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We describe an effective theory of interaction between pairs of dark matter particles (denoted χ) and pairs
of W bosons. Such an interaction could accommodate χχ̄ → WW processes, which are a major focus of
indirect dark matter experiments, as well as pp → W� → Wχχ̄ processes, which would predict excesses at
the LHC in the W þ ET final-state. We reinterpret an ATLAS W þ ET analysis in the hadronic mode and
translate the bounds to the space of indirect detection signals. We also reinterpret the W þ ET analysis in
terms of Kaluza-Klein graviton emission through the processes W� → WG and Z� → ZG in which G is
invisible. Finally, the final state is interpreted in terms of a W0 model where W0 → WZ, with W decaying
hadronically and Z decaying to neutrinos.
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I. INTRODUCTION

It is well established that dark matter makes up a
significant fraction of the matter and energy density of
the Universe [1,2], but its particle nature and the form of its
nongravitational interactions remain important mysteries.
Dedicated experiments search for interactions between

dark matter particles and quiet nuclei (called “direct
detection,” e.g. Refs. [3,4]) or for dark matter annihilation
in space leading to visible particles (“indirect detection”
[5]). In addition, experiments at high-energy particle
colliders play a complementary role, often with the greatest
sensitivity for low-mass dark matter [6–9]. In order to
analyze the collider data in the same framework as indirect-
and direct-detection experiments, it is convenient to encap-
sulate our lack of knowledge of the form of the interaction
between dark matter and the standard model as an effective
field theory (EFT), in which the dark matter is fairly light
and mediators are heavy enough to be integrated out to
result in four-point effective vertices [10–12] between
quarks and dark matter particles.
At particle colliders, this interaction produces invisible

pairs of dark matter particles (pp → χχ̄) and so relies on
initial-state radiation of a visible object (jet, photon, Z
boson, etc.) in order to leave a visible detector signature
(jetþ ET , γ þ ET , Z þ ET , etc.). In these cases, initial-state
radiation of a photon or Z boson is not as sensitive as
radiation of a gluon [13] for theories in which dark matter
interacts with quarks and gluons, but these channels have
unique power to probe interactions between DM and
photons or Z bosons, leading to effective vertices with
two gauge bosons and two DM particles [14–18].
In this paper, we extend this line of thought to the

W þ ET final state. We reinterpret the recent ATLAS
analysis [19] which sets limits on theories of quark-DM
effective interactions (see the top of Fig. 1) in terms of
theories of W-DM effective interactions (see the bottom

of Fig. 1), working in an effective theory framework with a
very simple parameter space.
This class of interactions is of particular interest as

collider production of W þ ET via W� → Wχχ̄ is tied
directly to the signal rates of indirect dark matter signals
via χχ̄ → WW, allowing the comparison of LHC and
indirect experiments in the parameter space of our new
effective theory.
In addition, we point out that the collider W þ ET

signature has broad sensitivity to other models that produce
invisible particles. We demonstrate how this extends to
graviton production in ADD [20] models, as well as exotic
W0 bosons [21].

FIG. 1. Representative diagrams for production of dark matter
pairs (χχ̄) associated with a W boson in theories where dark
matter interacts with quarks (top) or directly with weak boson
pairs (bottom). The latter are those that we consider in this work.
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II. DARK MATTER MODELS

In deriving bounds on effective theories of dark matter,
we consider effective operators through which pairs of
stable neutral particles (the DM) may couple to W bosons.
Note that we consider here the simplest models, in which
dark matter particles are singlets under the Standard Model
gauge groups. We consider the most relevant such operators
for both scalar and fermionic DM particles, denoted χ.
Taking all operators of effective dimension six and

seven, one finds that the DM couples to the square of the
field strength tensors of the SUð2Þ gauge group through a
variety of Lorentz structures. The most general dimension-
six operators involving scalar dark matter particles are

LB1þB2 ¼
1

Λ2
B1

ϕ̄ϕFμν
1 F1

μν þ
1

Λ2
B2

ϕ̄ϕtrFμν
2 F2

μν

and

LB3þB4 ¼
1

Λ2
B3

ϕ̄ϕFμν
1

~F1
μν þ

1

Λ2
B4

ϕ̄ϕtrFμν
2

~F2
μν; ð1Þ

where Fi, i ¼ 1, 2 are the Standard Model Uð1Þ and SUð2Þ
field strength tensors. ΛBi and ΛCi below are the effective
cutoff scales of the operators, following the notation of
Ref. [18]. In the second set of operators, the dual field
strength tensor appears.
Generic operators in which fermionic DM can couple to

SUð2Þ bosons in gauge-invariant fashion start at dimension
seven. There are now more operators to consider due to the
Lorentz structure of the DM bilinear:

LC1þC2 ¼
1

Λ3
C1

χ̄χFμν
1 F1

μν þ
1

Λ3
C2

χ̄χtrFμν
2 F2

μν;
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1

Λ3
C3

χ̄χFμν
1

~F1
μν þ

1

Λ3
C4

χ̄χtrFμν
2

~F2
μν ð2Þ

as well as

LC5þC6 ¼
1

Λ3
C5

χ̄γ5χFμν
1 F1

μν þ
1

Λ3
C6

χ̄γ5χtrFμν
2 F2

μν;

LC7þC8
1

Λ3
C7

χ̄γ5χFμν
1

~F1
μν þ

1

Λ3
C8

χ̄γ5χtrFμν
2

~F2
μν: ð3Þ

Importantly, however, the SUð2Þ invariance of the
dimension six and seven operators mentioned above
implies precise relationships between operators connecting
the DM particles with various electroweak gauge bosons of
the SM.
These couplings are presented using a modified notation

which nicely demonstrates how DM couplings to gauge
bosons are related by gauge invariance. For effective
operators involving LCnþCnþ1 we define ð1=ΛCn

3Þ ¼
k1=Λ3 and ð1=Λ3

Cnþ1Þ ¼ k2=Λ3. Similarly, for any effective
operators involving LBnþBnþ1 we define ð1=ΛBn2Þ ¼ k1=Λ2

and ð1=Λ2
Bnþ1Þ ¼ k2=Λ2. The DM couplings to pairs of

electro-weak bosons are thus given by:

gWW ¼ k2
s2wΛ2−3

gZZ ¼ 1

Λ2−3

�
k1s2w
c2w

þ k2c2w
s2w

�

gγγ ¼
k1 þ k2
Λ2−3

gZγ ¼
swcw
Λ2−3

�
k2
s2w

−
k1
c2w

�
ð4Þ

where sw and cw are the sine and cosine of the weak mixing
angle, respectively. In all cases the overall operator coef-
ficient coupling DM particle pairs to pairs of W bosons
depends only on a single parameter k2=Λ2 (or k2=Λ3

depending on the dimension of the operator). Assuming
then that a single operator structure dominates, the overall
production cross section of pp → Wχχ will depend only on
two parameters, the mass of the dark matter particle and the
overall coefficient k2=Λ2;3. A prediction of a specific
number of W þ ET events also implies correlated predic-
tions for numbers of events in other mono-boson channels
as well.

III. HEAVY BOSON MODELS

In the case of gravitons, we consider the ADD model of
extra dimensions [20], which is a proposed solution to the
hierarchy problem in which there are δ extra dimensions of
submilimeter size through which gravity propagates, with
all other Standard Model (SM) fields localized on a higher-
dimensional three-space brane. In this model, the reduced
Planck scale MD, where gravity becomes strong, is far
below the four-dimensional Planck scale MP ∼ 1018 GeV.
The reduced Planck scale is set by the number and radius of
the extra dimensions. M2

P ¼ RδM2þδ
D where R is the radius

of extra dimensions. This model contains a series of
Kaluza-Klein (KK) excitation states of graviton with
masses mn ¼ n=R. Although each KK graviton has gravi-
tational coupling, suppressed by 1=MP, the almost con-
tinous spectrum of KK gravtions are summed over and
result in a coupling to SM particles suppressed only by
powers of MD.
The LHC is a useful tool for exploring extra-dimensional

scenarios in which the reduced Planck scale is of order
several TeV. Note that for such low values of MD the ADD
scenario with one extra dimension is clearly ruled out since
it would involve extremely large extra dimensions. For
larger values of δ however, ADD scenarios are possible.
In this case, the graviton G is long-lived and invisible

to the detector, such that the processes Z� → GZ and
W� → GW give Z þ ET and W þ ET final states.
The W0 is a hypothetical charged heavy vector boson

which can decay to WZ. If the Z decays to neutrinos, it
gives the final state of W þ ET . The production cross

section depends on a coupling of the form m2
W

m2

W0
× gW0WZ,
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meaning the coupling will be inversely proportional to the
mass of the W0 boson squared. The W0 may also decay
leptonically, although it is not discussed here.

IV. EXPERIMENTAL SEARCH

The ATLAS experiment at the LHC has placed limits on
dark matter production in the W þ ET channel [19], where
the dark matter fields couple to quark initial states and the

W boson has been emitted as initial state radiation. These

limits were derived from 20.3 fb−1 of data produced in pp

collisions at
ffiffiffi
s

p ¼ 8 TeV. The full selection is as follows:
(i) 1 Cambridge-Aachen jet with R ¼ 1.2,

pT > 250 GeV, jηj < 1.2,
ffiffiffi
y

p
> 0.4

(ii) ET > 350 GeV
(iii) ≤ 1 narrow jet with pT > 40 GeV,jηj < 4.5, ΔR

(narrow jet, fat jet) > 0.9
(iv) No electrons, muons, or photons with pT > 10 GeV

and jηj < 2.47, jηj < 2.5, and jηj < 2.37, respectively
The results are consistent with the Standard Model

expectation, as shown in Table I.
Using the CLs method [22,23], the ATLAS

measurement places an upper limit at 95% confidence
level on the cross section within this fiducial region to be
4.4 fb, with a typical W boson reconstruction efficiency
of 63%.
In order to reinterpret these results in terms of inter-

actions with electroweak bosons, we need only calculate
the efficiency of the fiducial region selection for the theory
of interest.

TABLE I. Data and estimated background yields in the two
signal regions, from Ref. [19]. Uncertainties include statistical
and systematic contributions.

Process ET > 350 GeV ET > 500 GeV

Z → νν̄ 402þ39
−34 54þ8

−10
W → l�ν, Z → l�l∓ 210þ20

−18 22þ4
−5

WW;WZ; ZZ 57þ11
−8 9.1þ1.3

−1.1
tt̄, single t 39þ10

−4 3.7þ1.7
−1.3

Total 707þ48
−38 89þ9

−12
Data 705 89

Missing Transverse Momentum [GeV]
0 100 200 300 400 500 600 700 800

 F
ra

ct
io

n 
of

 E
ve

nt
s

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

Fermion G5D7 m10 WPT

Fermion G5D7 m100 WPT

Fermion G5D7 m1000 WPT

Missing Transverse Momentum [GeV]
0 100 200 300 400 500 600 700 800

 F
ra

ct
io

n 
of

 E
ve

nt
s

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

P Fermion D7 m10 WPT

P Fermion D7 m100 WPT

P Fermion D7 m1000 WPT

Missing Transverse Momentum [GeV]
0 100 200 300 400 500 600 700 800

 F
ra

ct
io

n 
of

 E
ve

nt
s

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

P Fermion G5D7 m10 WPT

P Fermion G5D7 m100 WPT

P Fermion G5D7 m1000 WPT

Missing Transverse Momentum [GeV]
0 100 200 300 400 500 600 700 800

 F
ra

ct
io

n 
of

 E
ve

nt
s

0

0.01

0.02

0.03

0.04

0.05
P Scalar D6 m10 WPT

P Scalar D6 m100 WPT

P Scalar D6 m1000 WPT

Missing Transverse Momentum [GeV]
0 100 200 300 400 500 600 700 800

 F
ra

ct
io

n 
of

 E
ve

nt
s

0

0.01

0.02

0.03

0.04

0.05

0.06

Scalar D6 m10 WPT

Scalar D6 m100 WPT

Scalar D6 m1000 WPT

Missing Transverse Momentum [GeV]
0 100 200 300 400 500 600 700 800

 F
ra

ct
io

n 
of

 E
ve

nt
s

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

Fermion D7 m10 WPT

Fermion D7 m100 WPT

Fermion D7 m1000 WPT

FIG. 2 (color online). Distributions of ET in simulated Wχχ̄ events in pp collisions at the LHC for several choices of mχ .
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V. DARK MATTER FIDUCIAL
EFFICIENCY AND LIMITS

We generate simulated samples of events for each
hypothetical signal using MADGRAPH5 [24], with showering
and hadronization by PYTHIA [25]. With the exception of the
jet-veto requirement, the fiducial efficiency can be reliably
estimated using parton-level information.
In each case, the critical kinematic quantity which

determines the efficiency is the missing transverse momen-
tum. Figure 2 shows distributions of ET in simulated Wχχ̄
events for our six effective field theories.
The fiducial efficiencies measured in these simulated

samples allow us to calculate limits on the cross section, as
shown in Fig. 3 as a function of mχ . As the theoretical
cross section depends on the suppression scale Λ, limits on
the cross section can be translated into limits on Λ,
see Fig 4.
We observe (Fig. 3) that the limits on light fermionic χ

are much tighter than those on light scalar ϕ DM, a feature
that is obviously due to the differences in ET spectra
(Fig. 2). It is not hard to understand these differences as, in

the limit of massless χ, the fact that the fermionic operators
are dimension seven and the scalar operators are dimension
six means that the cross sections in the fermionic case must
scale with a higher power of the momenta involved,1 and
hence the W-boson pT . The resulting cross section is
relatively suppressed as pT → 0 and is enhanced compared
to the scalar case in the large pT tail.

VI. INDIRECT DETECTION FROM
OUR DM OPERATORS

In addition to collider production of W þ ET , our
operators also mediate DM annihilation into the WW,
ZZ, γZ and γγ final states. In this section, we convert results
from indirect detection experiments into limits on param-
eters of our EFTs.
The decay products, radiation and hadronization that

follows production of the final state bosons generically
yields spectral continua of γ rays, antiprotons, positrons
and neutrinos, all of which are long known discovery
channels in indirect detection experiments for DM. The γZ
and γγ processes mediate direct annihilation to γ rays,
giving a highly distinctive monochromatic signal.
In our operator framework, bounds on the scale Λ

coming from indirect detection experiments can be directly
compared to the collider bounds derived above, provided
some important cosmological assumptions. The main
assumption here is that our DM makes up all of the
observed DM density in the Universe. This is implicitly
assumed in all of the bounds derived below. A useful
comparison for this assumption is to keep track of where
the DM relic density that would be obtained from a thermal
freeze-out history, (assuming that our operator is the
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FIG. 3 (color online). Fiducial efficiency and limits on
σðpp → Wχχ̄Þ for several values of mχ for each of the EFTs
describing interactions between DM and W bosons.
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FIG. 4 (color online). Limits on Λ as a function of mχ .

1Terms that don’t scale with momenta are much smaller,
Oðm2

χÞ=s; i.e., they are “helicity suppressed.”
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dwarf bounds on continuum γ’s and from the PAMELA p̄ data. The black and red-dashed curves indicate the relic density that would be
obtained from a thermal calculation assuming this operator is the dominant process in freeze-out. The picture is qualitatively similar for
the other operators so similar figures are omitted.
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FIG. 6 (color online). Comparison of constraints on the B1;2 and B3;4 operators coming from the collider W þ ET search (red filled
area, strongest at 1 GeV and falling at 1 TeV) and indirect detection experiments (green filled area). Curves describing current
annihilation cross sections and thermal relic density are shown in the left and right panels, respectively.
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dominant annihilation process) matches, exceeds or under-
shoots the total relic density of the Universe. We provide
contours of this thermal relic density calculation below so
that we have an idea of where we would need additional
structure beyond our model in order to increase or decrease
the relic density to match our assumption that our DM
makes up all of DM.
We combine the results of several experiments to derive

our combined indirect detection bounds. The analysis
closely follows that of [17]. The most robust bounds on
continuum γ rays come from observations of dwarf
galaxies. These are extremely low background searches
with high-quality estimates for the DM abundance and
distributions.2 We also show bounds coming from the
PAMELA antiproton data [26] (using the GALPROP
[27–29] propagation model galdef_50p_599278), although
these bounds are relatively weak in comparison to the
continuum γ-ray bounds. We use the bounds on the

WW=ZZ annihilation channels derived from the Fermi-
LAT [30] and VERITAS [31] data, as the two complement
each other in mDM. Bounds on the monochromatic chan-
nels are those from the Fermi-LAT work [32] and assume
an NFW profile for the galactic DM distribution (this is not
as robust an assumption as in the dwarf limits). The
resulting bounds from indirect detection are shown for
the B1;2 operators in Fig. 5.
We do not consider continuum γ-ray bounds from the

galactic center (as they are exquisitely sensitive to the DM
distribution) or bounds from neutrino telescopes (bounds
from the galactic center are not competitive, while bounds
from the solar DM search must rely on additional assump-
tions about how our DM scatters on SM particles). There
are no bounds from the γZ channel in our plots as this
channel is turned off for the combination k1 ¼ c2w

s2w
k2. Away

from this special case the Fermi-LAT γZ bound would be a
nontrivial constraint, however, we simply note here that the
reach would be much the same (and overlapping in mDM)
as the γγ bound.
Figures 6, 7, and 8 compare the limits that can be derived

for our effective operators from the collider and indirect
detection experiments employed in this work. The most
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FIG. 7 (color online). As in Fig. 6 for the C1;2 and C5;6 operators.

2We use limits that assume an NFW profile for the dwarf DM
distribution, but these kinds of searches (being sensitive to the
integral of DM density squared over the entire distribution) are
relatively insensitive to this assumption.
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obvious feature of these plots is the disparity in collider and
indirect detection reaches for operators C1−4, a result of the
velocity suppression of the bilinear χ̄χ. Aside from this the
collider and indirect detection reaches are seen to be
comparable, and highly complementary over the range
of mχ considered here.
We also note that the effective operator paradigm is not

sensible to arbitrarily low Λ. As an example, effective
operators involving dark matter couplings to pairs of
Higgs bosons are invalid for Λ of a few GeV or below.
Conservatively, we may consider the effective operator
approach invalid below Λ ≈Oð10 GeVÞ.

VII. HEAVY BOSON FIDUCIAL EFFICIENCY
AND LIMITS

The fiducial efficiency forW� → GW and Z� → GZ as a
function of number of extra dimensions δ for the ADD
model can be found in Fig. 9(a). We find no significant
difference for various MD values, so we quote a single
number for each δ.
As above, the efficiencies allow the derivation of limits

on the cross section [see Fig. 9(b)]. These limits can be
converted into limits on MD according to this relationship

σ ∼ 1=Mδþ2
D (see Table II). The current limits are also

listed [33].
The most stringent current limits on MD in the ADD

scenario come from CMS mono-jet searches [7]. Our result
is the first constraint on ADD derived in the mono-W
channel and it is competitive with other hadron collider
limits onMD in electroweak channels. For example, CDF’s
mono-photon search for δ ¼ 2 places a limit on MD of
1.39 TeV [34].
In the case of the W0 boson with W0WZ coupling

strength set by the extended gauge model, the selection
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FIG. 8 (color online). As in Fig. 6 for the C3;4 and C7;8 operators.

TABLE II. Limits on MD at 95% CL calculated from limits on
cross section in Fig. 9(b) for each number of extra dimensions,
along with the current limits on MD [33].

Number of extra
dimensions

Our limits MD
(TeV=c2)

Current limits
(TeV=c2)

2 1.84 5.67
3 1.85 4.29
4 1.89 3.71
5 1.92 3.31
6 1.96 3.12
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efficiency is a strong function of the W0 boson mass, as the
missing transverse energy is due to the pT of the Z boson,
which is approximately half of the W0 boson mass. The
efficiency and cross-section limits derived from it can be
found in Fig. 10.
This excludes W0 masses between 823 and 1055 GeV.

This exclusion is the first for this scenario in the W þ ET
channel, and is a good complement to other search
channels for fermiophobic scenarios. Current limits on
W0 scenarios with large direct coupling to fermion are
quite restrictive: 2.6 TeV for the lν channel and 1.9 TeV
for the qq̄ [34]. However, limits in fermiophobic scenarios
are substantially more relaxed. The most stringent limit is
from CMS, who searched in the multilepton channel pp→
W0→WZ where W → lν and Z → ll; in the sequential
SM scenario the mass exclusion is 1.143 TeV [35]
assuming gW0WZ=gWWZ ¼ ðmW=mW0 Þ2. The ATLAS
Collaboration search in the same channel yielded a limit
of 760 GeV [36].

VIII. CONCLUSIONS

In this paper we have derived constraints on dark matter
interactions with W bosons in the context of a simply
parametrized effective theory framework. W þ ET bounds
derived by the ATLAS Collaboration for dark matter
interactions with quarks were recast to find bounds on
our model for both scalar and fermionic dark matter
scenarios, and compared to limits derived from indirect
detection experiments. We note that due to gauge
invariance, effective operators considered in this analysis,
which couples dark matter to pairs of W bosons, must also
predict nonzero coupling of dark matter to other pairs of
gauge bosons. Thus we expect mono-W search constraints
may be combined with other searches, for example mono-
photons, to increase the power of the effective operator
analysis.
We have additionally pointed out that the W þ ET

channel has sensitivity to heavy boson theories. We give

FIG. 9 (color online). For ADD [20] models predicting WG or
ZG production, fiducial selection efficiency (top) and cross-
section limits (bottom).

FIG. 10 (color online). For models predicting
pp → W0 → WZ, fiducial selection efficiency (top) and cross-
section limits for several values of mW0 (bottom).
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results in terms of an ADD model of extra dimensions to
produce limits on cross section and graviton coupling toW,
placing lower limits onMD between 1.84 and 1.96 TeV. We
analyzeW0 production to give the first limits on this model
in this final state, excluding W0 masses between 823 and
1055 GeV.
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