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LHC: Beyond effective field theory

Dark Matter beyond EFT: Effects of mediators very important

[see e.g. Busoni, De Simone, Morgante, Riotto 1307.2253; Buchmueller, Dolan, McCabe 
1308.6799; Busoni,De Simone, Jacques, Morgante, Riotto 1405.3101; Buchmueller, Dolan, Malik, 
McCabe 1407.8257]
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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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Figure 1. Left panel: A comparison of our 90% CL limit (red solid) and the CMS 90% CL limit
(blue dashed) on the contact interaction scale Λ as a function of mDM for the axial-vector operator.
The agreement is better than 5%. Right panel: A comparison of our 90% CL limit (solid) and the
CMS 90% CL limit (dashed) for a vector interaction as a function of mediator mass mmed. The
blue and red lines correspond to the limit for mDM = 50 GeV, Γ = mmed/3 and mDM = 500 GeV,
Γ = mmed/10 respectively, where Γ is the mediator width. The agreement is typically better than
15% in both cases. An exception is at the peak of the resonance, where our more fine-grained scan
better resolves the peak.

2 Validating the CMS monojet analysis

Throughout this article we make use of the CMS monojet analysis, which is based on the

full data set of 19.5 fb−1 at 8 TeV [12, 13]. This search is established and well documented in

the literature and it can be considered as representative for the whole class of LHC monojet

searches. In this section we describe our implementation of this search and compare our

results with the CMS results.

To simulate the CMS search, we use the implementation of the dark matter monojet

process in MCFM 6.6 [32] at leading order (LO), which also includes the full effects of the

mediator propagator and width. The CMS analysis requires one hard jet with a transverse

momentum pT of at least 110 GeV and a total of seven signal regions with MET (or
/ET) greater than 250, 300, 350, 400, 450, 500 and 550 GeV were considered. The best

expected limit for the dark matter search is for the MET > 400 GeV signal region, so

only this region was used to set limits. Therefore, we restrict our implementation and

validation to this particular signal region. We perform our simulations at parton level,

implementing the CMS MET and geometric acceptance cuts on the jets. To account for

the possibility of extra jet emission in the shower, we simulate pp → Z(→ νν̄) + 1j using

MadGraph 5 [33], showering the resulting sample using Pythia [34] and passing it through

the PGS [35] detector simulator with a generic LHC detector card. From this, we extract

the proportion of events for which extra jets outside the CMS cuts are generated and

normalise our partonic signal cross-sections with this factor.
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▪ Show importance of IceCube limits 

▪ Discuss the need for Simplified Models 
for LHC
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Our Model:

- Vector-boson s-channel messenger 

- Majorana DM

- Axial couplings to quarks and DM

(no couplings to leptons)

- Four parameters: 

▪ No spin-independent WIMP-nucleon scattering

  → weak direct detection limits
▪ LHC constraints important

▪ Indirect detection limits from annihilation in the sun

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
�
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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)
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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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Indirect DM detection: annihilation in the sun 

2

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-
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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
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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.

– 5 –

Simulation: 
FeynRules/
MadGraph/
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▪ Almost no region for viable EFT (not valid or bad 
  description)

Summary

▪ Model: Majorana DM with axial-axial couplings to SM

▪ IceCube important for axial-axial couplings

▪ Simplified Models needed

▪ Strong limits for heavy DM 


