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Searching for DM non-gravitationally
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FIG. 1: Dark matter may have non-gravitational interactions with one or more of four categories of particles:
nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions may then
be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and
astrophysical probes. The lines connect the experimental approaches with the categories of particles that
they most stringently probe (additional lines can be drawn in specific model scenarios). The diagrams give
example reactions of dark matter with standard model particles (SM) for each experimental approach.

future colliders, produce dark matter particles, which escape the detector, but are discovered
as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its
impact on astrophysical observables. In particular, dark matter’s non-gravitational interac-
tions could observably impact the densities of dark matter present in the central regions of
galaxies, or the amount of dark matter substructure found in halos. Such interactions may
also alter the cooling rates of stars, and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

These search strategies are each shown in Fig. 1 and are connected to the particle interactions
that they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. II,
we return in Sec. III to these four pillars in more detail, discussing the current status and fu-
ture prospects of direct, indirect, and collider searches for dark matter, as well as the impact of
astrophysical observations. In Sec. IV we begin the discussion of the complementarity between
di↵erent dark matter search strategies at a qualitative level. We extend this further in Sec. V,
discussing quantitatively the interplay between experimental approaches, considering a number of
representative particle physics frameworks. Finally, we summarize our conclusions in Sec. VII.

II. DARK MATTER CANDIDATES

In this section, we briefly summarize a number of specific dark matter candidates and candidate
classes that have been considered in the literature. While certainly not exhaustive, this discussion
is intended to reflect a representative sample of how the particle physics community currently views
the form that dark matter particles might take.

Complementary approaches
Need all four going forward
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As an addendum to our latest results on spin-
independent WIMP-nucleon scattering from 225 live days
of data [1] measured with the XENON100 dark matter
detector [2], we present in Fig. 1 the 90% exclusion limit
up to a WIMP mass of 10TeV/c2. All the points up to
an energy of 1TeV/c2 are identical to the ones in refer-
ence [1].

⇤ Electronic address: ajmelgarejo@astro.columbia.edu
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FIG. 1: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100 up to 10TeV: The expected sensitivity
of this run is shown by the green/yellow band (1�/2�) and
the resulting exclusion limit (90% CL) in blue. For compari-
son, other experimental results are also shown, together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models.
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FIG. 1: Dark matter may have non-gravitational interactions with one or more of four categories of particles:
nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions may then
be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and
astrophysical probes. The lines connect the experimental approaches with the categories of particles that
they most stringently probe (additional lines can be drawn in specific model scenarios). The diagrams give
example reactions of dark matter with standard model particles (SM) for each experimental approach.

future colliders, produce dark matter particles, which escape the detector, but are discovered
as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its
impact on astrophysical observables. In particular, dark matter’s non-gravitational interac-
tions could observably impact the densities of dark matter present in the central regions of
galaxies, or the amount of dark matter substructure found in halos. Such interactions may
also alter the cooling rates of stars, and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

These search strategies are each shown in Fig. 1 and are connected to the particle interactions
that they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. II,
we return in Sec. III to these four pillars in more detail, discussing the current status and fu-
ture prospects of direct, indirect, and collider searches for dark matter, as well as the impact of
astrophysical observations. In Sec. IV we begin the discussion of the complementarity between
di↵erent dark matter search strategies at a qualitative level. We extend this further in Sec. V,
discussing quantitatively the interplay between experimental approaches, considering a number of
representative particle physics frameworks. Finally, we summarize our conclusions in Sec. VII.

II. DARK MATTER CANDIDATES

In this section, we briefly summarize a number of specific dark matter candidates and candidate
classes that have been considered in the literature. While certainly not exhaustive, this discussion
is intended to reflect a representative sample of how the particle physics community currently views
the form that dark matter particles might take.

•Astrophysical assumptions
•No upper limit to mass probed
•Lower limit: astrophysics + expt. threshold
•SD, inelastic, isospin-dependence weaken bounds
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As an addendum to our latest results on spin-
independent WIMP-nucleon scattering from 225 live days
of data [1] measured with the XENON100 dark matter
detector [2], we present in Fig. 1 the 90% exclusion limit
up to a WIMP mass of 10TeV/c2. All the points up to
an energy of 1TeV/c2 are identical to the ones in refer-
ence [1].
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FIG. 1: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100 up to 10TeV: The expected sensitivity
of this run is shown by the green/yellow band (1�/2�) and
the resulting exclusion limit (90% CL) in blue. For compari-
son, other experimental results are also shown, together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models.
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FIG. 1: Dark matter may have non-gravitational interactions with one or more of four categories of particles:
nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions may then
be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and
astrophysical probes. The lines connect the experimental approaches with the categories of particles that
they most stringently probe (additional lines can be drawn in specific model scenarios). The diagrams give
example reactions of dark matter with standard model particles (SM) for each experimental approach.

future colliders, produce dark matter particles, which escape the detector, but are discovered
as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its
impact on astrophysical observables. In particular, dark matter’s non-gravitational interac-
tions could observably impact the densities of dark matter present in the central regions of
galaxies, or the amount of dark matter substructure found in halos. Such interactions may
also alter the cooling rates of stars, and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

These search strategies are each shown in Fig. 1 and are connected to the particle interactions
that they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. II,
we return in Sec. III to these four pillars in more detail, discussing the current status and fu-
ture prospects of direct, indirect, and collider searches for dark matter, as well as the impact of
astrophysical observations. In Sec. IV we begin the discussion of the complementarity between
di↵erent dark matter search strategies at a qualitative level. We extend this further in Sec. V,
discussing quantitatively the interplay between experimental approaches, considering a number of
representative particle physics frameworks. Finally, we summarize our conclusions in Sec. VII.

II. DARK MATTER CANDIDATES

In this section, we briefly summarize a number of specific dark matter candidates and candidate
classes that have been considered in the literature. While certainly not exhaustive, this discussion
is intended to reflect a representative sample of how the particle physics community currently views
the form that dark matter particles might take.

•Astrophysical assumptions
•No upper limit to mass probed
•Lower limit: astrophysics + expt. threshold
•SD, inelastic, isospin-dependence weaken bounds

upper limit on the binomial probability of an alpha decay
registering in the nuclear recoil signal region of<26%. At
this operating pressure and temperature, an alpha particle
will create bubble nucleation sites along its entire track,
and there is clear evidence of a neutron background from
the multiple scatter events, so these three events are likely
not alpha decays. Therefore the presently derived alpha
background rejection should be considered a conservative
assessment for the potential of this technique. We expect an
improved estimate from runs in a deeper underground site,
where the residual neutron background should be absent.

Interpreting the three events in the signal region as
WIMP candidates results in a 90% Poisson upper limit of
6.7 for the mean of the signal. The resulting improved
limits on spin-dependent WIMP-proton couplings are
shown in Fig. 4. The spin-independent sensitivity that
can be extracted from present data is comparable to that
obtained by the CDMS Collaboration in another shallow
underground facility [13]. The calculations assume
the standard halo parametrization [14], with !D ¼
0:3 GeV c"2 cm"3, vesc ¼ 650 km=s, vE ¼ 244 km=s,
v0 ¼ 230 km=s, and the spin-dependent couplings from
the compilation in Tovey et al. [15].

In view of the #10"11 intrinsic rejection against mini-
mum ionizing backgrounds [5] and the acoustic alpha
rejection demonstrated in this Letter, a leading sensitivity
to both spin-dependent and spin-independent WIMP cou-
plings can be expected from the operation of CF3I bubble

chambers deep underground. A first exploration of the
constrained minimal supersymmetric model (cMSSM)
spin-dependent parameter space [16] of supersymmetric
dark matter candidates is expected from operation of this
chamber in a deeper site. At the time of this writing, a 60 kg
CF3I COUPP bubble chamber is being commissioned.
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As an addendum to our latest results on spin-
independent WIMP-nucleon scattering from 225 live days
of data [1] measured with the XENON100 dark matter
detector [2], we present in Fig. 1 the 90% exclusion limit
up to a WIMP mass of 10TeV/c2. All the points up to
an energy of 1TeV/c2 are identical to the ones in refer-
ence [1].
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FIG. 1: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100 up to 10TeV: The expected sensitivity
of this run is shown by the green/yellow band (1�/2�) and
the resulting exclusion limit (90% CL) in blue. For compari-
son, other experimental results are also shown, together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models.
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FIG. 1: Dark matter may have non-gravitational interactions with one or more of four categories of particles:
nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions may then
be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and
astrophysical probes. The lines connect the experimental approaches with the categories of particles that
they most stringently probe (additional lines can be drawn in specific model scenarios). The diagrams give
example reactions of dark matter with standard model particles (SM) for each experimental approach.

future colliders, produce dark matter particles, which escape the detector, but are discovered
as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its
impact on astrophysical observables. In particular, dark matter’s non-gravitational interac-
tions could observably impact the densities of dark matter present in the central regions of
galaxies, or the amount of dark matter substructure found in halos. Such interactions may
also alter the cooling rates of stars, and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

These search strategies are each shown in Fig. 1 and are connected to the particle interactions
that they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. II,
we return in Sec. III to these four pillars in more detail, discussing the current status and fu-
ture prospects of direct, indirect, and collider searches for dark matter, as well as the impact of
astrophysical observations. In Sec. IV we begin the discussion of the complementarity between
di↵erent dark matter search strategies at a qualitative level. We extend this further in Sec. V,
discussing quantitatively the interplay between experimental approaches, considering a number of
representative particle physics frameworks. Finally, we summarize our conclusions in Sec. VII.

II. DARK MATTER CANDIDATES

In this section, we briefly summarize a number of specific dark matter candidates and candidate
classes that have been considered in the literature. While certainly not exhaustive, this discussion
is intended to reflect a representative sample of how the particle physics community currently views
the form that dark matter particles might take.

•Astrophysical assumptions
•No upper limit to mass probed
•Lower limit: astrophysics + expt. threshold
•SD, inelastic, isospin-dependence weaken bounds
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astrophysical probes. The lines connect the experimental approaches with the categories of particles that
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example reactions of dark matter with standard model particles (SM) for each experimental approach.
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as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its
impact on astrophysical observables. In particular, dark matter’s non-gravitational interac-
tions could observably impact the densities of dark matter present in the central regions of
galaxies, or the amount of dark matter substructure found in halos. Such interactions may
also alter the cooling rates of stars, and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

These search strategies are each shown in Fig. 1 and are connected to the particle interactions
that they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. II,
we return in Sec. III to these four pillars in more detail, discussing the current status and fu-
ture prospects of direct, indirect, and collider searches for dark matter, as well as the impact of
astrophysical observations. In Sec. IV we begin the discussion of the complementarity between
di↵erent dark matter search strategies at a qualitative level. We extend this further in Sec. V,
discussing quantitatively the interplay between experimental approaches, considering a number of
representative particle physics frameworks. Finally, we summarize our conclusions in Sec. VII.

II. DARK MATTER CANDIDATES

In this section, we briefly summarize a number of specific dark matter candidates and candidate
classes that have been considered in the literature. While certainly not exhaustive, this discussion
is intended to reflect a representative sample of how the particle physics community currently views
the form that dark matter particles might take.

•Many models with DM (e.g. 
SUSY), searches are model specific
•Many kinematic quantities
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q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇤⇤)+ j and (W � �inv⇤)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⌅(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

•Collider stable = cosmologically stable?
•No astrophysical assumptions
•Limited by kinematic reach

“Traditional” searches

“Monojet” searches

•Only search for DM, “model 
independent”
•Direct link to direct detection
•Few kinematic quantities
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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The same interaction can lead to DM production at 
a hadron machine.

pp̄� nothing,

SI, scalar exchange

SI, vector exchange

SD, axial-vector 
exchange

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].

3

Og = �s
(⇤̄⇤) (Ga

µ⇥G
aµ⇥)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ⇥ is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

�
g⇤gq, where M

is the mass of the mediator, g⇤ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇤, where OSM involves only Standard Model fields and O⇤ involves only dark
matter, so that the matrix element ⇧N |OSM|N⌃ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇤ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].
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The same interaction can lead to DM production at 
a hadron machine.

pp̄� nothing,

SI, scalar exchange

SI, vector exchange

SD, axial-vector 
exchange

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].

3

Og = �s
(⇤̄⇤) (Ga

µ⇥G
aµ⇥)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ⇥ is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

�
g⇤gq, where M

is the mass of the mediator, g⇤ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇤, where OSM involves only Standard Model fields and O⇤ involves only dark
matter, so that the matrix element ⇧N |OSM|N⌃ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇤ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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The same interaction can lead to DM production at 
a hadron machine.
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well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].

3

Og = �s
(⇤̄⇤) (Ga

µ⇥G
aµ⇥)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ⇥ is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

�
g⇤gq, where M

is the mass of the mediator, g⇤ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇤, where OSM involves only Standard Model fields and O⇤ involves only dark
matter, so that the matrix element ⇧N |OSM|N⌃ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇤ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].

SI, scalar exchange
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Figure 3: Missing transverse energy Emiss
T after all selections for data and SM backgrounds. The

processes contributing to the SM background are from simulation, normalised to the estimation
from data using the Emiss

T threshold of 500 GeV. The shaded bands in the lower panel represent
the statistical uncertainty. Overflow events are included in the last bin.

ciency of the selection, which has the additional requirement that there be at least one isolated
muon in the event, is also estimated from simulation. It is corrected to account for differences
in the measured muon reconstruction efficiencies in data and simulation. The uncertainty in
the Z(nn) prediction includes both statistical and systematic components. The sources of un-
certainty are: (1) the statistical uncertainty in the numbers of Z(µµ) events in the data, (2)
uncertainty due to backgrounds, (3) uncertainties in the acceptance associated with the PDFs
and the size of the simulation samples, (4) the uncertainty in the selection efficiency as deter-
mined from the difference in measured efficiencies in data and simulation and the size of the
simulation samples, and (5) the theoretical uncertainty on the ratio of branching fractions [49].
The dominant source of uncertainty in the high Emiss

T regions is the statistical uncertainty in the
number of Z(µµ) events, which is 11% for Emiss

T > 500 GeV. Table 1 summarizes the statistical
and systematic uncertainties.

Table 1: Summary of the statistical and systematic contributions to the total uncertainty on the
Z(nn) background.

Emiss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

(1) Z(µµ)+jets statistical unc. 1.7 2.7 4.0 5.6 7.8 11 16
(2) Background 1.4 1.7 2.1 2.4 2.7 3.2 3.9
(3) Acceptance 2.0 2.1 2.1 2.2 2.3 2.6 2.8
(4) Selection efficiency 2.1 2.2 2.2 2.4 2.7 3.1 3.7
(5) RBF 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total uncertainty (%) 5.1 5.6 6.6 7.9 9.9 13 18

The second-largest background arises from W+jets events that are not rejected by the lepton
veto. This can occur when a lepton (electron or muon) from the W decays (prompt or via
leptonic tau decay) fails the identification, isolation or acceptance requirements, or a hadronic
tau decay is not identified. The contributions to the signal region from these events are es-
timated from the W(µn)+jets control sample in data. This sample is selected by applying
the full signal selection, except the muon veto, and instead requiring an isolated muon with
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Figure 1: The measured EmissT distribution (black dots) compared to the SM (solid lines), SM+ADD LED (dashed
lines), and SM+WIMP (dotted lines) predictions, for two particular ADD LED and WIMP scenarios. The back-
ground contributions fromW/Z+jets, γ+jets, and multi-jet processes are taken from theMC simulations normalized
to the data-driven estimations, as discussed in the text. For data only statistical uncertainties are included. The
band around the total background prediction includes uncertainties on the data-driven background estimates and
statistical uncertainties on the MC samples.

interactions is driven by the results from collider experiments with the assumption of the validity of the
effective theory. The upper limits presented in this note improve upon CDF results at the Tevatron [4] and
are similar to those obtained by the CMS experiment [6] which uses axial-vector operators to describe
spin-dependent interactions.

8 Conclusion

In summary, we report results on the search for new phenomena in events with an energetic photon and
large missing transverse momentum in proton-proton collisions at

√
s = 7 TeV, based on ATLAS data

corresponding to an integrated luminosity of 4.6 fb−1. The measurements are in agreement with the SM
predictions for background. The results are translated into model-independent 90% and 95% confidence
level upper limits on σ × A × ε of 5.6 fb and 6.8 fb, respectively. The results are presented in terms
of new improved limits on MD versus the number of extra spatial dimensions in the ADD LED model
and upper limits on the spin-independent and spin-dependent contributions to the nucleon-WIMP elastic
cross section as a function of the WIMP mass.
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How to quantify nothing?

12 7 Interpretation

Table 10: ADD Model observed and expected limits on MD in TeV/c2 as a function of d at LO
and NLO, with K-factors of 1.5 for d = 2,3 and 1.4 for d = 4,5,6.

LO NLO
d Exp. Limit Obs. Limit Exp. Limit Obs. Limit
2 5.12 5.10 5.70 5.67
3 3.96 3.94 4.31 4.29
4 3.46 3.44 3.72 3.71
5 3.11 3.10 3.32 3.31
6 2.95 2.94 3.13 3.12

The limits on L as a function of the DM mass for the vector interaction and the axial-vector
interaction are shown in Figure 6, together with a comparison with limits from the previous
CMS analysis using 5 fb�1 at 7 TeV. The observed and expected limits at the 90% CL on the
DM-nucleon scattering cross section for the vector, axial-vector and scalar operators are shown
in Tables 11, 12, 13 and Figures 7 and 8.

Also considered is the case in which the mediator is light enough to be accessible to the LHC.
Figure 9 shows the observed limits on L as a function of the mass of the mediator, assuming
vector interactions and a dark matter mass of 50 GeV/c2 and 500 GeV/c2. The width (G) of the
mediator is varied between M/3 and M/8p [13]. It shows the resonant enhancement in the
production cross section once the mass of the mediator is within the kinematic range and can
be produced on-shell. At large mediator mass, the limits on L approximate to those obtained
in the effective theory framework [13].
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Figure 6: Limits on the contact interaction scale L as a function of the DM mass for the current
analysis using 19.5 fb�1 of 8 TeV data. Also shown is the result from the previous analysis
using 5 fb�1 of 7 TeV data.

The results can also be interpreted in the context of Unparticle production. Shown in Figure 10
are the expected and observed 95% C.L limits on the cross-sections for S = 0 Unparticles with
dU = 1.5, 1.6, 1.7, 1.8 and 1.9 as a function of LU for a fixed coupling constant l = 1. The
observed 95% C.L limit LU for these values of dU is shown in Table 14. This can be compared

Vector coupling

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].
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Figure 6: Inferred ATLAS limits on WIMP-nucleon scattering. In all cases the thick solid lines are the ob-

served limits excluding theoretical uncertainties, the observed limits corresponding to the −1σtheory lines

in figure 5 are shown as thin dotted lines. The ATLAS limits involving quarks are for the four light flavors

assuming equal coupling strengths for all quark flavors to the WIMPs. Left: ATLAS 90% CL observed

limits are shown on spin-independent WIMP-nucleon scattering cross sections versus WIMP mass. For

comparison, 90% CL limits from the XENON100 [66], CDMSII [67], CoGeNT [68], and CDF [19]

experiments are shown. Right: ATLAS 90% CL limits are shown on spin-dependent WIMP-nucleon

scattering cross sections versus WIMP mass. For comparison, 90% CL limits from the SIMPLE [69],

Picasso [70], and CDF [19] experiments are shown.

elements are neglected in ref. [32] and hence also here. The spin-independent ATLAS limits in figure 6

are particularly relevant in the low mχ region (< 10 GeV) where the XENON100 [66], CDMSII [67] or

CoGeNT [68] limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive over almost the full mχ range covered. The

spin-dependent limits are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the D8 and D9 limits

are stronger than those from direct-detection experiments.

As in figure 5, the collider limits can be interpreted in terms of the relic abundance of WIMPs [13,15].

This is shown in figure 7 where the limits on vector and axial-vector interactions are translated into

upper limits on the annihilation rate of WIMPs to the four light quark flavors. The annihilation rate is

defined as the product of cross section σ and relative velocity v, averaged over the dark matter velocity

distribution (〈σ v〉). Equations (10) and (11) of ref. [15] are used to calculate the annihilation rates

shown in figure 7. For comparison, limits on annihilations to bb̄ from Galactic high-energy gamma-ray

observations by the Fermi LAT experiment [71] are also shown. The Fermi LAT values are for Majorana

fermions and are therefore scaled up by a factor of two for comparison with the ATLAS limits for Dirac

fermions (see for example the description of equation (34) of ref. [72] for an explanation of the factor

of two). Gamma-ray spectra and yields from WIMPs annihilating to bb̄, where photons are produced

in the hadronization of the quarks, are expected to be very similar to those from WIMPs annihilating to

lighter quarks [73, 74]. In this sense the ATLAS and Fermi LAT limits are comparable. The figure also

demonstrates the complementarity between the two approaches. The Fermi LAT is equally sensitive to

annihilations to light and heavy quarks, whereas ATLAS at the LHC probes mostly WIMP couplings to

lighter quarks, and sets cross-section limits that are superior at WIMP masses below 20 GeV for vector

couplings and below about 150 GeV for axial-vector couplings. At these low WIMP masses, the ATLAS
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Figure 3: 90% CL upper limits on the nucleon-WIMP cross section as a function of mχ for spin-dependent (left)
and spin-independent (right) interactions, corresponding to D8, D9, and D5 operators in Ref. [12, 36]. The results
are compared with previous CDF [4] and CMS [6] results and results from directWIMP detection experiments [11].
The CMS limit curve generally overlaps the ATLAS curve.
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)
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existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)

2

where the parameters Λ and ξ should be understood as
analogous to but distinct from the vector interaction case.
Because u and d quarks are part of the same SU(2)L

multiplet, one would naively expect the couplings to show
correlations between the two flavors as well as between
the vector and axial-vector structures. However, one can
upset these naive expectations by invoking higher dimen-
sional operators containing Higgs insertions to craft any
combination of vector and axial vector interactions, as
well as any value of ξ one likes. We thus consider some
simple representative choices which isolate the vector or
axial-vector structure, as well as different values of ξ, be-
low.

Simulation and Results. We simulate production of
pp → χχ̄W , followed by W → #ν with # = e or µ at the
7 TeV LHC, using Madgraph 5, with parton showering
and hadronization by Pythia, and process the events with
the PGS CMS detector simulation [16]. We find that for
ξ = +1(−1), the production rate shows rather strong
destructive (constructive) interference between the two
diagrams of Figure 1, the degree of which depends on
the specific kinematics considered.
We derive limits based on the CMS W ′ search for a sin-

gle energetic lepton and missing transverse momentum,
based on 5 fb−1 of data collected at

√
s = 7 TeV [17].

Following the CMS analysis, events are selected contain-
ing an electron (muon) with pT ≥ 45 (85) GeV isolated
from hadronic activity. The primary cut is in terms of
the transverse mass,

MT ≡
√

2p!T p
ν
T (1− cos∆φ!ν) (3)

where pνT = Emiss
T is the missing transverse momentum,

and ∆φ!ν is the azimuthal opening angle between the
charged lepton transverse momentum direction and &p ν

T .
Events are further required to satisfy 0.4 < p!T /p

ν
T <

1.5 and ∆φ!ν > 0.8π. Based on no observed excess for
any value of the cut on MT , CMS provides limits on the
cross section as a function of the MT cut. We find that
the analysis requiring MT ≥ 600 GeV provides the most
stringent bound over most of the dark matter parameter
space, and we translate the bound on the cross section
into bounds on Λ as a function of mχ for ξ = 1,−1, and
0.
In Figures 2 and 3, we present the mapping of the 95%

confidence level (CL) CMS limits on anomalous produc-
tion of mono-leptons into bounds on Λ for the vector
and axial-vector interactions, respectively, as a function
of the dark matter mass. We have chosen three ratios
of the coupling to down-quarks compared to up-quarks,
ξ = 1, 0,−1 to illustrate the importance of interference
between the two Feynman graphs. Also shown for com-
parison are the 90% CL limits from CMS based on their
dedicated mono-jet search [13] (very similar results have
also recently been reported by the ATLAS collaboration
[15] and exceed the CDF limits [12]). Lacking interfer-
ence effects, the mono-jet searches provide the same lim-
its for the ξ = 1 and ξ = −1 cases and a lightly weaker
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FIG. 2: The lower limits on the interaction strength Λ (de-
rived from the CMS W ′ search results at 7 TeV with a 5.0
fb−1) as a function of the dark matter mass. The dotted, dot-
dashed and dashed lines are 95% CL limits from the mono-
lepton final state for three different relations between the up-
type and down-type operators: ξ = 1, 0,−1, respectively. The
solid line is the 90% CL CMS limit from mono-jet searches
with the same luminosity for ξ = 1. The limits from the
mono-jet search for ξ = −1 are identical to the limits for
ξ = 1, while the limits for ξ = 0 is only slightly weaker.
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FIG. 3: The same as Fig. 2 but for the axial-vector operators
of Eq. (2).

limit for the ξ = 0 case. For ξ = 1, the mono-jet search
yields a better limit by roughly a factor of two on Λ. For
ξ = 0, the mono-lepton search is slightly more restrictive,
and for ξ = −1 it is substantially better.

Mapping the bounds into the parameter space of direct
detection, in Figure 4 we show the collider limits in the
plane of the spin-independent cross section for scattering
off protons. For reference, we have also plotted the recent
bounds from Xenon 100 [18] and CDMS [19] which as-
sume ξ = 1. For ξ = 0,−1, the Xenon and CDMS limits
are rescaled from the ξ = 1 values by the order one frac-
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)
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verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)

2

where the parameters Λ and ξ should be understood as
analogous to but distinct from the vector interaction case.
Because u and d quarks are part of the same SU(2)L

multiplet, one would naively expect the couplings to show
correlations between the two flavors as well as between
the vector and axial-vector structures. However, one can
upset these naive expectations by invoking higher dimen-
sional operators containing Higgs insertions to craft any
combination of vector and axial vector interactions, as
well as any value of ξ one likes. We thus consider some
simple representative choices which isolate the vector or
axial-vector structure, as well as different values of ξ, be-
low.

Simulation and Results. We simulate production of
pp → χχ̄W , followed by W → #ν with # = e or µ at the
7 TeV LHC, using Madgraph 5, with parton showering
and hadronization by Pythia, and process the events with
the PGS CMS detector simulation [16]. We find that for
ξ = +1(−1), the production rate shows rather strong
destructive (constructive) interference between the two
diagrams of Figure 1, the degree of which depends on
the specific kinematics considered.
We derive limits based on the CMS W ′ search for a sin-

gle energetic lepton and missing transverse momentum,
based on 5 fb−1 of data collected at

√
s = 7 TeV [17].

Following the CMS analysis, events are selected contain-
ing an electron (muon) with pT ≥ 45 (85) GeV isolated
from hadronic activity. The primary cut is in terms of
the transverse mass,

MT ≡
√

2p!T p
ν
T (1− cos∆φ!ν) (3)

where pνT = Emiss
T is the missing transverse momentum,

and ∆φ!ν is the azimuthal opening angle between the
charged lepton transverse momentum direction and &p ν

T .
Events are further required to satisfy 0.4 < p!T /p

ν
T <

1.5 and ∆φ!ν > 0.8π. Based on no observed excess for
any value of the cut on MT , CMS provides limits on the
cross section as a function of the MT cut. We find that
the analysis requiring MT ≥ 600 GeV provides the most
stringent bound over most of the dark matter parameter
space, and we translate the bound on the cross section
into bounds on Λ as a function of mχ for ξ = 1,−1, and
0.
In Figures 2 and 3, we present the mapping of the 95%

confidence level (CL) CMS limits on anomalous produc-
tion of mono-leptons into bounds on Λ for the vector
and axial-vector interactions, respectively, as a function
of the dark matter mass. We have chosen three ratios
of the coupling to down-quarks compared to up-quarks,
ξ = 1, 0,−1 to illustrate the importance of interference
between the two Feynman graphs. Also shown for com-
parison are the 90% CL limits from CMS based on their
dedicated mono-jet search [13] (very similar results have
also recently been reported by the ATLAS collaboration
[15] and exceed the CDF limits [12]). Lacking interfer-
ence effects, the mono-jet searches provide the same lim-
its for the ξ = 1 and ξ = −1 cases and a lightly weaker

1 5 10 50 100 500 1000
0

200

400

600

800

1000

mΧ !GeV"

"
!G
eV
"

Ξ$1 Monojet !90%CL"

Ξ$&1 Monolepton !95%CL"

Ξ$0 Monolepton !95%CL"

Ξ$1 Monolepton !95%CL"

s $7 TeV CMS 5 fb&1 Vector

FIG. 2: The lower limits on the interaction strength Λ (de-
rived from the CMS W ′ search results at 7 TeV with a 5.0
fb−1) as a function of the dark matter mass. The dotted, dot-
dashed and dashed lines are 95% CL limits from the mono-
lepton final state for three different relations between the up-
type and down-type operators: ξ = 1, 0,−1, respectively. The
solid line is the 90% CL CMS limit from mono-jet searches
with the same luminosity for ξ = 1. The limits from the
mono-jet search for ξ = −1 are identical to the limits for
ξ = 1, while the limits for ξ = 0 is only slightly weaker.
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FIG. 3: The same as Fig. 2 but for the axial-vector operators
of Eq. (2).

limit for the ξ = 0 case. For ξ = 1, the mono-jet search
yields a better limit by roughly a factor of two on Λ. For
ξ = 0, the mono-lepton search is slightly more restrictive,
and for ξ = −1 it is substantially better.

Mapping the bounds into the parameter space of direct
detection, in Figure 4 we show the collider limits in the
plane of the spin-independent cross section for scattering
off protons. For reference, we have also plotted the recent
bounds from Xenon 100 [18] and CDMS [19] which as-
sume ξ = 1. For ξ = 0,−1, the Xenon and CDMS limits
are rescaled from the ξ = 1 values by the order one frac-
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type and down-type operators: ξ = 1, 0,−1, respectively. The
solid line is the 90% CL CMS limit from mono-jet searches
with the same luminosity for ξ = 1. The limits from the
mono-jet search for ξ = −1 are identical to the limits for
ξ = 1, while the limits for ξ = 0 is only slightly weaker.
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FIG. 3: The same as Fig. 2 but for the axial-vector operators
of Eq. (2).

limit for the ξ = 0 case. For ξ = 1, the mono-jet search
yields a better limit by roughly a factor of two on Λ. For
ξ = 0, the mono-lepton search is slightly more restrictive,
and for ξ = −1 it is substantially better.

Mapping the bounds into the parameter space of direct
detection, in Figure 4 we show the collider limits in the
plane of the spin-independent cross section for scattering
off protons. For reference, we have also plotted the recent
bounds from Xenon 100 [18] and CDMS [19] which as-
sume ξ = 1. For ξ = 0,−1, the Xenon and CDMS limits
are rescaled from the ξ = 1 values by the order one frac-
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)
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FIG. 4: Mono-lepton bounds and bounds from direct detec-
tion projected into the plane of the WIMP mass and the spin-
independent cross section with protons.
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FIG. 5: Mono-lepton bounds and bounds from direct detec-
tion projected into the plane of the WIMP mass and the spin-
dependent cross section with protons.

tional proton content of the isotopes of Xenon and Ger-
manium, respectively. As is typical, collider bounds rep-
resent the best existing limits for very low WIMP masses
(mχ ! 7 GeV), where WIMPs in the galactic halo typi-
cally have too little momentum to register in conventional
direct detection experiments. For ξ = 0,−1, the mono-
lepton bounds are currently the world’s best for such low
mass WIMPs.
In Figures 5 and 6, we show the mapping of the axial

vector interaction into the space of the spin-dependent
cross section for scattering off of protons and neutrons,
respectively. For reference, spin-dependent bounds from
Xenon-100 [20], Zeplin-III [21], PICASSO [22], and SIM-
PLE [23] are also shown. In the case of spin-dependent
interactions, colliders are typically more sensitive probes
for a wide range of masses, losing sensitivity only for
large (∼ TeV) WIMP masses which are difficult to pro-
duce relativistically at LHC energies. Again, for ξ = 1
the bounds from mono-jet searches are typically provid-
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FIG. 6: Mono-lepton bounds and bounds from direct detec-
tion projected into the plane of the WIMP mass and the spin-
independent cross section with neutrons.

ing stronger bounds than mono-leptons, but for ξ = 0 or
−1, the repurposed mono-lepton search provides some-
what stronger constraints.

Discussion and Outlook. We have examined the sig-
nal of mono-W s, decaying into mono-leptons, as a means
to study WIMP interactions with quarks at the LHC.
This signal was previously appreciated as a W ′ search,
but we show that it can also provide, in some cases, the
most sensitive probe of theories of dark matter. To eval-
uate the effectiveness of this search strategy, we have
repurposed an existing CMS search for W ′ → "ν, and
used it to produce bounds on the interaction strength
of WIMPs with quarks for both vector and axial-vector
interactions. Compared to the mono-jet searches, the
mono-lepton searches are cleaner with smaller experi-
mental systematic errors, and are likely to scale better
than mono-jet searches with increased luminosity and/or
pile-up. We find that the rate of WIMP + W production
is very sensitive to the relative sign of the WIMP cou-
pling to up or down quarks, and mono-lepton searches
can provide the best current limits depending on the rela-
tive strength and sign of the up- and down-quark interac-
tions. Should a positive WIMP signal be discovered, the
mono-lepton channel provides a key sensitive foil which
helps discriminate up and down couplings, including the
relative sign between the two.
Ultimately, whether or not effective field theories prove

fruitful as a description of dark matter production at col-
liders will depend on the masses of the particles mediat-
ing the interactions. For the particular search at hand,
this currently would imply that the masses of such par-
ticles should be larger than roughly the cut on MT , and
thus the EFT should provide a reasonably accurate de-
scription even for weakly coupled particles. Nonetheless,
even a break-down of the EFT provides interesting infor-
mation. For example, a positive signal at a direct detec-
tion experiment combined with a null result at colliders
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what stronger constraints.
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nal of mono-W s, decaying into mono-leptons, as a means
to study WIMP interactions with quarks at the LHC.
This signal was previously appreciated as a W ′ search,
but we show that it can also provide, in some cases, the
most sensitive probe of theories of dark matter. To eval-
uate the effectiveness of this search strategy, we have
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interactions. Compared to the mono-jet searches, the
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mental systematic errors, and are likely to scale better
than mono-jet searches with increased luminosity and/or
pile-up. We find that the rate of WIMP + W production
is very sensitive to the relative sign of the WIMP cou-
pling to up or down quarks, and mono-lepton searches
can provide the best current limits depending on the rela-
tive strength and sign of the up- and down-quark interac-
tions. Should a positive WIMP signal be discovered, the
mono-lepton channel provides a key sensitive foil which
helps discriminate up and down couplings, including the
relative sign between the two.
Ultimately, whether or not effective field theories prove

fruitful as a description of dark matter production at col-
liders will depend on the masses of the particles mediat-
ing the interactions. For the particular search at hand,
this currently would imply that the masses of such par-
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FIG. 4: Excluded region (blue) at 90% CL for the indicated
interactions as a function of dark matter mass. The two re-
gions for the dimension 7 ZZ�̄� correspond to the choices of
k1/k2 discussed in the text, with either maximal contribution
from photon graphs (upper curve) or no contribution (lower
curve).

Nonetheless, mono-Z searches are expected to be less
subject to systematic uncertainties from jet energy scales
and photon identification, and thus may scale better at
large luminosities. If a discovery is made, the mono-Z
signature o↵ers a di↵erent way to dissect the couplings
of up-type versus down-type quarks. If the dominant in-
teraction is instead to pairs of weak bosons, colliders o↵er
a unique opportunity for discovery.

Our results illustrate the complementarity between col-
lider and direct searches of dark matter, and show how
together they result in a more complete picture of dark
matter interactions with the SM fields.
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FIG. 5: Exclusion regions at 90% CL in the plane of the
dark matter mass (m�) versus dark matter - nucleon spin-
independent (top) or spin-dependent (bottom) cross-section
plane. Results from this analysis are compared to existing
collider and direct detection limits.
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which lead to a non-vanishing scattering rate with nu-
cleons at small momentum transfer. We will typically
consider one interaction type to dominate at a time, and
will thus keep one ⇤ finite while the rest are sent to in-
finity and decoupled. These operators are normalized so
as to be consistent with minimal flavor violation.

Interactions with Z Bosons

One may also construct an EFT in which the dark mat-
ter interacts directly with pairs of electroweak bosons.
Given our assumption that � is a SM gauge singlet, all
such interactions are higher dimensional operators. Such
operators begin at dimension 7, though through elec-
troweak symmetry breaking they also imply e↵ectively
dimension 5 descendant operators as well.

The dimension 5 terms originate from,

1

⇤3
5

�̄� (DµH)†DµH (2)

where DµH is the ordinary covariant derivative acting
on the SM Higgs doublet. Expanding out the covariant
derivative and replacing H by its vacuum expectation
value, we arrive at

m2
W

⇤3
5

�̄� W+µW�
µ +

m2
Z

2⇤3
5

�̄� ZµZµ . (3)

It is worth noting that while the overall size of both cou-
plings may be varied by shifting v2/⇤3

5, the ratio of the
couplings to pairs of W and Z bosons are fixed with re-
spect to one other. At higher order, this operator also
results in couplings to pairs of photons and to Z� through
loops of W bosons.

At dimension 7, there are also couplings to the kinetic
terms of the electroweak bosons,

L =
1

⇤3
7

�̄�
X

i

kiF
µ⌫
i F i

µ⌫ (4)

where Fi, i = 1, 2, 3 are the field strengths for the SM
U(1), SU(2), and SU(3) gauge groups. The couplings of
dark matter to pairs of SM gauge bosons are given by:

ggg =
k3
⇤3
7

(5)

gWW =
2k2
s2w⇤

3
7

(6)

gZZ =
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4s2w⇤
3
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✓
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FIG. 1: Representative diagrams for production of dark mat-
ter pairs (��̄) associated with a Z boson in theories where
dark matter interacts with quarks (top) or directly with Z
boson pairs (bottom).

TABLE I: Production cross sections (in fb) for pair produc-
tion of WIMPs in association with a Z boson, pp ! Z��̄ !
`+`���̄, in theories where the dark matter interacts primarily
with quarks, for ⇤i = 1 TeV and

p
s = 7 TeV.

m� (GeV) D1 D5 D8 D9
[⇥10�8]

 10 0.94 0.56 0.55 7.9
100 0.59 0.51 0.42 6.9
200 0.28 0.40 0.27 5.2
400 0.05 0.20 0.09 2.4
1000 3⇥ 10�4 0.01 0.002 0.1

where sw and cw are the sine and cosine of the weak mix-
ing angle, respectively. For these kinetic operators, the
over-all size can be though of as controlled by k2/⇤3

7, but
there is still freedom to adjust the relative importance of
various pairs by adjusting k1/k2.

DARK MATTER PRODUCTION IN
ASSOCIATION WITH A Z BOSON

The process of interest is pair-production of dark mat-
ter particles in conjunction with one Z boson. Represen-
tative Feynman diagrams are shown in Figure 1, for both
the case of interactions with quarks as well as dark mat-
ter which interacts directly with weak bosons. In order
to match on to the existing ATLAS ZZ measurement,
we consider pp collisions at

p
s = 7 TeV. Cross sections

for each of the quark operators of Eq. (1) are presented
for various dark matter masses and the corresponding ⇤
set equal to 1 TeV in Table I. These cross sections scale
as / 1/⇤6

D1 for operator D1, and as / 1/⇤4 for D5, D8,

``⌫⌫
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of up-type versus down-type quarks. If the dominant in-
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FIG. 4: Excluded region (blue) at 90% CL for the indicated
interactions as a function of dark matter mass. The two re-
gions for the dimension 7 ZZ�̄� correspond to the choices of
k1/k2 discussed in the text, with either maximal contribution
from photon graphs (upper curve) or no contribution (lower
curve).

Nonetheless, mono-Z searches are expected to be less
subject to systematic uncertainties from jet energy scales
and photon identification, and thus may scale better at
large luminosities. If a discovery is made, the mono-Z
signature o↵ers a di↵erent way to dissect the couplings
of up-type versus down-type quarks. If the dominant in-
teraction is instead to pairs of weak bosons, colliders o↵er
a unique opportunity for discovery.

Our results illustrate the complementarity between col-
lider and direct searches of dark matter, and show how
together they result in a more complete picture of dark
matter interactions with the SM fields.
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which lead to a non-vanishing scattering rate with nu-
cleons at small momentum transfer. We will typically
consider one interaction type to dominate at a time, and
will thus keep one ⇤ finite while the rest are sent to in-
finity and decoupled. These operators are normalized so
as to be consistent with minimal flavor violation.

Interactions with Z Bosons

One may also construct an EFT in which the dark mat-
ter interacts directly with pairs of electroweak bosons.
Given our assumption that � is a SM gauge singlet, all
such interactions are higher dimensional operators. Such
operators begin at dimension 7, though through elec-
troweak symmetry breaking they also imply e↵ectively
dimension 5 descendant operators as well.

The dimension 5 terms originate from,

1

⇤3
5

�̄� (DµH)†DµH (2)

where DµH is the ordinary covariant derivative acting
on the SM Higgs doublet. Expanding out the covariant
derivative and replacing H by its vacuum expectation
value, we arrive at

m2
W

⇤3
5

�̄� W+µW�
µ +

m2
Z

2⇤3
5

�̄� ZµZµ . (3)

It is worth noting that while the overall size of both cou-
plings may be varied by shifting v2/⇤3

5, the ratio of the
couplings to pairs of W and Z bosons are fixed with re-
spect to one other. At higher order, this operator also
results in couplings to pairs of photons and to Z� through
loops of W bosons.

At dimension 7, there are also couplings to the kinetic
terms of the electroweak bosons,

L =
1

⇤3
7

�̄�
X

i

kiF
µ⌫
i F i

µ⌫ (4)

where Fi, i = 1, 2, 3 are the field strengths for the SM
U(1), SU(2), and SU(3) gauge groups. The couplings of
dark matter to pairs of SM gauge bosons are given by:

ggg =
k3
⇤3
7

(5)

gWW =
2k2
s2w⇤

3
7

(6)

gZZ =
1

4s2w⇤
3
7

✓
k1s

2
w

c2w
+

k2c
2
w

s2w

◆
(7)

g�� =
1

4c2w

k1 + k2
⇤3
7

(8)

gZ� =
1

2swcw⇤3
7

✓
k2
s2w

� k1
c2w

◆
(9)

Z

�

�̄

q

q̄

q
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Z/��

Z

�

�̄

FIG. 1: Representative diagrams for production of dark mat-
ter pairs (��̄) associated with a Z boson in theories where
dark matter interacts with quarks (top) or directly with Z
boson pairs (bottom).

TABLE I: Production cross sections (in fb) for pair produc-
tion of WIMPs in association with a Z boson, pp ! Z��̄ !
`+`���̄, in theories where the dark matter interacts primarily
with quarks, for ⇤i = 1 TeV and

p
s = 7 TeV.

m� (GeV) D1 D5 D8 D9
[⇥10�8]

 10 0.94 0.56 0.55 7.9
100 0.59 0.51 0.42 6.9
200 0.28 0.40 0.27 5.2
400 0.05 0.20 0.09 2.4
1000 3⇥ 10�4 0.01 0.002 0.1

where sw and cw are the sine and cosine of the weak mix-
ing angle, respectively. For these kinetic operators, the
over-all size can be though of as controlled by k2/⇤3

7, but
there is still freedom to adjust the relative importance of
various pairs by adjusting k1/k2.

DARK MATTER PRODUCTION IN
ASSOCIATION WITH A Z BOSON

The process of interest is pair-production of dark mat-
ter particles in conjunction with one Z boson. Represen-
tative Feynman diagrams are shown in Figure 1, for both
the case of interactions with quarks as well as dark mat-
ter which interacts directly with weak bosons. In order
to match on to the existing ATLAS ZZ measurement,
we consider pp collisions at

p
s = 7 TeV. Cross sections

for each of the quark operators of Eq. (1) are presented
for various dark matter masses and the corresponding ⇤
set equal to 1 TeV in Table I. These cross sections scale
as / 1/⇤6

D1 for operator D1, and as / 1/⇤4 for D5, D8,

``⌫⌫
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Mono- “whatever”

•Many search channels, combining for stronger bounds
•Must be careful about overlaps, but most orthogonal
•Bounds dominated by monojet, but others give non-
trivial improvements
•See e.g. Cheung et al (1201.3402); Berge et al 
(1302.3619)
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Probing dark matter couplings to top and bottom at the LHC

Tongyan Lin, Edward W. Kolb, and Lian-Tao Wang
Kavli Institute for Cosmological Physics and the Enrico Fermi Institute,

The University of Chicago, 5640 S. Ellis Ave, Chicago, Il 60637
(Dated: March 28, 2013)

Monojet searches are a powerful way to place model-independent constraints on effective oper-
ators coupling dark matter to the standard model. For operators generated by the exchange of a
scalar mediator, however, couplings to light quarks are suppressed and the prospect of probing such
interactions through the inclusive monojet channel at the LHC is limited. We propose dedicated
searches, focusing on bottom and top quark final states, to constrain this class of operators. We show
that a search in mono b-jets can significantly improve current limits. The mono-b signal arises partly
from direct production of b-quarks in association with dark matter, but the dominant component
is from top quark pair production in the kinematic regime where one top is boosted. A search for
tops plus missing energy can strengthen the bounds even more; in this case signal and background
have very different missing energy distributions. We find an overall improvement by several orders
of magnitude in the bound on the direct detection cross section for scalar or pseudoscalar couplings.

PACS numbers: 98.70.Cq

I. INTRODUCTION

Production and detection of dark matter is one of the
most exciting new physics opportunities at the Large
Hadron Collider (LHC). The strategy to search for dark
matter (DM) depends on the physics in the yet-to-be
fully explored energy range of the LHC. In the maver-
ick scenario [1], the DM is the only new particle pro-
duced and all other new particles are beyond the scale of
the LHC. Then the interaction of the DM with standard
model (SM) particles at these energies can be described
in terms of an effective field theory (EFT).
In this case the DM signal at the LHC is missing

transverse energy (!ET ) signals such as monojets [1–6] or
monophotons [4, 7]. With an EFT description, one can
classify all relevant interactions at the LHC in a straight-
forward way. This scenario also has the advantage that
the connection between DM annihilation, direct detec-
tion, and collider signals is simple.
The ATLAS [8, 9] and CMS [10, 11] collaborations

have published monojet constraints on the scale of new
interactions in the EFT, which are then used to place
constraints on the DM-nucleon scattering cross section.
These constraints are most effective for DM masses be-
low 100 GeV. Meanwhile, there has been rapid progress
in the direct detection of dark matter [12, 13], with
the strongest bounds on DM-nucleon scattering at DM
mass of around 50 GeV and for spin-independent scat-
tering. These two approaches are complementary, and
connecting them has been the focus of many recent stud-
ies [14, 15].

A. Scalar Operator

While the monojet search is extremely effective for
many of the possible operators, it is not necessarily the
optimal way to study all of them. In particular, it is

challenging to constrain the scalar operator, where inter-
actions between dark matter and quarks are mediated by
a heavy scalar mediator:

O =
mq

M3
∗

q̄qX̄X, (1)

summing over all quarks.1 The form of the interac-
tion is fixed by minimal flavor violation (MFV) [16].
Scalar interactions with SM quarks are typically strongly
constrained by flavor changing neutral current measure-
ments, but in MFV these dangerous flavor violating ef-
fects are automatically suppressed.
Because the interactions are proportional to quark

mass, however, the monojet+!ET signal rate appears to
be suppressed by the light quark masses. The ATLAS
monojet search based on 4.7 fb−1 at 7 TeV sets a limit
of M∗ > 30 GeV [8], including only couplings to charm
and lighter quarks. This bound is much weaker than
constraints on operators mediated by vector or axial in-
teractions.
In this paper, we point out that the direct search for

production of dark matter in association with third gen-
eration quarks can enhance the reach of the LHC for
dark matter coupled to quarks through a scalar interac-
tion. Direct b production gives rise to a mono b-jet sig-
nal. We also show that the kinematics of top quark pairs
plus dark matter is such that boosted tops may form the
dominant contribution to the mono-b signal. However,
monojet searches veto on more than 2 hard jets, so a

1 There are closely related operators, for example the pseudoscalar
operator

mq

M3
∗

q̄γ5qX̄γ5X, which will have almost identical collider

constraints. The direct detection cross section for these operators
is velocity suppressed, however, so the best limits will come from
the LHC. It should be understood that our limits apply to both
scalar and pseudoscalar operators.
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FIG. 1. Typical tree-level (left) and loop-level (right) diagrams leading to monojet events. The black squares denote insertions
of four-fermion operators.

The other type of portal interaction for which the e↵ec-
tive operator may naturally have Yukawa-like couplings
involves heavy pseudoscalar mediators. The correspond-
ing e↵ective operator is [11]

O 

p

=
m

q

⇤3
p

q̄�5q  ̄�5 . (4)

This case is of particular interest, since direct detection
signals associated to O 

p

are spin-dependent and sup-
pressed by powers of q/m

N

⌧ 1, where q is the momen-
tum transfer and m

N

is the mass of the target nucleus.
Thus, monojet searches provide the only manner to ob-
tain constraints on ⇤

p

for the foreseeable future.

III. LIMITS FROM MONOJET SEARCHES

In their most recent analysis with an integrated lumi-
nosity of 5.0 fb�1 at

p
s = 7TeV the CMS collabora-

tion [1] found no apparent excesses in their searches for
jets with /E

T

providing the leading monojet bounds on
DM. CMS considered events with /E

T

> 350GeV, pro-
vided there was a primary jet (j1) with transverse mo-
mentum p

T

> 110GeV and pseudorapidity |⌘| < 2.4. A
secondary jet (j2) with p

T

> 30GeV was also permitted
if the two jets are not back-to-back: |��(j1, j2)| < 2.5.
Events with high-p

T

tertiary jets, electrons or muons
were vetoed. This null result excludes new contributions
to the production cross section in excess of 0.032 pb at
95% confidence level (CL). The ATLAS search [2] em-
ploys very similar cuts and finds a comparable bound on
the cross section. We have checked explicitly that us-
ing the ATLAS data instead of the CMS data does not
modify our results within errors.

To calculate the predicted monojet cross section for
the operators introduced above we have implemented
each of them in FeynArts [12] and performed the com-
putations with FormCalc and LoopTools [13]. Fur-
thermore, as an independent cross-check, we have ver-
ified our findings with MCFM [14], modifying the process
p + p ! H (A) + j ! ⌧+⌧� + j, which is based on the
analytical results of [15] for the scalar Higgs case and
[16] for the pseudoscalar Higgs case. Both computations
utilise MSTW2008LO parton distributions [17]. In our cal-
culations we do not consider the e↵ects of parton show-
ering and hadronisation or the contribution of additional

mDM [GeV] ⇤ s [GeV] ⇤ p [GeV] ⇤�s [GeV]

10 148+12
�11 164+14

�11 63+8
�6

100 145+12
�10 164+14

�12 61+8
�6

200 136+12
�10 160+13

�12 56+7
�6

500 97+9
�7 122+10

�9 30+4
�3

1000 50+5
�4 68+7

�5 10+1
�1

TABLE I. Bounds on ⇤ at 95% CL from the CMS 5.0 fb�1

search for jets with /ET including loop-level processes in the
analysis. The quoted errors reflect the scale uncertainties.
See text for details.

jets. As discussed in [4, 18], the first two simplifications
are justified, because the primary jet has su�ciently high
p
T

, which renders the impact of non-hard QCD radiation
small. We will comment on the e↵ect of two-jet events
below.

Our results are summarised in Tab. I and displayed in
Fig. 2 for the case where DM is either a Dirac fermion
or a complex scalar. For Majorana fermion or real scalar
DM, the predicted cross sections are larger by a factor
of 2 and so the bounds on ⇤ are stronger by roughly
12%. For the scalar (pseudoscalar) operators we find
that including the loop-level processes in the calculation
increases the predicted monojet cross sections by a factor
of around 500 (900), the precise value depending on the
DM mass and the choices of renormalisation (µ

R

) and
factorisation (µ

F

) scales. These numbers translate into
an increase of the bounds on ⇤ by a factor of 2.8 (3.1).
Note that the limit on ⇤

s

which we obtain from the tree-
level processes alone is stronger than the one reported
in [2] by about 25%, because we include bottom quarks
in the initial state, which we find to give the dominant
contribution at tree level.

Before examining the impact of additional QCD radia-
tion, we first discuss whether the above results could have
been obtained without performing an actual loop calcula-
tion, but rather by employing the heavy top-quark mass
limit. For the operator O 

s

, the e↵ect of heavy-quark
loops can be described in this approximation in terms of
the e↵ective operator

O 

sg

=
↵
s

4⇤3
g

Ga

µ⌫

Gaµ⌫  ̄ . (5)

Large corrections to production cross section
[Haisch, Kahlhoefer, Unwin, 1208.4605]

4

relic density and DM direct detection experiments. Here
we compare these results with the bounds derived in the
previous section.

The annihilation cross sections for the three operators
introduced in Sec. II are given e.g. in [10]. Using the
expansion h�vi = a+ 6b/x+O(1/x2) with x = mDM/T ,
the DM relic density ⌦DM after freeze-out is given by [29]

⌦DMh2 ' 1.07⇥ 109

GeV

x
f

MPl
p
g⇤

⇣
a+ 3b

xf

⌘ , (6)

where g⇤ is the number of relativistic degrees of freedom
at the freeze-out temperature T

f

. The coe�cients a and
b are functions of ⇤ and mDM. If we assume that the
interactions between the DM particle and SM quarks are
the dominant ones at freeze-out, we can determine ⇤ as
a function of mDM by the requirement that the observed
DM relic abundance ⌦DMh2 ' 0.1109 [30] is reproduced.

The values of ⇤ which give the correct relic density are
indicated by the black dashed curves in Fig. 2. From the
intersections of the monojet bounds and the relic density
constraints, we obtain the following lower bounds on the
DM mass:

O 

s

: m
 

> 173 (174) GeV ,

O 

p

: m
 

> 60 (85) GeV ,

O�

s

: m
�

> 1.5 (1.6) GeV .

(7)

Here the values in brackets apply if DM is a Majorana
fermion or a real scalar instead of a Dirac fermion or a
complex scalar. Note that the relic abundance require-
ments may di↵er in alternative frameworks, for instance
asymmetric DM (see e.g. [10]). Also, additional anni-
hilation channels, e.g. into leptons, gauge bosons or new
hidden sector states, may avoid an overproduction of DM
and therefore help reduce tension with experiments.

For the scalar operators O 

s

and O�

s

, the DM direct
detection cross section is given by

� 
p

=
µ2
p

m2
p

⇡

f2

⇤6
, ��

p

=
µ2
p

m2
p

⇡

f2

⇤4m2
�

, (8)

where m
p

is the proton mass, µ
p

is the DM-proton re-
duced mass and f ' 0.35 is the scalar form factor of the
proton [31]. The scattering cross sections for Majorana
or real scalar DM are larger by a factor of 4. Utilizing
the formulas (8), the monojet bounds on ⇤ can be trans-
lated into limits on �

p

, which in turn can be compared
to the exclusion limits obtained from XENON100 [32],
XENON10 [33] and CDMS-II [34, 35] as well as to
the best-fit regions obtained from DAMA [36] and Co-
GeNT [37] [38].

Our final results are shown in Fig. 3 for the case where
the DM particle is a Dirac fermion. All shown bounds
and best-fit regions represent 95% CL ranges. For large
values ofm

 

, as indicated by the relic density constraints,
direct detection experiments give stronger bounds than
monojet searches. For m

 

' 10GeV, the bounds become

1 10 100 100010-45

10-44

10-43

10-42

10-41

10-40

10-39

10-38

my @GeVD

s
n
@cm

-
2 D

CDMS-II Si
CDMS-II Ge
Xenon10
Xenon100
CoGeNT
DAMA
Loop-level bound
Tree-level bound

FIG. 3. LHC monojet bounds on the DM-proton cross sec-
tion for the operator O 

s at tree-level (red) and loop-level
(green) compared to various results from DM direct detection
experiments. While the tree-level monojet bound is too weak
to constrain the parameter regions favoured by DAMA and
CoGeNT, the loop-level bound clearly excludes these regions.

comparable, while below this value the bounds from LHC
searches are far superior. We observe that the inclusion
of loop-level processes gives a pertinent improvement of
the monojet bounds, in particular because it excludes
the possibility that the CoGeNT excess or the DAMA
modulation arise from the interactions of a heavy scalar
mediator.
For the pseudoscalar operators the DM direct detection

cross section is spin-dependent and suppressed by q4/m4
p

,
so that no relevant bounds on ⇤ can be obtained from
direct detection experiments. Consequently, the bounds
shown in the central panel of Fig. 2 are presently the
strongest limit on the new-physics scale ⇤. It is evident
from the figure that including one-loop contributions im-
proves the bound on m

 

inferred from the relic abun-
dance by a factor of approximately 15.
In summary, while collider bounds on DM-quark con-

tact operators with Yukawa-like couplings are relatively
weak when only tree-level processes are considered, much
stronger bounds can be obtained by including heavy-
quark loops in the analysis. In this letter, we used the
recent CMS 5.0 fb�1 and ATLAS 4.7 fb�1 searches for
jets with /E

T

to obtain the strongest collider limits on
mass-dependent DM-quark scalar and pseudoscalar con-
tact operators. Given that the LHC high-p

T

experiments
are rapidly accumulating luminosity, constraints on all
contact operators involving DM particles with masses
below the electroweak scale will improve significantly in
the near future. The methods outlined here will be im-
portant for further advances in constraining the parame-
ter space of DM-quark interactions with mass-dependent
couplings, and we are looking forward to their implemen-
tation in future LHC analyses.

Monday, 22 September 14



0.1

0.2

0.3

0.4

0.5

0.6

0.7

s
Hpp
Æ
j+

ET
,m
is
sL@

pb
D CMS

OV

10 20 50 100 200 500
1.0
1.1
1.2
1.3

mc @GeVD

K

0.1

0.2

0.3

0.4

0.5

0.6

s
Hpp
Æ
j+

ET
,m
is
sL@

pb
D CMS

OV

10 20 50 100 200 500

0.6
0.7
0.8
0.9
1.0

mc @GeVD

K

Figure 1. Left panel: LO (blue) and NLO (red) fixed-order results for the mono-jet cross section
and the corresponding K factor. Right panel: Fixed-order NLO result (red), the inclusive NLOPS
prediction (green) and the NLOPS result with jet veto (purple). The shown predictions correspond
to the vector operator OV and the CMS event selection criteria.

3.1 Vector and axial-vector operators

3.1.1 CMS cuts

We begin our numerical analysis by considering the predictions for the mono-jet cross

section obtained for the vector operator (2.3) by employing the CMS cuts. Our results are

given in figure 1. The left panel shows the fixed-order predictions (i.e. without PS e↵ects)

with the width of the coloured bands reflecting the associated scale uncertainties. One

observes that the scale dependencies of the LO prediction amount to around +25%
�20% and are

reduced to about +9%
�6% after including NLO corrections. The K factor, defined as

K =
�(pp ! j + ET,miss)

⇠=[1/2,2]
NLO

�(pp ! j + ET,miss)
⇠=1
LO

, (3.2)

is roughly 1.1, meaning that NLO e↵ects slightly enhance the mono-jet cross section with

respect to the LO result. Moreover, we find that the K factor is almost independent of the

DM mass. This stability is related to our choice of scales (3.1) and should be contrasted

with the results in [24] that employ µ = m�̄� = µR = µF as the central scale. Compared to

our scale setting the latter choice tends to underestimate the LO cross sections for heavy

DM particles, which leads to an artificial rise of the K factor.

In the right panel of figure 1 we compare the fixed-order NLO prediction with the

NLOPS results obtained in the POWHEG BOX framework using PYTHIA 6.4 [47] for show-

ering and hadronisation. The shown K factors are defined relative to the fixed-order NLO

prediction in analogy to (3.2). To better illustrate the e↵ects of the PS we depict results for

two di↵erent sets of cuts: the green curve and band correspond to an inclusive jet + ET,miss

– 6 –

DM@NLO
•Analyses are becoming systematics limited
•Reduce theory uncertainty by calculating at NLO (S+B)
•Mismatch in MET and jet(pT) cuts, combined with “monojet” 
allowing >1 jet opens up phase space at NLO
•Some operators (e.g. scalar) that have suppressed rate at LO can 
have very large “NLO” corrections
•MCFM and POWHEG implementations

[Haisch et al, 1208.4605,1310.4491]
[PJF and Williams, 1211.6390]

[Haisch et al, 1310.4491]
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[Lin, Kolb, Wang, 
1303.6638]

4

FIG. 3: (Left) Expected 90% CL limits on the scalar operator from a mono-b search, including couplings to tops and bottoms.
For the mono-b search at 8 TeV we also show the limit if b-jets from top production are not included (dotted line). For
comparison we include limits for an inclusive monojet search with no b-tag, and current ATLAS limits from [8]. (Right)
Corresponding constraints on the spin-independent nucleon scattering cross section, along with XENON100 limits [12], and
projected sensitivity for XENON1T [25].

III. TOPS PLUS MISSING ENERGY SEARCH

As shown in the previous section, the process gg →
XX̄ + tt̄ contributes the dominant component of the
monojet and the mono-b signals. The monojet and mono-
b searches veto on more than two high-pT jets, however,
cutting out a large fraction of tt̄ events. A stronger con-
straint on this coupling can be obtained from dedicated
searches.

Models of supersymmetry also have a signature of top
pairs plus missing transverse energy. We apply the recent
ATLAS 8 TeV search for top-quark superpartners with
1-lepton final states [26] using 13 fb−1 of data to these
scalar dark-matter couplings.2 The signal regions require
1 isolated lepton,!ET > 150 GeV, transverse mass3 mT >
120 GeV, 4 jets with pT > (80, 60, 40, 25) GeV and at
least 1 b-tag.

Fig. 4 shows the !ET and mT distributions of the sig-
nal and the dominant background, tt̄. The DM signal
is significantly harder in the !ET spectrum, whereas the
background is highly peaked towards low!ET because the
primary source of!ET is from the neutrinos in the top de-
cay. Meanwhile, it is unlikely that stronger cuts on mT

above 120 GeV would substantially improve the ratio of
signal to background.

2 We have also calculated constraints using the CMS 1-lepton fi-
nal state search [27] and obtain limits that are similar although
slightly weaker.

3 The transverse mass is defined as (mT )2 = 2plepT "ET (1− cos∆φ)
with ∆φ the azimuthal separation between lepton and missing
momentum directions.

We find the best constraints come from the signal re-
gion D (SRD) of the ATLAS study, with!ET > 225 GeV.
Although there is another signal region with !ET > 275
GeV, the systematic uncertainties increase significantly.
We thus apply the ATLAS SRD cuts to simulated data
to derive our 13 fb−1 limits. The signal cross section with
these cuts is

σsignal = 173 fb (3)

assuming M∗ = 50 GeV and mX = 10 GeV. We give
limits on M∗ and σn in Fig. 5. Because uncertainties are
systematics dominated for this signal region, we do not
expect a significant improvement of limits with 20 fb−1

of data.
Fig. 5 also shows limits for 14 TeV with 100 fb−1

of data, keeping the same cuts as above. We simulate
W+jets in addition to tt̄ for our background estimate,
and assume the systematic error on the background is
the same as in the 8 TeV analysis. We also calculated
constraints for a search with an all-hadronic final state
[28, 29]; in this case it may be possible to improve the
bounds on M∗ by 10-20%, depending on the detector ac-
ceptances and systematic uncertainties.

IV. DISCUSSION

We have shown that limits on scalar (and pseudoscalar)
interactions of dark matter with quarks can be improved
significantly by directly searching for final states with b-
jets and tops. Compared to an analysis including only
light quarks, we find a factor of 400 improvement in lim-
its on σn, and compared to an inclusive monojet search
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FIG. 1: Some of the dominant diagrams contributing to associated production of DM with bottom and top quarks.

better strategy to probe the couplings to top quarks is
the study of tt̄+!ET final states.
The scalar interaction has also been studied recently

in Ref. [17], which showed that heavy quarks in loops can
significantly enhance inclusive monojet production. We
focus instead on direct identification of the heavy quarks
in the final state. Mono-b final states from dark matter
have also been studied in Refs. [18, 19], although not in
the context of MFV, so the top quark contribution to the
mono-b signal was not considered.
In Section II we study the mono b-jet signal where the

leading jet is b-tagged. This search can improve con-
straints on the DM-nucleon cross section, σn, by several
orders of magnitude compared to current ATLAS limits.
In Section III we show an even stronger limit can be ob-
tained from a search for dark matter in association with
top quarks, tt̄+!ET . This is also the final state studied in
searches for stops, supersymmetric partners to tops, and
we use published results to derive limits. We find that
the limit on σn is stronger by another factor of approxi-
mately 2 compared to the mono b-jet search.

II. MONO b-JET SEARCH

The scalar operator gives rise to b-jets plus !ET via
direct b production, as well as from production of top
quarks which then decay. Direct b production occurs
through b and gluon-initiated processes, such as bg →
X̄X + b; several example diagrams are shown in Fig. 1.
In comparison to the light quark initial states, these
processes are suppressed by the b-quark parton density.
However, the enhancement due to the MFV form for the
coupling is more than enough to compensate this.
Furthermore, gg → X̄X + tt̄ turns out to be the dom-

inant contribution to the monojet signal. Thus, the fi-
nal states are highly b-enriched. At the same time, fo-
cusing on exclusive b-tagged final state reduces the SM
backgrounds significantly. Therefore, we expect an im-
provement in the LHC reach for the scalar operator by
requiring a b-tagged monojet.
Before presenting our results, we summarize our event

simulation methods. We use MadGraph 5 [20] for parton-
level cross sections, interfaced to Pythia 6 [21] for show-

ering and hadronization, and Delphes 2 [22] for detector
simulation. For Delphes, we set a 60% tagging efficiency
for b, 10% mistag for c, and 0.2% mistag rate for light
quarks and gluons [23]. Jets are clustered into R = 0.4
anti-kT jets.
Up to two hard jets are allowed in the monojet and

mono-b searches, so we must consider Next-to-Leading-
Order (NLO) corrections in our simulation of the signal.
We generate matched samples with kT -jet MLM match-
ing. For SM backgrounds, we generate W/Z and tt̄ with
up to 2 jets. For the signal, we generate XX̄+jets, in-
cluding up to 2 jets, for all flavors other than tops. We
separately include XX̄ + tt̄ at leading order. Finally, we
normalize all matched samples with NLO cross sections
computed using MCFM [24].
For the signal region we require !ET > 350 GeV, a

leading b-tagged jet with pT > 100 GeV, |η| < 2.5, and
no isolated leptons. We also allow an additional softer
jet, but no more than two jets with pT > 50 GeV. There
is a cut on the azimuthal separation between !ET and
the second jet, ∆φ(!ET , p

j2
T ) > 0.4, in order to suppress

the mismeasured dijet background. This signal region
overlaps well with those used in previous studies, and
furthermore the dependence on the cut values appears to
be mild.
The resulting cross sections at 8 TeV are given in Ta-

ble I. We have split the signal into three contributions:
coupling to charm and light quarks, direct b and bb̄ pro-
duction from coupling to b, and tt̄ production.
Associated production of DM with tt̄ constitutes the

dominant signal for both monojet and mono-b signals
because of the enhancement from the top mass and be-
cause of the production of boosted tops which can be
tagged as b-jets. Events where only one top is boosted,
and where the other top gives rise to low pT jets, can
pass the mono-b cuts. Of the events that pass the !ET

requirement and lepton veto, 17% of events survive the
veto based on the pT of the third jet. In comparison,
80% of events from direct b production survive the jet
veto. In both b and top production, about 50% of those
events then have a leading jet which is b-tagged. Note
that this assumes the same b-tagging efficiencies for the
b-jets inside the boosted tops. Without dedicated study
by the experimental collaborations, this is an idealized

Look at heavy flavour in the final state: mono-b,  
stop searches

5

FIG. 4: (Left)!ET distribution after requiring an isolated lepton and mT > 120 GeV. (Right) Transverse mass mT distribution
requiring an isolated lepton and!ET > 150 GeV. The dark matter mass is mX = 10 GeV.

FIG. 5: (Left) Expected 90% CL limits on scalar operator from applying a search for supersymmetric tops with one lepton in the
final state. 8 TeV limits are obtained using the results of [26]. Also shown are ATLAS limits from [8]. (Right) Corresponding
constraints on nucleon scattering cross section, along with XENON100 limits [12], and projected sensitivity for XENON1T [25].

including couplings to all quarks, we find a factor of 15
improvement. For 8 TeV data, the corresponding con-
straints on direct detection are below the regions favored
for light dark matter interpretations of DAMA [30] and
CoGeNT [31].

Couplings to heavy quarks can also lead to an enhance-
ment of inclusive monojet production through loops;
Ref. [17] found M∗ > 148+12

−11 GeV for small DM mass
using 7 TeV data. However, these loop corrections as-
sume that the operator is generated by a heavy neutral
scalar. Although our constraints are weaker, the searches
discussed here directly probe couplings of dark matter to
top and bottom. Furthermore, the "ET spectrum for the
tt̄ final state is strikingly different from the background.

It may be possible to use the difference in shapes to im-
prove limits from the searches discussed here.

Finally, in this paper we have assumed a contact inter-
action for simplicity. As discussed in Refs. [5, 14], this
assumption must be compared to the derived bounds on
M∗. In this case, the best limit we obtain at 8 TeV is
M∗ > 110 GeV, and for this value a significant fraction
of events (over 50%) violate the criteria in Refs. [5, 14].
A UV completion for this operator is necessary to derive
fully consistent constraints. At the same time, the re-
sults will be more model-dependent and we reserve this
analysis for future work.

[Kamenik, Zupan, 
1107.0623]
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Light Mediators
For all but the lightest mediators EFT is good for direct detection

12

can enhance the production cross section once the mass of the s-channel mediator is within the
kinematic range and can be produced on-shell. This enhancement is particularly strong when the
mediator has a small decay width �, though it should be noted that within our assumptions � is
bounded from below due to the open decay channels to jets and to dark matter.

On the other hand, colliders have a relative disadvantage compared to direct detection experi-
ments in the light mediator case. The reason is that, from dimensional analysis, the cross section
for the collider production process pp ⇧ ⌅̄⌅+X scales as,

⇤(pp ⇧ ⌅̄⌅+X) ⇤
g2qg

2
�

(q2 �M2)2 + �2/4
E2 , (12)

where E is of order the partonic center-of-mass energy, M is the mass of the s-channel mediator
and q is the four momentum flowing through this mediator. At the 7 TeV LHC,

�
q2 has a broad

distribution which is peaked at a few hundred GeV and falls slowly above. The mediator’s width
is denoted by �, and gq, g� are its couplings to quarks and dark matter, respectively. The direct
detection cross section, on the other hand, is approximately

⇤(⌅N ⇧ ⌅N) ⇤
g2qg

2
�

M4
µ2
�N , (13)

with the reduced mass µ�N of the dark matter and the target nucleus.
When M2 ⌅ q2, the limit that the collider sets on g2�g

2
q becomes independent of M , whereas

the limit on g2�g
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on ⇤(⌅N ⇧ ⌅N) becomes weaker as M becomes smaller. On
the other hand, when m� < M/2 and the condition

�
q2 ⌃ M can be fulfilled, collider production

of ⌅̄⌅+X experiences resonant enhancement. Improved constraints on ⇥ can be expected in that
regime.

In figure 7, we investigate the dependence of the ATLAS bounds on the mediator mass M more
quantitatively including both on-shell and o⇤-shell production. Even though dark matter–quark
interactions can now no longer be described by e⇤ective field theory in a collider environment, we
still use ⇥ ⇥ M/

⌥
g�gq as a measure for the strength of the collider constraint, since ⇥ is the

quantity that determines the direct detection cross section. As before, we have used the cuts from
the ATLAS veryHighPt analysis (see section 3). We have assumed vector interactions with equal
couplings of the intermediate vector boson to all quark flavors.

At very large M (& 5 TeV), the limits on ⇥ in figure 7 asymptote to those obtained in the
e⇤ective theory framework. For 2m� ⌅ M . 5 TeV, resonant enhancement leads to a significant
improvement in the limit since the mediator can now be produced on-shell, so that the primary
parton–parton collision now leads to a two-body rather than three-body final state. As expected
from equation (12), the strongest enhancement occurs when the mediator is narrow. In figure 7,
this is illustrated by the upper end of the colored bands, which corresponds to � = M/8⇥.6 The
shape of the peaks in figure 7 is determined by the interplay of parton distribution functions, which
suppress the direct production of a heavy mediator, and the explicit proportionality of ⇥ to M
according to its definition. Below M ⌃ 2m�, the mediator can no longer decay to ⌅̄⌅, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced o⇤-shell.
In that regime, the limit on ⇥ is rather weak (even though the limit on g2�g

2
q is independent of M

there as discussed above), and the dependence on � disappears.

6 � = M/8� corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
g�gq = 1. Since in figure 7, we have assumed couplings to all quark helicities and flavors (collider production
is dominated by coupling to up-quarks though), and since g�gq > 1 in parts of the plot (see dashed contours),
� = M/8� should be regarded as a lower limit on the mediator width.

What fraction of collider events have momentum transfers 
sufficient to probe the UV completion? 

gqg�
q2 �M2

q2⌧M2

�����! 1

⇤2
⇤2 =

M2

gqg�

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇤⇤)+ j and (W � �inv⇤)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⌅(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

q χ
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FIG. 8: m�� distribution for signal events with u-quark vector couplings with R2 > 0.81 and

MR > 250 GeV. The red dashed line corresponds to the unitarity bound m�� = ⇤/0.4. The three

panels show the distribution for DM masses of (a) 1 GeV, (b) 100 GeV, and (c) 500 GeV. The

fractions of events which lie beyond the bound are 8%, 11% and 80% respectively.

it is useful to interpret the limit in Eq. 16 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or
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0.4
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This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with

Fraction of events where 
EFT breaks down may be 
non-negligible
Depends on DM mass 

[PJF et al, 1203.1662]
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80%

[Shoemaker and 
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it is useful to interpret the limit in Eq. 16 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
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0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

To sum over the possible p

T

, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross

sections

R
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|
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. (4.6)

As an example, we consider two cases: p

min

T

= 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R
⇤

, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
tr

i in Section 3, and

also for larger ⇤, when the e↵ect of the cuto↵ becomes negligible. On the other hand, R
⇤

goes to

zero at ⇤ = 2m
DM

, as the phase space of DM pair production Q

tr

� 2m
DM

gets closed. Notice also

that the ratios involving di↵erential and total cross sections (R
⇤

and R

tot

⇤

) are very similar, as a

consequence of the fact that the integrands are very peaked at low p

T

and at ⌘ = 0.

We stress that this calculation does not rely on any specific UV completion of the EFT, but it

is completely rooted in the e↵ective operator and the requirement of a consistent use of it within its

range of validity. Its only limitations are the lack of a precise identification of the cuto↵ scale and

that it applies to the case in which the momentum transfer occurs in the s-channel. The quantities

in Eqs. (4.5)-(4.6) cannot be computed straightforwardly by MonteCarlo simulations of the events,

7

respectively, where Q

tr

is given by Eq. (3.4). The corresponding cross sections initiated by the

colliding protons are
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The explicit derivation of the Eqs. (4.1)-(4.2) can be found in Appendix A. Throughout this work

we will identify the emitted gluon with the final jet observed experimentally. For numerical results

at NLO see Ref. [31].

The cross sections for the mono-jet processes are measured with a precision roughly of the order

of 10%, although this number can fluctuate due to many factors (jet energy scale, PDFs, etc.).

However, as we are going to show, the e↵ect of taking into account a cuto↵ scale can be larger

than the precision of the cross section measurement, so the concern about the validity of the EFT

approach is justified.

4.1 The e↵ect of the EFT cuto↵

Let us suppose we know nothing about the UV completion of the EFT. Even so, we know that

adopting only the lowest-dimensional operator of the EFT expansion is accurate only if the transfer

energy is smaller than an energy scale of the order of ⇤, see Eqs. (2.1), (2.5). However, up to what

exact values of Q
tr

/⇤ is the EFT approach justified? Let us consider the ratio of the cross section

obtained in the EFT by imposing the constraint Q
tr

< ⇤ on the PDF integration domain, over the

cross section obtained in the EFT without such a constraint

R

⇤

⌘

d2�
e↵

dp
T

d⌘

����
Qtr<⇤

d2�
e↵

dp
T

d⌘

. (4.5)

This ratio quantifies the fraction of the di↵erential cross section for qq̄ ! ��+gluon, for given p

T

, ⌘ of

the radiated object, mediated by the e↵ective operator (2.3), where the momentum transfer is below

the scale ⇤ of the operator. Values of R
⇤

close to unity indicate that the e↵ective cross section is

describing processes with su�ciently low momentum transfers, so the e↵ective approach is accurate.

On the other hand, a very small R
⇤

signals that a significant error is made by extrapolating the

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and m

DM

, for various choices of p
T

and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p

T

, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R
⇤

with a grain of salt.
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R
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as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R
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as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

To sum over the possible p

T

, ⌘ of the jets, we integrate the cross sections over values typically
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As an example, we consider two cases: p

min

T

= 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R
⇤

, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
tr

i in Section 3, and

also for larger ⇤, when the e↵ect of the cuto↵ becomes negligible. On the other hand, R
⇤

goes to

zero at ⇤ = 2m
DM

, as the phase space of DM pair production Q

tr
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DM

gets closed. Notice also

that the ratios involving di↵erential and total cross sections (R
⇤

and R

tot

⇤

) are very similar, as a

consequence of the fact that the integrands are very peaked at low p

T

and at ⌘ = 0.

We stress that this calculation does not rely on any specific UV completion of the EFT, but it

is completely rooted in the e↵ective operator and the requirement of a consistent use of it within its

range of validity. Its only limitations are the lack of a precise identification of the cuto↵ scale and

that it applies to the case in which the momentum transfer occurs in the s-channel. The quantities

in Eqs. (4.5)-(4.6) cannot be computed straightforwardly by MonteCarlo simulations of the events,
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The explicit derivation of the Eqs. (4.1)-(4.2) can be found in Appendix A. Throughout this work

we will identify the emitted gluon with the final jet observed experimentally. For numerical results

at NLO see Ref. [31].
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of 10%, although this number can fluctuate due to many factors (jet energy scale, PDFs, etc.).
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, for various choices of p
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results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q
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should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p
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Figure 5: Top row: Contours for the ratio R

tot

⇤

, defined in Eq. (4.6), on the plane (m
DM

,⇤). We setp
s = 8TeV, |⌘|  2 and p

min

T

= 120GeV (left panel), p

min

T

= 500GeV (right panel). Bottom row: 50%

contours for the ratio R

tot

⇤

, varying the cuto↵ Q

tr

< ⇤/2 (dotted line), ⇤ (solid line), 2⇤ (dashed line), 4⇡⇤

(dot-dashed line). We have also shown the contour corresponding to ⇤ < m

DM

/(4⇡) (see Eq. (2.6)), which is

often used as a benchmark for the validity of the EFT. We set

p
s = 8TeV, |⌘|  2 and p

min

T

= 120GeV (left

panel), pmin

T

= 500GeV (right panel).

row of Fig. 5, for the representative contour R

tot

⇤

= 50%. The extreme, and most conservative,

situation Q

tr

< 4⇡⇤, corresponding to couplings in the UV theory at the limit of the perturbative

regime, is also shown. Yet, the corresponding 50% contour is above the limit ⇤ > m

DM

/(4⇡) (see

Eq. (2.6)), which is often used as a benchmark for the validity of the EFT. This means that the

parameter space regions of validity of the e↵ective operator approach can be smaller than commonly

considered.

4.2 Comparing the e↵ective operator with a UV completion

Let us now turn to quantify the validity of the EFT by comparing cross sections for the production

of DM plus mono-jet or mono-photon in the simple example of a theory containing a DM particle

� and a heavy mediator S with the Lagrangian described in Eq. (2.2) with its e↵ective counterpart

given by the operator in Eq. (2.3). The matching condition implies ⇤ = M/

p
g

q

g

�

. Let us study

9
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of the mediator is varied between M/3 and M/8p.
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Simplified Models
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇤⇤)+ j and (W � �inv⇤)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⌅(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

“Integrate in” the mediator

q

q̄

q

q̄

�

�

eq

eq

eq

�̄

�̄

(a)

g �

�̄

q

q

q

eq

q

g

�

�̄

q

eq

(b)

g �

�̄

q

q

q

eq

q

g

�

�̄

q

eq

(c)

q �

q

�̄
g

eq

eq

(d)

q

q̄

q

q̄

�

�

eq

eq

eq

�̄

�̄

(e)

FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, m
M

, is well

above the typical production energies at the collider, m
M

� ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�
t

⇠ g

4
M

m

4
M

⌘ 1
⇤4
DD

. (3)

In this limit, ⇤
DD

maps uniquely to a constraint on the direct detection cross-section, �
DD

,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the p
T

cut on the mono-jet and the MET cut, for the EFT

to be valid m
M

� max
�
pj
T

, /E
T

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤
DD

not too far from the MET cut, so that the EFT limit requires

both g
M

and m
M

to be large.
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Figure 8: Comparing monojet and dijet constraints. The solid, dashed and dotted curves are for
ATLAS dijet resonance search, ATLAS monojet search with VeryHighPT cut and CDF dijet search,
respectively. The red, green, blue, pink and black are for gD/gZ0 = 1, 3, 5, 10, 20, respectively. The
mass of DM is assumed to be 5 GeV.

68], we calculate the ⇧2 which defined as

⇧2 =
�

i

(⌅̄new
i + ⌅̄QCD

i � ⌅̄exp
i )2

⇥2exp + ⇥2QCD

, (4.1)

where ⌅̄new
i , ⌅̄QCD

i and ⌅̄exp
i are the new contributions, QCD background and experimental

value in the i-th bin for certain Mjj group, respectively. ⇥exp and ⇥QCD are the uncertainties

of experimental values and QCD background. To get 95% C.L. constraint on gZ0 for certain

values of gD and MZ0 , we require that in each mjj group the possibility to get calculated ⇧2

should be smaller than 0.05. The constraints on gZ0 from CMS and D0 are shown in Fig. 9,

where the red and green curves are for D0 and CMS respectively; and the corresponding

constraints on direct detection cross sections are shown in Fig. 7.

Since Tevatron is a pp̄ collider, the main background is from qq̄ ⌅ jj and gg ⌅ jj. The

dominant contribution to the signal is from qq̄ ⌅ Z � ⌅ qq̄, where Z � can be either on or

o⇥ shell. gg ⌅ gg provides dominant background in the energy region of
⌃
ŝ < 300 GeV.

However, it drops steeply at
⌃
ŝ ⇧ 500 GeV, where qq̄ ⌅ jj becomes dominant with a much

smaller rate. At the same time, Z � with MZ0 ⇥ 500 GeV can still be produced on-shell.

Therefore, we see from red curve in Fig. 9 that the constraint gets stronger at around 500

to 800 GeV. For larger MZ0 , Z � on-shell production is strongly suppressed by the steeply

falling PDF. As a result, the constraint on the coupling gets weaker and eventually reaches

the limit of the contact interaction, which is illustrated by the plateau of the red dashed

curve in Fig. 7. The height of the plateau can be interpreted as � ⇤ 2 TeV for a quark

composite operator (2⇤/�2)(q̄�µq)2 which agrees with the result from the compositeness

search at D0 [66].

At the LHC, the major background comes from gg ⌅ jj and qq ⌅ jj. The signal contains

two contributions which are shown in Fig. 10, where (a) is an 1/NC suppressed interference

– 14 –
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•The Higgs exists. DM exists.        

• The Higgs is a motivated candidate for mediator of DM 
interaction. a.k.a. the Higgs Portal.

•Assuming Standard Higgs production:

Limit on invisible Higgs.

Limit on Higgs-DM coupling.

Limit on direct detection.

Higgs and DM [Fox, Harnik, Kopp, Tsai]
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Figure 10: Left: Projected 95% C.L. upper bounds on dark matter–nucleon scattering mediated by a Higgs
boson from future ATLAS searches for invisible Higgs decays. Limits are shown for the Z +H and vector
boson fusion (VBF) production modes, and for Higgs masses of 120 GeV and 250 GeV [72]. Right: Lower
95% C.L. bounds on dark matter–nucleon scattering mediated by a Higgs boson, derived from the CMS
exclusion of a Standard Model Higgs boson in certain mass ranges [73], assuming that the Higgs was missed
at the LHC due to its large invisible width. The direct detection limits we show for comparison are the
same as in figures 5 and 9.

channel ZH
inv

VBF

mh = 120 GeV 0.75 0.55

mh = 250 GeV – 0.85

Using these bounds and equation (16), we can set upper limits on the direct detection cross section.
These limits are shown in the left panel of figure 10 for various Higgs masses and production
channels. These dark matter–nucleon scattering cross section bounds are more stringent than the
mono-jet and mono-photon bounds of the previous sections due to the smallness of the Higgs–
nucleon coupling. The bounds deteriorate when the dark matter mass approaches the kinematic
limit for invisible Higgs decay at m� = mh/2. Comparing the results for di↵erent Higgs masses,
the bound for a 250 GeV Higgs is weaker than the one for mh = 120 GeV because at 120 GeV,
the SM Higgs width �(SM) is small, allowing the invisible channel to compete even for moderate
couplings. At 250 GeV, the SM decay rate is dominated by decays to W and Z bosons, and in
order for the Higgs to have a sizeable invisible branching fraction, the coupling to dark matter
must be quite large. This e↵ect over-compensates the 1/m4

h suppression in the direct detection
cross section which pushes the limits in the opposite direction.

6.2. A Lower Bound on Dark Matter–Nucleon Scattering from Current Higgs Limits

In the previous subsection we discussed the future reach of the LHC in discovering dark matter
“directly” through invisible Higgs decay. But if dark matter indeed couples to the Standard Model
through Higgs exchange, there is always an interesting connection between the Higgs search and

[Fox, Harnik, Kopp, Tsai]
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•Colliders can place strong constraints on dark matter
•Competitive with direct detection searches
•Light DM
•Spin dependent
•Independent of all astrophysics uncertainties
•Light mediators alter collider bounds, more parameters
•Simplified models provide a good framework
•Beware of model dependence
•Correlated searches (mono-X, jets+MET, dijets,...)

Lots of work to do!

Conclusions
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XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP
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(Assume local abundance is 0.3 GeV/cm3)
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upper limit on the binomial probability of an alpha decay
registering in the nuclear recoil signal region of<26%. At
this operating pressure and temperature, an alpha particle
will create bubble nucleation sites along its entire track,
and there is clear evidence of a neutron background from
the multiple scatter events, so these three events are likely
not alpha decays. Therefore the presently derived alpha
background rejection should be considered a conservative
assessment for the potential of this technique. We expect an
improved estimate from runs in a deeper underground site,
where the residual neutron background should be absent.

Interpreting the three events in the signal region as
WIMP candidates results in a 90% Poisson upper limit of
6.7 for the mean of the signal. The resulting improved
limits on spin-dependent WIMP-proton couplings are
shown in Fig. 4. The spin-independent sensitivity that
can be extracted from present data is comparable to that
obtained by the CDMS Collaboration in another shallow
underground facility [13]. The calculations assume
the standard halo parametrization [14], with !D ¼
0:3 GeV c"2 cm"3, vesc ¼ 650 km=s, vE ¼ 244 km=s,
v0 ¼ 230 km=s, and the spin-dependent couplings from
the compilation in Tovey et al. [15].

In view of the #10"11 intrinsic rejection against mini-
mum ionizing backgrounds [5] and the acoustic alpha
rejection demonstrated in this Letter, a leading sensitivity
to both spin-dependent and spin-independent WIMP cou-
plings can be expected from the operation of CF3I bubble

chambers deep underground. A first exploration of the
constrained minimal supersymmetric model (cMSSM)
spin-dependent parameter space [16] of supersymmetric
dark matter candidates is expected from operation of this
chamber in a deeper site. At the time of this writing, a 60 kg
CF3I COUPP bubble chamber is being commissioned.
We would like to thank Fermi National Accelerator

Laboratory, the Department of Energy, and the National
Science Foundation for their support including Grants
No. PHY-0856273, No. PHY-0555472, No. PHY-
0937500, and No. PHY-0919526. We acknowledge techni-
cal assistance from Fermilab’s Computing, Particle
Physics, and Accelerator Divisions, and from E. Greiner,
P. Marks, B. Sweeney, and A. Vollrath at IUSB.
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What next?

“Mono” searches: ��(j1, j2) < 2.5 Njet  2

LHC is a jets “factory”, can we do better?

Steal from SUSY jets+MET analyses

[Rogan 1006.2727]
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where MR is the longitudinal boost invariant quantity, defined by

MR =
�
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here pT = |✏pT |. Note that the missing transverse energy, ✏/ET is calculated from all activity

in the calorimeters whereas ✏p
j1,2
T involve just the jets above our cuts.

MR provides an estimate of the underlying scale of the event. MT
R is the transverse

observable that also estimates event-by-event the value of the underlying scale. The “razor”

variable R2 is designed to reduce QCD multijet background to manageable levels. R is

correlated with the angle between the megajets. Events where the two mega-jets are roughly

co-linear have R2 ⇤ 1 while events with back-to-back megajets have small R2. In general

R2 has a maximum value of approximately 1, and the QCD multijet background peaks at

R2 = 0. Thus, by imposing a cut on R2, one can essentially eliminate the QCD multijet

background.

B. Analysis

The razor analysis uses a set of dedicated triggers which allow one to apply low thresholds

on MR and R2. The events that pass the triggers are then classified into six disjoint boxes

which correspond to di�erent lepton selection criteria [27]. For our purposes, we consider

only the HAD box which contains all the events that fail lepton requirements, described

below. After QCD is removed using a strong R2 cut, the dominant backgrounds to our

process are (Z ⌅ �̄�)+jets, (W ⌅ ↵inv�)+jets, (W ⌅ ⇥h�)+jets, and tt̄, where ↵inv denotes a

lepton that is missed in the reconstruction, and ⇥h is a hadronically decaying tau-lepton. We

have simulated the dominant SM backgrounds using MadGraph5 [28] at the matrix element

level, Pythia 6.4 [29] for parton showering and hadronization, and PGS [30] as a fast detector

simulation. We generate W/Z + n jets, where n = 1, 2, 3 for the background, and use MLM

matching [31] with a matching scale of 60 GeV. We generate both matched and unmatched
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(d) Signal (M� = 100 GeV, � = 644 GeV).

FIG. 1: R2 vs. MR distribution for SM backgrounds (a) (Z � �̄�)+jets, (b) W+jets (including

decays to both ⌥inv and ⇥h, (c) tt̄, and (d) DM signal with M� = 100 GeV and � = 644 GeV. In

all cases the number of events are what is expected after an integrated luminosity of 800 pb�1.

The cuts applied in MR and R2 are shown by the dashed lines and the “signal” region is the upper

right rectangle.

C. Signal and Background Shapes

The shape of the MR and R2 distributions for the dominant backgrounds and a sample

signal are shown in Fig. 1. The dependence of the signal shape on dark matter mass is
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FIG. 1: R2 vs. MR distribution for SM backgrounds (a) (Z � �̄�)+jets, (b) W+jets (including

decays to both ⌥inv and ⇥h, (c) tt̄, and (d) DM signal with M� = 100 GeV and � = 644 GeV. In

all cases the number of events are what is expected after an integrated luminosity of 800 pb�1.

The cuts applied in MR and R2 are shown by the dashed lines and the “signal” region is the upper

right rectangle.

C. Signal and Background Shapes

The shape of the MR and R2 distributions for the dominant backgrounds and a sample

signal are shown in Fig. 1. The dependence of the signal shape on dark matter mass is

signal
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quenching factors: qNa = 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and

for CRESST, we show the 1� and 2� contours.
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As in the case of direct detection, we assume universal DM couplings in quark flavor. In

Fig. 7, we show ⌃⇥vrel⌥ as functions of the DM mass, taking ⌃v2rel⌥ = 0.24, which corresponds

to the average DM velocity during the freeze-out epoch. A much smaller average ⌃v2rel⌥,

e.g. in the galactic environment, would lead to stronger bounds. If the DM has additional

annihilation modes, the bounds weaken by a factor of 1/BR(⇤̄⇤ ⌅ q̄q). Assuming that

the e⇥ective operator description is still valid during the freeze-out epoch, the thermal relic

density cross-section is ruled out at 90 % C.L. for m�
<⇤ 20 GeV for OV , and m�

<⇤ 100 GeV

for OA.
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [42], XENON-10 [43], XENON-100 [44], DAMA [45], CoGeNT [46,
47] and CRESST [48], and constraints on spin-dependent scattering from DAMA [45], PICASSO [49],
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 47, 53] to the experimental data. Following [54], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3⇥ contours. For CRESST, the contours are 1⇥ and 2⇥
as in [48].

searches. The dark matter annihilation rate is proportional to the quantity ⌅⇥vrel⇧, where ⇥ is the
annihilation cross section, vrel is the relative velocity of the annihilating particles, and the average ⌅·⇧
is over the dark matter velocity distribution in the particular astrophysical environment considered.
Working again in the e⇥ective field theory framework, we find for dark matter coupling to quarks
through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],
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Here the sum runs over all kinematically accessible quark flavors, and mq denotes the quark masses.
We see that, for both types of interaction, the leading term in ⇥vrel is independent of vrel when there
is at least one annihilation channel with m2

q � m2
�v

2
rel. Note that for DM couplings with di⇥erent

Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger vrel-dependence. For such operators, collider bounds on ⌅⇥vrel⇧ can be significantly stronger
than in the cases considered here, especially in environments with low

�
v2rel

⇥
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on ⌅⇥vrel⇧ as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not
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Figure 7: Inferred ATLAS 95% CL limits on WIMP annihilation rates 〈σ v〉 versus mass mχ. 〈σ v〉 is

calculated for an environment with
〈

v2
〉

= 0.24 (cf. ref. [15]). The thick solid lines are the observed limits

excluding theoretical uncertainties, the observed limits corresponding to the −1σtheory lines in figure 5

are shown as thin dotted lines. The ATLAS limits are for the four light quark flavors assuming equal

coupling strengths for all quark flavors to the WIMPs. For comparison, high-energy gamma-ray limits

from the Fermi LAT [71] for Majorana WIMPs are shown, scaled up by a factor of two to make them

comparable to the ATLAS Dirac WIMP limits. All limits shown here assume 100% branching fractions

of WIMPs annihilating to quarks. The horizontal dashed line indicates the value required for WIMPs to

make up the relic abundance set by the WMAP measurement.

limits are below the value needed for WIMPs to make up the cold dark matter abundance, assuming

WIMPs have annihilated exclusively via the particular operator to SM quarks while they were in thermal

equilibrium in the early universe. In this case WIMPs would result in relic densities that are too large

and hence incompatible with the WMAP measurements. For masses of mχ ≥ 200 GeV the ATLAS

sensitivity worsens substantially compared to the Fermi LAT one. This will improve when the LHC

starts operations at higher center-of-mass energies in future.

The value of using an effective field theory for WIMPs coupling to SM particles is that only two

parameters, M∗ and mχ, can describe WIMP pair production at the LHC, WIMP-nucleon scattering

measured by direct-detection experiments, and WIMP annihilation measured by indirect-detection ex-

periments. The complementarity between the different experimental approaches can hence be explored

under a number of important assumptions: the effective field theory must be valid, WIMPs must interact

with SM quarks or gluons exclusively via only one of the operators of the effective field theory (since a

mix of operators with potential interference effects is not considered here), and the interactions must be

flavor-universal for the four light quarks. In the future, should there be a WIMP signal in at least one of

20
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Monojets and other invisibles

3

interactions leading to (1) can be written as the following
dimension-6 operators

Ldim�6
NSI = �

2"qP
↵�

v2
(L↵�µL�)(q�µPq), (2)

where L = (⌫, `) is the lepton doublet and v2 = 1/
p
2GF .

These operators are very strongly bounded by processes
involving charged leptons `. It has been argued, how-
ever, that Eq. (2) should not be used to derive model-
independent bounds, as the NSI could also arise from
more complicated e↵ective operators. If such operators
involve the Higgs field, the obvious SU(2)L connection
may be broken [14, 26–28]. Typical examples are mod-
els where (1) arises from dimension-8 operators of the
form [27]

Ldim�8
NSI = �

4"qP
↵�

v4
(HL↵�µHL�)(q�µPq), (3)

with H being the Higgs doublet. In defining the coe�-
cient of the operator we used the fact that in the unitary
gauge H†H ! (v + h)2 /2, with h the Higgs field. In
this case the low-energy Lagrangian (1) need not be ac-
companied by same-strength operators involving charged
leptons.

Lastly, let us note that even the NSI Lagrangian (3)
will inevitably contribute to charged lepton processes at
high energies [29]. We will see in Sec. VB that the op-
erator in Eq. (3) does indeed produce charged leptons at
the LHC, at potentially detectable levels.

III. MONOJET BOUNDS ON NEUTRINO
CONTACT INTERACTIONS

At the simplest level, the four fermion operator in
Eq. (1) gives rise to the distinctive but invisible pro-
cess qq̄ ! ⌫↵⌫� . This event is rendered visible if for
example one of the initial state quarks radiates a gluon,
qq̄ ! ⌫↵⌫�g. This along with the two other diagrams in-
volving quark-gluon initial states shown in Fig. 2 consti-
tute the monojet plus missing transverse energy (MET)
signal we consider here:

pp (pp̄) ! j ⌫̄↵⌫� , j = q, q, g. (4)

Analogous constraints on NSI [27] and dark matter [30]
involving electrons arise at e+e� colliders where instead
of a jet one has a photon in the final state.

Below, in Sec. IIIA, we describe our derivation of
the bounds from the LHC (ATLAS [31]) and Tevatron
(CDF [4, 5, 32]) data, assuming the interactions remain
contact for all relevant energies. The summary of these
bounds is presented in Table I. We note that these con-
straints improve considerably the corresponding bounds
on "e⌧ , "⌧⌧ , "ee, as reported in [28].

Given that the LHC is already at the frontier of
neutrino-quark interactions, it is natural to ask how these

CDF ATLAS [31]

GSNP [32] ADD [4, 5] LowPt HighPt veryHighPt

"uP↵�=↵ 0.45 0.51 0.40 0.19 0.17

"dP↵�=↵ 1.12 1.43 0.54 0.28 0.26

"uP↵� 6=↵ 0.32 0.36 0.28 0.13 0.12

"dP↵� 6=↵ 0.79 1.00 0.38 0.20 0.18

TABLE I: Bounds on the contact NSI from the CDF and
ATLAS monojet + MET searches. The CDF bounds are
based on 1.1 fb�1 of data and are shown for two sets of cuts,
the softer “Generic Search for New Physics” (GSNP) cuts [32]
and the harder ones optimized for the ADD searches [4, 5].
The ATLAS bounds are based on 1 fb�1 for the three di↵erent
cuts analyzed in [31]. All bounds correspond to 95% C.L. The
bounds do not depend on the neutrino flavor ↵,� = e, µ, ⌧ nor
on the chirality P = L,R of the quark. We assume only one
coe�cient at a time is turned on. When several coe�cients
contribute the bound reads as shown in Eq. (6).

q/q
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g
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q/q
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g

⌫�
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FIG. 2: Feynman diagrams contributing to the monojet sig-
nal (4), with time flowing from left to right. The shaded blobs
denote the NSI contact interaction. At the 7 TeV LHC the qq
initial state contributes approximately the 70% of the signal.

bounds will change in the near future, as more data is
collected and analyzed. In Section III B we attempt to
make some informed projections of the bounds, conclud-
ing that a significant improvement in the bounds will only
be achieved once systematics are reduced. We note that
although CMS also has a monojet study with a compa-
rable data set [33], we use the ATLAS study precisely
because of its careful discussion of the systematics.
We also examine the e↵ect of the event selection crite-

ria as a determinant in setting the bounds. In particular,
note that while the hardest pT cut of the five selection cri-
teria in Table I yields the strongest bound in the contact
limit, the same is not true in the light mediator regime,
as we show in Sec. IV.

A. Analysis details

The standard model (SM) monojet backgrounds are
primarily due to pp(pp̄) ! jZ ! j⌫⌫, pp(pp̄) ! jW !
j`⌫ where the charged lepton is missed, and multi-jet
QCD events [31–33].
The CDF collaboration released its monojet data with

two sets of cuts. One is designed for a generic search for
new physics (henceforth, the GSNP cut) [32], the other

[Friedland et al., 
1111.5331]
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FIG. 1: The e↵ect of the flavor-diagonal (left) and flavor o↵-diagonal (right) NSI on the day-time survival probability P (⌫e ! ⌫e)
of electron neutrinos from the Sun. The thick black curves represent the Standard Model expectations, using the recently
measured sin2 2✓13 ' 0.1 [16, 17], while the thin red curves represent the result of varying the NSI " parameters per electron

in the range [�0.2, 0.2]. The neutrino is taken to be produced at the center of the Sun (a good approximation for the 8B
neutrinos).

ter or large extra dimensions. In fact, our monojet con-
straints can be directly recast as bounds on dark matter
scenarios. With the addition of other data, however, it
may be possible to resolve the “dark matter/neutrino
ambiguity”. We present several examples of this.

The presentation is organized as follows. After a brief
introduction (Section II), we analyze the potential of
monojet searches under the assumption that neutrino
NSI remain contact (Section III). We show that the
present data allow the scale of these operators to be as
low as 500 GeV, which motivates us to consider scenar-
ios with finite mediator mass in Section IV. In Section V,
we discuss how multilepton searches at the LHC as well
as lepton flavor-violating decays can be used to discrimi-
nate neutrinos from other sources of missing energy. Sec-
tion VI summarizes our conclusions.

II. GENERALITIES AND NOTATION

We begin by defining the Lagrangian for neutrino
NSI. We consider modifications to the neutral current
neutrino-quark interactions. The strength of these modi-
fications is conventionally defined in units of the SM weak
interaction, given by GF :

LNSI = �2
p
2GF "fP

↵� (⌫↵�⇢⌫�)
�
f�⇢Pf

�
. (1)

Here f denotes the SM fermion flavor, P is the left/right
projector, and "fP are hermitian matrices in the neutrino
flavor space spanned by ↵, � = e, µ, ⌧ . Throughout the
Letter we assume that the neutrinos are left-handed and
consider f = u, d. The up and down quark couplings
are relevant for neutrino oscillations in matter and also
provide the dominant contribution to proton collisions.

Importantly, the relationship between NSI e↵ects in os-
cillations and at colliders is not one-to-one. Indeed, since

for oscillations in matter forward scattering amplitudes
add up coherently, only vector couplings "fL

↵� + "fR
↵� are

important. In contrast, in collisions nonstandard axial

couplings also modify the neutrino production rate and
hence are also probed. Moreover, note that NSI in Fig. 1
and in many oscillation analyses are given per electron.
Since, for the chemical composition of the Sun, there are
4-5 quarks per electron, the range of the NSI parameters
in Fig. 1 is a few percent per quark.
As the right panel of the figure shows, flavor-changing

NSI of this magnitude (and the right sign) make the
P (⌫e ! ⌫e) function above a few MeV flat [18]. This
fits the data from SNO [21, 22], Super-Kamiokande [23],
and Borexino [24] better than the SM curve [25].
The implicit assumption in Eq. (1) is that the new

physics can be safely integrated out, leaving a contact in-
teraction. This seems reasonable at energy scales relevant
to solar neutrinos. In the neutrino oscillation literature,
this assumption is also typically extended to the more
energetic atmospheric neutrinos, where it is less obvious.
At the Tevatron and LHC energies, it becomes even less
obvious. We will therefore explore the collider signatures
of NSI in two stages: first, by assuming the contact form
of Eq. (1) and then by relaxing this assumption.
Eq. (1) in general contains both flavor-changing and

flavor-diagonal NSI. The former produce final states that
have no SM analogs, and hence behave at colliders like
light dark matter. In contrast, the latter can interfere

with the SM, leading to a nontrivial di↵erence with the
dark matter analyses. Whether this interference is practi-
cally important dependends on the strength of the bound,
as we will explore in what follows.
Another important di↵erence with dark matter is that

neutrinos are charged under the electroweak symmetry.
This suggests that NSI may be accompanied by same
strength operators involving the charged leptons. This
is indeed so if before electroweak symmetry breaking the
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will inevitably contribute to charged lepton processes at
high energies [29]. We will see in Sec. VB that the op-
erator in Eq. (3) does indeed produce charged leptons at
the LHC, at potentially detectable levels.

III. MONOJET BOUNDS ON NEUTRINO
CONTACT INTERACTIONS

At the simplest level, the four fermion operator in
Eq. (1) gives rise to the distinctive but invisible pro-
cess qq̄ ! ⌫↵⌫� . This event is rendered visible if for
example one of the initial state quarks radiates a gluon,
qq̄ ! ⌫↵⌫�g. This along with the two other diagrams in-
volving quark-gluon initial states shown in Fig. 2 consti-
tute the monojet plus missing transverse energy (MET)
signal we consider here:

pp (pp̄) ! j ⌫̄↵⌫� , j = q, q, g. (4)

Analogous constraints on NSI [27] and dark matter [30]
involving electrons arise at e+e� colliders where instead
of a jet one has a photon in the final state.

Below, in Sec. IIIA, we describe our derivation of
the bounds from the LHC (ATLAS [31]) and Tevatron
(CDF [4, 5, 32]) data, assuming the interactions remain
contact for all relevant energies. The summary of these
bounds is presented in Table I. We note that these con-
straints improve considerably the corresponding bounds
on "e⌧ , "⌧⌧ , "ee, as reported in [28].

Given that the LHC is already at the frontier of
neutrino-quark interactions, it is natural to ask how these

CDF ATLAS [31]

GSNP [32] ADD [4, 5] LowPt HighPt veryHighPt

"uP↵�=↵ 0.45 0.51 0.40 0.19 0.17

"dP↵�=↵ 1.12 1.43 0.54 0.28 0.26

"uP↵� 6=↵ 0.32 0.36 0.28 0.13 0.12

"dP↵� 6=↵ 0.79 1.00 0.38 0.20 0.18

TABLE I: Bounds on the contact NSI from the CDF and
ATLAS monojet + MET searches. The CDF bounds are
based on 1.1 fb�1 of data and are shown for two sets of cuts,
the softer “Generic Search for New Physics” (GSNP) cuts [32]
and the harder ones optimized for the ADD searches [4, 5].
The ATLAS bounds are based on 1 fb�1 for the three di↵erent
cuts analyzed in [31]. All bounds correspond to 95% C.L. The
bounds do not depend on the neutrino flavor ↵,� = e, µ, ⌧ nor
on the chirality P = L,R of the quark. We assume only one
coe�cient at a time is turned on. When several coe�cients
contribute the bound reads as shown in Eq. (6).
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FIG. 2: Feynman diagrams contributing to the monojet sig-
nal (4), with time flowing from left to right. The shaded blobs
denote the NSI contact interaction. At the 7 TeV LHC the qq
initial state contributes approximately the 70% of the signal.

bounds will change in the near future, as more data is
collected and analyzed. In Section III B we attempt to
make some informed projections of the bounds, conclud-
ing that a significant improvement in the bounds will only
be achieved once systematics are reduced. We note that
although CMS also has a monojet study with a compa-
rable data set [33], we use the ATLAS study precisely
because of its careful discussion of the systematics.
We also examine the e↵ect of the event selection crite-

ria as a determinant in setting the bounds. In particular,
note that while the hardest pT cut of the five selection cri-
teria in Table I yields the strongest bound in the contact
limit, the same is not true in the light mediator regime,
as we show in Sec. IV.

A. Analysis details

The standard model (SM) monojet backgrounds are
primarily due to pp(pp̄) ! jZ ! j⌫⌫, pp(pp̄) ! jW !
j`⌫ where the charged lepton is missed, and multi-jet
QCD events [31–33].
The CDF collaboration released its monojet data with

two sets of cuts. One is designed for a generic search for
new physics (henceforth, the GSNP cut) [32], the other
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