS/CMS Dark
Matter Forum. arXiv:1507.00966 [hep-ex].
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The total width for the mediator is:

Γv =
mv
π
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3 Capture of DM in the sun

4 Relic density

Contrary to previous work, we calculate the full relic density accounting for resonnant effects.’
We found that these account for a difference of XX %.

5 LHC limits

The obsersed and expected number of events have been provided by the CMS and ATLAS

collaboration.

6 The method

We considered the width to be physical. We scan over 4 parameters. We compute the relic

density for each point.

7 The computation

We generate the UFOmodel files with FeynRules 2.1 [15, 16]. To use it inMadgraph5 aMC@NLO

[17]. We use Pythia [18, 19] to perform parton shower. We use Delphes [20] for a simulation of

both the CMS and ATLAS detector aparatus.

We use it also [21] to obtain aCalchep [22] output. This has been then used in micromegas

4 [23].

ΓV = ΓV→qq(MV , gq) + ΓV→χχ(MV ,mχ, gχ)

MV ,mχ, gq, gχ

MV ,mχ, (gqgχ),ΓV ⇒ gq, gχ

mχ, (gqgχ/M2
V )

Ṅ = C⊙ − CAN2 → 0

C⊙ = CAN2 ∝ neutrino flux

C⊙ = CAN2 ∝ neutrino flux

gqγµγ5

MV � 3TeV

gχγµγ5

Vµ

Q
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Thank you for your attention!



Backup I: Inaccessible regions

- Parametrization:                                               
      Not all values allowed! 

The total width for the mediator is:

Γv =
mv
π

�
λ2
χ

6

�
1− 4

m2
χ

m2
v

�3/2
+

6�

i=1

λ2
q

4

�
1− 4

m2
qi

m2
v

�3/2
�
.

3 Capture of DM in the sun

4 Relic density

Contrary to previous work, we calculate the full relic density accounting for resonnant effects.’
We found that these account for a difference of XX %.

5 LHC limits

The obsersed and expected number of events have been provided by the CMS and ATLAS

collaboration.

6 The method

We considered the width to be physical. We scan over 4 parameters. We compute the relic

density for each point.

7 The computation

We generate the UFOmodel files with FeynRules 2.1 [15, 16]. To use it inMadgraph5 aMC@NLO

[17]. We use Pythia [18, 19] to perform parton shower. We use Delphes [20] for a simulation of

both the CMS and ATLAS detector aparatus.

We use it also [21] to obtain aCalchep [22] output. This has been then used in micromegas

4 [23].

ΓV = ΓV→qq(MV , gq) + ΓV→χχ(MV ,mχ, gχ)

MV ,mχ, gq, gχ

MV ,mχ, (gqgχ),ΓV

mχ, (gqgχ/M2
V )

3

1 2 5 10 20 50 100
10
!4

0.001

0.01

0.1

1

MV /mχ

Γ
V
/M

V

√
gχgq = 1

√
gχgq = 0.2

√
gχgq = 0.1

Figure 1: Non-accessible regions in the MV /mχ-ΓV /MV plane for
√
gχgq = 1 (red shaded region), 0.2 (blue shaded

region) and 0.1 (green shaded region). The width of the bands marking the boundaries of the shaded regions
indicate the explicit dependence on mχ: the upper and lower edge of the band correspond to the boundaries for
mχ = 1TeV and 1GeV, respectively.

mildly on mχ, as indicated by the width of the bands marking the boundaries of the shaded

regions (here mχ was varied between 1GeV and 1TeV). In the allowed part of the region where

MV > 2mχ there exist two solutions for gq for any given
√
gqgχ. To derive conservative limits

on the model from di-jet production (see Sec. 3.2), we adopt the smaller value for gq in our

analysis, unless this would cause gχ > 4π for a given
√
gqgχ.

In the EFT limit MV � mχ, where dark matter and SM quarks interact through a 4-fermion

operator with coefficient 1/M2
∗ = gqgχ/M2

V , we find that ΓV /MV � 0.3 gχgq = 0.3 (MV /M∗)
2
.

The LHC Run I data probe suppression scales M∗ � 1TeV, see Sec. 3. Thus, in the region

MV �
√
s where the EFT is valid, ΓV /MV is typically larger than one, inconsistent with a

particle-like interpretation of the mediator, cf. Ref. [6].

3 Collider limits

3.1 Mono-jet limits

Weakly interacting dark matter particles can be detected at the LHC through their associated

production with jets, EW bosons or heavy quarks. The search for such signatures together with

large missing transverse energy (MET) has been performed at the LHC Run I (see e.g. [20, 21])
and is one of the central goals of LHC Run II [3]. In the following we will focus on signatures

with mono-jets and MET, which provide the strongest limits for the dark matter model we

consider.

To simulate the experimental signature for our model, we have generated events using Feyn-
Rules 2.1 [24], Madgraph5 aMC@NLO [25] and PYTHIA 6 [26], including QCD processes

with one and two jets in the hard scattering. We have used DELPHES [27] for the detec-

tor simulation and implemented the cuts employed in the ATLAS [20] and CMS [21] mono-jet

searches in an in-house program. With the observed and expected number of events provided

by Refs. [20, 21] we are thus able to set exclusion limits at 95% confidence level (CL) on the

different parameters of the model.

We have also studied our model in the EFT limit, where the interaction is described by a

higher-dimensional operator of the form (gχgq/M2
V ) χ̄γµγ

5χ q̄γµγ5q. As the EFT is valid only for

energy scales below the mediator mass, it has been proposed to restrict the momentum transfer

3
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