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Lots of evidence for DM

Dark Matter Annika H. G. Peter
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Figure 1: Contents of the Universe, as illustrated by a chocolate cupcake. Recipe available upon request.

1. Introduction

Dark matter is the dominant gravitationally attractive component in the Universe, but we do
not know what it consists of. All the evidence for the existence of dark matter and constraints on
its nature come from astronomy. This is what we know so far:

Abundance: We may infer the content of the Universe from observations of the cosmic mi-
crowave background and of large-scale structure [1, 2, 3]. The relative abundances of the major
components of the Universe are illustrated by the chocolate cupcake in Fig. 1. Baryons lightly
sprinkle the Universe, as they constitute only about 4% of the total mass-energy density. Dark
energy makes up the bulk of the Universe at the present epoch, clocking in at ! 73%, just as the
cake dominates the cupcake. Dark matter comprises ! 23% of the Universe. Just as the chocolate
frosting glues the sprinkles together on the cupcake, dark matter holds baryons together to form
galaxies, galaxy groups, and galaxy clusters.

A few things it cannot be: Dark matter cannot consist of baryons. There are two lines of
evidence for this. First, if baryons made up all the dark matter, the cosmic microwave background
and cosmic web of structure would look radically different. Second, the abundance of light el-
ements created during big-bang nucleosynthesis depends strongly on the baryon density (more
precisely, on the baryon-to-photon ratio) of the Universe (see [4] and references therein). Observed
abundances of deuterium and 4He constrain give similar constraints on the baryon density in the
Universe as those coming from cosmic microwave background observations. These lines of ev-
idence imply that a once-popular class of baryonic dark-matter candidate, the Massive Compact
Halo Object (MaCHO) class (e.g., brown dwarfs, stellar remnants) is cosmologically insignificant.

Dark matter cannot consist of light (sub-keV-mass) particles unless they were created via a
phase transition in the early Universe (like QCD axions [5]). This is because light particles are
relativistic at early times, and thus fly out of small-scale density perturbations. If particles were
created thermally or via neutrino oscillations, the speed of the particles, and hence the distance
they stream out of density perturbations, should be correlated with their mass. Thus, one may
map the smallest distance scale on which one sees clumpy structure to set a lower limit on the
dark-matter particle mass (low mass == high speed == large distance traveled == scale on which

2
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Evidence for DM locally?

Figure 2: Velocity distribution functions: the left panels are in the host halo’s restframe, the
right panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative
to Galactic DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell
centered at 8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the
median and the minimum and maximum values over the 100 sample spheres, and the dotted line
represents the best-fitting Maxwell-Boltzmann distribution.

are independent of location and persistent in time and hence reflect the detailed assembly
history of the host halo, rather than individual streams or subhalos. The extrema of the
sub-sample distributions, however, exhibit numerous distinctive narrow spikes at certain
velocities, and these are due to just such discrete structures. Note that although only
a small fraction of sample spheres exhibits such spikes, they are clearly present in some
spheres in all three simulations. The Galilean transform into the Earth’s rest frame washes
out most of the broad bumps, but the spikes remain visible, especially in the high veloc-
ity tails, where they can profoundly affect the scattering rates for inelastic and light DM
models (see Section 4).
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!DM ! 0.3 GeV cm
!3*

per unit detector mass at a DM direct detection experiment is given by [22]

dR

dER
=

NT mN !!

2µ2
N! m!

!

vmin

d3"v
f("v,"vE)

v
#N F 2(ER) , (2.1)

where mN ! AmP is the nucleus mass with mP the proton mass and A the atomic number;

F (ER) is the nuclear form factor and accounts for the fact that the cross section drops as

one moves away from zero momentum transfer; the two-parameter Fermi charge distribution

is used to calculate F (ER) throughout this paper [23]; NT is the number of target nuclei per

unit mass, given by NT = NA/A with Avogadro’s number, NA = 6.02 " 1026 kg!1; #N is the

cross section to scatter of a nucleus, and µN! is the reduced mass of the DM-nucleus system.

The DM mass is m! and we take the local DM density to be !! = 0.3 GeV/cm3. The velocity

of the dark matter onto the (Earth-borne) target is "v. The Earth’s velocity in the galactic

frame, "vE , is the sum of the Earth’s motion around the Sun [22] and the Sun’s motion in the

galaxy [24]. We assume the WIMP velocity distribution is Maxwell-Boltzmann with velocity

dispersion v0 = 220 km/s. Thus,

f("v,"vE) =
1

($ v2
0)

3/2
e!("v+"vE)2/v2

0 . (2.2)

As a function of time in the galactic frame, the Earth’s velocity is vE ! 227+14.4 cos [2$
"

t!t0
T

#

]

km/s, with T = 1 year and t0 is around June 2nd. The DM velocity distribution is cut-o!

at the galactic escape velocity. Thus, the upper limit of the integration in (2.1) is given by

|"v + "vE| # vesc, and the lower limit, since we will consider elastic scatters, is given by

vmin =

$

mNER

2µ2
N!

. (2.3)

The current allowed range for the galactic escape velocity [25] is 498 km/s # vesc # 608

km/s. For concreteness we set vesc = 500 km/s. Increasing this value slightly increases our

allowed parameter space, but the general features remain unchanged. Because of di!erent

energy detection e"ciencies for di!erent detectors, a quench factor fq is introduced to relate

the observed recoil energy, ĒR, to the actual recoil energy ER, ER = ĒR/fq. This allows one

to convert Eq. (2.1) to the experimental di!erential spectrums as dR/dĒR = 1/fq dR/dER.

For example, we take the quench factor fq = 0.085 for the iodine element in the DAMA

experiment.

In the usual calculation the nuclear cross section #N is related to the nucleon scattering

cross section, #p, by,

#N =
(Zfp + (A $ Z)fn)2

f2
p

µ2
N!

µ2
n!

#p , (2.4)

where fp,n are the coupling strengths of DM to protons and neutrons and µn! is the DM-

nucleon reduced mass. Here however, we wish to work explicitly with the nuclear scattering

cross section, and leave relating it to the microscopic Lagrangian to later, section 3. In
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DM’s properties and WIMP candidates

•“Cold” dark matter
•Non-baryonic
•Stable on cosmological time scales
•“Dark”, i.e. neutral under SM

Possible candidates:

•Axions
•Gravitinos
•Primordial black holes
•MACHOs
•WIMPs e.g. SUSY neutralino, KK-mode of UED, techni-
baryons, lightest T-odd little Higgs particle, LPOPs....
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DM as a thermal relic

A weak scale particle (WIMP) freezes out to leave the 
correct relic abundance - the WIMP “miracle”

“The weak shall inherit the Universe”

WIMP

superWIMP

FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many di!erent contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F!
3M!

, (11)

16

Ωh2 ≈ 0.1
�

m/T

20

� � g∗
80

�−1
�

3× 10−26cm2s−1

σv

�

!! ! f̄f

�σv� ∼ α2
W

M2
W

∼ 1 pb ∼ 3× 10−26cm2s−1

Amazing (misleading?) fact: 
[Feng and Kumar]
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Hey, I just met you,
And this is crazy,

But here’s my properties,
So discover me, maybe?
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Direct detection
!

q

!

q

Collider searches

q !

q̄ !

q!

q̄!

Indirect detection

Look up
Anti-matter 
excesses in 
cosmic rays, 

photons from 
centre of galaxy

Look down
Low rate, low 
energy recoil 

events in 
underground 

labs

Look small
Missing energy 

events at 
colliders

Searching for DM non-gravitationally

Thursday, 2 August 2012



Direct detection
!

q

!

q

Collider searches

q !

q̄ !

q!

q̄!

Indirect detection

Look up
Anti-matter 
excesses in 
cosmic rays, 

photons from 
centre of galaxy

Look down
Low rate, low 
energy recoil 

events in 
underground 

labs

Look small
Missing energy 

events at 
colliders

Searching for DM non-gravitationally

See
 H

oope
r, T

ait
, C

har
les

Thursday, 2 August 2012



Direct detection
!

q

!

q

Collider searches

q !

q̄ !

q!

q̄!

Indirect detection

Look up
Anti-matter 
excesses in 
cosmic rays, 

photons from 
centre of galaxy

Look down
Low rate, low 
energy recoil 

events in 
underground 

labs

Look small
Missing energy 

events at 
colliders

Searching for DM non-gravitationally

See
 H

oope
r, T

ait
, C

har
les

See
 H

oope
r, C

ollar
, Sa

ab,
 Bud

nik

Thursday, 2 August 2012



Putting colliders to work

What can we do with the LHC?
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Putting colliders to work

What can we do with the LHC?

•Find the Higgs, or whatever breaks EW symmetry
•Find the solution to the hierarchy problem e.g. 
susy, ex dims, little higgs, technicolor,....
•Find dark matter
•Understand dark energy
•..........

Constrain all of the above
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Model dependent searches at LHC 

•Hierarchy problem motivates new coloured states 
(squarks)
•SM observables (proton decay/PEWO) require 
introduction of new parity (R-parity)
•SM fields even, new states odd
•LPOP (LSP) stable    DM candidate?
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Model independent searches at LHC 
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•Does not assume any particular model/many at once
•Weak scale production x-sec
•Simple correspondence with other approaches

q !

q̄ !

Thursday, 2 August 2012



Model independent searches at LHC 

!

q

!

q

q !

q̄ !

q!

q̄!

•Does not assume any particular model/many at once
•Weak scale production x-sec
•Simple correspondence with other approaches

q !

q̄ ! “Monojets”

Thursday, 2 August 2012



Model independent searches at LHC 

!

q

!

q

q !

q̄ !

q!

q̄!

•Does not assume any particular model/many at once
•Weak scale production x-sec
•Simple correspondence with other approaches

“Monophotons”

q !

q̄ !

Thursday, 2 August 2012



Direct Detection

SM

!

SM

!

ER !

q2
!

2 MT
! 100 keV

How to distinguish this 
small number of low 
energy events from 

backgrounds?

R ∼ NT
ρχ
mχ

�σv�

Thursday, 2 August 2012



XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP

Wednesday, July 18, 2012
(Assume local abundance is 0.3 GeV/cm3)

[E. Aprile, Ascona July18 2012]

Thursday, 2 August 2012



XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP

Wednesday, July 18, 2012
(Assume local abundance is 0.3 GeV/cm3)

[E. Aprile, Ascona July18 2012]

Thursday, 2 August 2012



XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP

Wednesday, July 18, 2012
(Assume local abundance is 0.3 GeV/cm3)

[E. Aprile, Ascona July18 2012]

Thursday, 2 August 2012



XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP

Wednesday, July 18, 2012
(Assume local abundance is 0.3 GeV/cm3)

Threshold cuts off
[E. Aprile, Ascona July18 2012]

Thursday, 2 August 2012



XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP

Wednesday, July 18, 2012
(Assume local abundance is 0.3 GeV/cm3)

Threshold cuts off Rate ~1/m
[E. Aprile, Ascona July18 2012]

Thursday, 2 August 2012



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 !
0:3 GeV c"2 cm"3, vesc ! 650 km=s, vE ! 244 km=s,
v0 ! 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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1 Introduction

From astronomical and cosmological observations it is now clear that ! 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its e!ects with an e!ective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very di!erent. The momentum exchange during a DM-nucleus recoil is ! 100 MeV whereas at the

Tevatron the typical momentum exchange is 10" 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is su"ciently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can e!ectively be

integrated out and the scattering rate in both regimes scales as,

!DD ! g2
! g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, g! and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very di!erently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

q !

q̄ !

Mono-jet + 

µ =
m!mn

m! + mn

/ET σ1j ∼ αsg
2
χg

2
q
p2T
M4

Bounds are “model independent”, and astrophysics 
independent
No low mass threshold 
Unaffected by iDM, momentum/velocity suppression
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Operators

•DM a Dirac fermion
•Consider each operator separately

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 effective 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 suffers from
different systematic uncertainties than the mono-jet channel, and probes a different 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 effective 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 effective 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 effective 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 effective field theory. (We will investigate how departing

from the effective 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 effective operators, but rather to illustrate a wide

variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion

χ and consider the following effective operators
1

OV =
(χ̄γµχ)(q̄γµq)

Λ2
, (vector, s-channel) (1)

OA =
(χ̄γµγ5χ)(q̄γµγ5q)

Λ2
, (axial vector, s-channel) (2)

Ot =
(χ̄PRq)(q̄PLχ)

Λ2
+ (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 = αs
(χ̄χ) (Ga

µνG
aµν

)

Λ3
. (scalar, s-channel) (4)

In these expressions, χ is the dark matter field, q is a Standard Model quark field, Ga
µν is the gluon

field strength tensor, and PR(L) = (1±γ5)/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, Λ would be given by M/

√
gχgq, where M

is the mass of the mediator, gχ 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

χ 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 χ 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 OSMOχ, where OSM involves only Standard Model fields and Oχ 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

Λ2
(χ̄PRq)(q̄PLχ) + (L ↔ R) =

1

4Λ2
[(χ̄γµχ)(q̄γµq)− (χ̄γµγ5χ)(q̄γµγ5q)] =

1

4Λ2
(OV −OA) . (5)

If χ is a Dirac fermion both the OV and the OA components contribute to χ 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 effective 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 effective 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

See Goodman et al. [1008.1783] 
for more complete list
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Figure 1: The distribution of (a) Emiss
T and (b) pT( j1) for data (black full points with error bars)

and simulation (histograms) for Emiss
T > 350 GeV/c after the full event selection criteria are

applied. The Z(νν)+jets and W+jets backgrounds are normalized to their estimates from data.
An example of a dark matter signal (for axial-vector couplings and Mχ = 1 GeV/c2) is shown
as a dashed blue histogram and an ADD signal (with MD = 2 TeV, δ = 3) is shown as a dotted
red histogram.

consistent with pp collision events. The application of these data cleanup requirements would
reject approximately 2% of the dark matter signal and 3% of the ADD signal.

The signal sample is selected by requiring Emiss
T > 200 GeV/c and the jet with the highest trans-

verse momentum ( j1) to have pT( j1) > 110 GeV/c and |η( j1)| < 2.4. The triggers used to collect
these data are fully efficient for events passing these selection cuts. Events with more than
two jets (Njets > 2) with pT above 30 GeV/c are discarded. As signal events typically contain
jets from initial- or final-state radiation, a second jet ( j2) is allowed, provided ∆φ( j1, j2) < 2.5.
This angular requirement suppresses QCD dijet events. To reduce background from Z and W
production and top-quark decays, events with isolated muons or electrons with pT > 10 GeV/c
are rejected. Events with an isolated track with pT > 10 GeV/c are also removed as they come
primarily from τ-lepton decays. A track is considered isolated if the scalar sum of the trans-
verse momentum of all tracks with pT > 1 GeV/c in the annulus of 0.02 < ∆R < 0.3 around
its direction is less than 1% of its pT. Table 1 lists the numbers of data and SM background
events at each step of the analysis. Efficiencies for representative dark matter and ADD models
relative to the event yield passing Emiss

T > 200 GeV/c selection are also shown. The dominant
background is Z(νν̄)+jets and the next largest source of background is W+jets. The event yields
for Emiss

T > 250, 300, 350, and 400 GeV/c are also shown. A study of the Emiss
T requirement using

the signal samples showed that Emiss
T > 350 GeV/c is the optimal value for both the dark matter

and ADD models searches.

The Emiss
T and pT( j1) distributions are shown in Fig. 1, where the Z(νν̄)+jets and W+jets back-

grounds are normalized to the rate determined from data (Section 5) and other backgrounds
are normalized to the integrated luminosity.
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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, !+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
e!ective 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 " # A # # 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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Figure 5: ATLAS 90% CL lower limits on M! for di!erent masses of !. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1" band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1" limit lines around the observed

limit. The M! values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [32]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the e!ective field theory

approach breaks down [32]. The upper two plots are based on SR3, the lower two plots on SR4.
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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 effective 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 suffers from
different systematic uncertainties than the mono-jet channel, and probes a different 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 effective 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 effective 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 effective 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 effective field theory. (We will investigate how departing

from the effective 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 effective operators, but rather to illustrate a wide

variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion

χ and consider the following effective operators
1

OV =
(χ̄γµχ)(q̄γµq)

Λ2
, (vector, s-channel) (1)

OA =
(χ̄γµγ5χ)(q̄γµγ5q)

Λ2
, (axial vector, s-channel) (2)

Ot =
(χ̄PRq)(q̄PLχ)

Λ2
+ (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 1: The distribution of (a) Emiss
T and (b) pT( j1) for data (black full points with error bars)

and simulation (histograms) for Emiss
T > 350 GeV/c after the full event selection criteria are

applied. The Z(νν)+jets and W+jets backgrounds are normalized to their estimates from data.
An example of a dark matter signal (for axial-vector couplings and Mχ = 1 GeV/c2) is shown
as a dashed blue histogram and an ADD signal (with MD = 2 TeV, δ = 3) is shown as a dotted
red histogram.

consistent with pp collision events. The application of these data cleanup requirements would
reject approximately 2% of the dark matter signal and 3% of the ADD signal.

The signal sample is selected by requiring Emiss
T > 200 GeV/c and the jet with the highest trans-

verse momentum ( j1) to have pT( j1) > 110 GeV/c and |η( j1)| < 2.4. The triggers used to collect
these data are fully efficient for events passing these selection cuts. Events with more than
two jets (Njets > 2) with pT above 30 GeV/c are discarded. As signal events typically contain
jets from initial- or final-state radiation, a second jet ( j2) is allowed, provided ∆φ( j1, j2) < 2.5.
This angular requirement suppresses QCD dijet events. To reduce background from Z and W
production and top-quark decays, events with isolated muons or electrons with pT > 10 GeV/c
are rejected. Events with an isolated track with pT > 10 GeV/c are also removed as they come
primarily from τ-lepton decays. A track is considered isolated if the scalar sum of the trans-
verse momentum of all tracks with pT > 1 GeV/c in the annulus of 0.02 < ∆R < 0.3 around
its direction is less than 1% of its pT. Table 1 lists the numbers of data and SM background
events at each step of the analysis. Efficiencies for representative dark matter and ADD models
relative to the event yield passing Emiss

T > 200 GeV/c selection are also shown. The dominant
background is Z(νν̄)+jets and the next largest source of background is W+jets. The event yields
for Emiss

T > 250, 300, 350, and 400 GeV/c are also shown. A study of the Emiss
T requirement using

the signal samples showed that Emiss
T > 350 GeV/c is the optimal value for both the dark matter

and ADD models searches.

The Emiss
T and pT( j1) distributions are shown in Fig. 1, where the Z(νν̄)+jets and W+jets back-

grounds are normalized to the rate determined from data (Section 5) and other backgrounds
are normalized to the integrated luminosity.
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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, !+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
e!ective 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 " # A # # 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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Figure 5: ATLAS 90% CL lower limits on M! for di!erent masses of !. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1" band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1" limit lines around the observed

limit. The M! values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [32]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the e!ective field theory

approach breaks down [32]. The upper two plots are based on SR3, the lower two plots on SR4.
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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 effective 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 suffers from
different systematic uncertainties than the mono-jet channel, and probes a different 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 effective 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 effective 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 effective 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 effective field theory. (We will investigate how departing

from the effective 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 effective operators, but rather to illustrate a wide

variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion

χ and consider the following effective operators
1

OV =
(χ̄γµχ)(q̄γµq)

Λ2
, (vector, s-channel) (1)

OA =
(χ̄γµγ5χ)(q̄γµγ5q)

Λ2
, (axial vector, s-channel) (2)

Ot =
(χ̄PRq)(q̄PLχ)

Λ2
+ (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 !1!theory 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 m" region (< 10 GeV) where the XENON100 [66], CDMSII [67] or

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

gluons via D11, the collider limits would be competitive over almost the full m" 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 ! and relative velocity v, averaged over the dark matter velocity

distribution (#! 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 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering

cross section versus mass of dark matter particle for the (left) spin-independent and (right)

spin-dependent models with results from CMS using monophoton signature [14], CDF [15],

XENON100 [16], CoGeNT [17], COUPP[18], CDMS II [19, 20], Picasso [21], SIMPLE [22], Ice-

Cube [23], and Super-K [24] collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and effective contact

interaction scale Λ for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent

Mχ (GeV/c2) Λ (GeV) σχN (cm2) Λ (GeV) σχN (cm2)

0.1 754 1.03 × 10−42 749 2.90 × 10−41

1 755 2.94 × 10−41 751 8.21 × 10−40

10 765 8.79 × 10−41 760 2.47 × 10−39

100 736 1.21 × 10−40 764 2.83 × 10−39

200 677 1.70 × 10−40 736 3.31 × 10−39

300 602 2.73 × 10−40 690 4.30 × 10−39

400 524 4.74 × 10−40 631 6.15 × 10−39

700 341 2.65 × 10−39 455 2.28 × 10−38

1000 206 1.98 × 10−38 302 1.18 × 10−37

Table 7: Observed and expected 95% CL lower limits on the ADD model parameter MD (in

TeV/c2) as a function of δ, with and without NLO K-factors applied.

LO NLO

δ Exp. Limit Obs. Limit Exp. Limit Obs. Limit

(TeV/c2) (TeV/c2) (TeV/c2) (TeV/c2)

2 3.81 4.08 4.20 4.54

3 3.06 3.24 3.32 3.51

4 2.69 2.81 2.84 2.98

5 2.44 2.52 2.59 2.71

6 2.28 2.38 2.40 2.51

D8 = χ̄γµγ5χq̄γ
µγ5q

D9 = χ̄σµνχq̄σµνq
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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 !1!theory 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 m" region (< 10 GeV) where the XENON100 [66], CDMSII [67] or

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

gluons via D11, the collider limits would be competitive over almost the full m" 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 ! and relative velocity v, averaged over the dark matter velocity

distribution (#! 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 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering

cross section versus mass of dark matter particle for the (left) spin-independent and (right)

spin-dependent models with results from CMS using monophoton signature [14], CDF [15],

XENON100 [16], CoGeNT [17], COUPP[18], CDMS II [19, 20], Picasso [21], SIMPLE [22], Ice-

Cube [23], and Super-K [24] collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and effective contact

interaction scale Λ for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent

Mχ (GeV/c2) Λ (GeV) σχN (cm2) Λ (GeV) σχN (cm2)

0.1 754 1.03 × 10−42 749 2.90 × 10−41

1 755 2.94 × 10−41 751 8.21 × 10−40

10 765 8.79 × 10−41 760 2.47 × 10−39

100 736 1.21 × 10−40 764 2.83 × 10−39

200 677 1.70 × 10−40 736 3.31 × 10−39

300 602 2.73 × 10−40 690 4.30 × 10−39

400 524 4.74 × 10−40 631 6.15 × 10−39

700 341 2.65 × 10−39 455 2.28 × 10−38

1000 206 1.98 × 10−38 302 1.18 × 10−37

Table 7: Observed and expected 95% CL lower limits on the ADD model parameter MD (in

TeV/c2) as a function of δ, with and without NLO K-factors applied.

LO NLO

δ Exp. Limit Obs. Limit Exp. Limit Obs. Limit

(TeV/c2) (TeV/c2) (TeV/c2) (TeV/c2)

2 3.81 4.08 4.20 4.54

3 3.06 3.24 3.32 3.51

4 2.69 2.81 2.84 2.98

5 2.44 2.52 2.59 2.71

6 2.28 2.38 2.40 2.51
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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 !1!theory 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 m" region (< 10 GeV) where the XENON100 [66], CDMSII [67] or

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

gluons via D11, the collider limits would be competitive over almost the full m" 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 ! and relative velocity v, averaged over the dark matter velocity

distribution (#! 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 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering

cross section versus mass of dark matter particle for the (left) spin-independent and (right)

spin-dependent models with results from CMS using monophoton signature [14], CDF [15],

XENON100 [16], CoGeNT [17], COUPP[18], CDMS II [19, 20], Picasso [21], SIMPLE [22], Ice-

Cube [23], and Super-K [24] collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and effective contact

interaction scale Λ for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent

Mχ (GeV/c2) Λ (GeV) σχN (cm2) Λ (GeV) σχN (cm2)

0.1 754 1.03 × 10−42 749 2.90 × 10−41

1 755 2.94 × 10−41 751 8.21 × 10−40

10 765 8.79 × 10−41 760 2.47 × 10−39

100 736 1.21 × 10−40 764 2.83 × 10−39

200 677 1.70 × 10−40 736 3.31 × 10−39

300 602 2.73 × 10−40 690 4.30 × 10−39

400 524 4.74 × 10−40 631 6.15 × 10−39

700 341 2.65 × 10−39 455 2.28 × 10−38

1000 206 1.98 × 10−38 302 1.18 × 10−37

Table 7: Observed and expected 95% CL lower limits on the ADD model parameter MD (in

TeV/c2) as a function of δ, with and without NLO K-factors applied.

LO NLO

δ Exp. Limit Obs. Limit Exp. Limit Obs. Limit

(TeV/c2) (TeV/c2) (TeV/c2) (TeV/c2)

2 3.81 4.08 4.20 4.54

3 3.06 3.24 3.32 3.51
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Figure 7: Inferred ATLAS 95% CL limits on WIMP annihilation rates !! v" versus mass m". !! 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 #1!theory 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 m" $ 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 e!ective field theory for WIMPs coupling to SM particles is that only two

parameters, M% and m", 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 di!erent experimental approaches can hence be explored

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

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

mix of operators with potential interference e!ects 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
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Figure 3: 90% CL upper limits on the nucleon-WIMP cross section as a function of m! 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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What next?

“Mono” searches: ∆φ(j1, j2) < 2.5 Njet ≤ 2

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

Steal from SUSY jets+MET analyses

[Rogan 1006.2727]

7

where MR is the longitudinal boost invariant quantity, defined by

MR =

�
(Ej1 + Ej2)

2 − (pj1z + pj2z )2 . (6)

The other longitudinally invariant razor observables are

MT
R =

�
/ET (p

j1
T + pj2T )− �/ET · (�pj1T + �pj2T )

2
, (7)

R =
MT

R

MR
, (8)

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 different 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 → ν̄ν)+jets, (W → �invν)+jets, (W → τhν)+jets, and tt̄, where �inv denotes a

lepton that is missed in the reconstruction, and τh 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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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 different 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 → ν̄ν)+jets, (W → �invν)+jets, (W → τhν)+jets, and tt̄, where �inv denotes a

lepton that is missed in the reconstruction, and τh 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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/ET (p
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2
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MT
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, (8)
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FIG. 1: R2 vs. MR distribution for SM backgrounds (a) (Z → ν̄ν)+jets, (b) W+jets (including

decays to both �inv and τh, (c) tt̄, and (d) DM signal with Mχ = 100 GeV and Λ = 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. 6: Razor limits on spin-independent (LH plot) and spin-dependent (RH plot) DM-nucleon

scattering compared to limits from the direct detection experiments. We also include the mono-

jet limits and the combined razor/monojet limits. We show the constraints on spin-independent

scattering from CDMS [2], CoGeNT [36], CRESST [37], DAMA [38], and XENON-100 [3], and

the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA

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 3σ contours based on the fits of [44], and

for CRESST, we show the 1σ and 2σ 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 �σvrel� 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(χ̄χ → q̄q). Assuming that

the effective operator description is still valid during the freeze-out epoch, the thermal relic

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

<∼ 100 GeV

for OA.
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s → dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =
(1.73+1.15

−1.05)× 10
−10

[7]. The reach for Br(t → j + 2χ) at
14 TeV LHC was estimated in Ref. [2] to be O(10

−4
) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]

C13
1a

Λ
� 1

2 TeV
,

C23
1a

Λ
� 1

0.3 TeV
, (3)

and bounds of similar size for C13,23
3a,5a. The bounds on

C13,23
2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t+ /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form

C2a = b(2a)1 + b(2a)2 Y †
uYu + b(2a)3 Y †

uYdY
†
d Yu + · · · , (4a)

C4a =
�
b(4a)1 + b(4a)2 YdY

†
d + · · ·

�
Yu. (4b)

In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba1 ∼ ba2 ∼ ba3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)

σ̂(ug → t+ 2χ)

σ̂(ug → u+ 2χ)
∼

�
yt|Vub|y2b

yu

�2

∼ 5 · 10
5 y4b ,

σ̂(cg → t+ 2χ)

σ̂(cg → c+ 2χ)
∼

�
yt|Vcb|y2b

yc

�2

∼ 50 y4b .

(5)

The t+ /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄iR), H(Qi

L) so that

q !

q̄ !

W,Z

Mono-massive-vector-bosons Mono-heavy-flavor

e.g. mono-top

[Kamenik and Zupan]
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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 Γ, though it should be noted that within our assumptions Γ 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 → χ̄χ+X scales as,

σ(pp → χ̄χ+X) ∼
g2qg

2
χ

(q2 −M2)2 + Γ2/4
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 Γ, and gq, gχ are its couplings to quarks and dark matter, respectively. The direct
detection cross section, on the other hand, is approximately

σ(χN → χN) ∼
g2qg

2
χ

M4
µ2
χN , (13)

with the reduced mass µχN of the dark matter and the target nucleus.
When M2 � q2, the limit that the collider sets on g2χg

2
q becomes independent of M , whereas

the limit on g2χg
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on σ(χN → χN) becomes weaker as M becomes smaller. On
the other hand, when mχ < M/2 and the condition

�
q2 � M can be fulfilled, collider production

of χ̄χ+X experiences resonant enhancement. Improved constraints on Λ 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 off-shell production. Even though dark matter–quark
interactions can now no longer be described by effective field theory in a collider environment, we
still use Λ ≡ M/

√
gχgq as a measure for the strength of the collider constraint, since Λ 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 Λ in figure 7 asymptote to those obtained in the
effective theory framework. For 2mχ � 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 Γ = M/8π.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 Λ to M
according to its definition. Below M � 2mχ, the mediator can no longer decay to χ̄χ, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced off-shell.
In that regime, the limit on Λ is rather weak (even though the limit on g2χg

2
q is independent of M

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

6 Γ = M/8π corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
gχgq = 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 gχgq > 1 in parts of the plot (see dashed contours),
Γ = M/8π should be regarded as a lower limit on the mediator width.
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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 → νν)+ j and (W → �invν)+ 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, |η(j1)| < 2, and events

are vetoed if they contain a second jet with pT (j2) > 30 GeV and |η(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |η(j1)| < 2, and events

are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV or

∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |η(j1)| < 2, and

events are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV

or ∆φ(j2, /ET ) < 0.5. Any further jets with |η(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 |η(e)| < 2.47
and pT (e) > 20 GeV and for muons as |η(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

|η(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with

the leading jet is ∆φ(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.
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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 Γ, though it should be noted that within our assumptions Γ 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 → χ̄χ+X scales as,

σ(pp → χ̄χ+X) ∼
g2qg

2
χ

(q2 −M2)2 + Γ2/4
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 Γ, and gq, gχ are its couplings to quarks and dark matter, respectively. The direct
detection cross section, on the other hand, is approximately

σ(χN → χN) ∼
g2qg

2
χ

M4
µ2
χN , (13)

with the reduced mass µχN of the dark matter and the target nucleus.
When M2 � q2, the limit that the collider sets on g2χg

2
q becomes independent of M , whereas

the limit on g2χg
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on σ(χN → χN) becomes weaker as M becomes smaller. On
the other hand, when mχ < M/2 and the condition

�
q2 � M can be fulfilled, collider production

of χ̄χ+X experiences resonant enhancement. Improved constraints on Λ 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 off-shell production. Even though dark matter–quark
interactions can now no longer be described by effective field theory in a collider environment, we
still use Λ ≡ M/

√
gχgq as a measure for the strength of the collider constraint, since Λ 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 Λ in figure 7 asymptote to those obtained in the
effective theory framework. For 2mχ � 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 Γ = M/8π.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 Λ to M
according to its definition. Below M � 2mχ, the mediator can no longer decay to χ̄χ, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced off-shell.
In that regime, the limit on Λ is rather weak (even though the limit on g2χg

2
q is independent of M

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

6 Γ = M/8π corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
gχgq = 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 gχgq > 1 in parts of the plot (see dashed contours),
Γ = M/8π should be regarded as a lower limit on the mediator width.
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FIG. 8: mχχ 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 mχχ = Λ/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.

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

DM with a cutoff scale Λ right at where we have set our limits, what fraction of the signal

events violate Eq. 14 ? In Fig. 8 we show the invariant mass distribution of events passing

our analysis cuts for a few DM masses. We show the unitarity limit of Λ/0.4 as a dashed

vertical line. Events that violate the bound are guaranteed to be sensitive to the physics

that mediates the interaction of quarks and DM, and thus are not reliably described by the

effective theory. Events that are to the left of the vertical line may be described by the

effective theory, (unless the mediator is light, see below). For DM masses of 1 and 100 GeV,

the fraction of events that violate the unitarity limit is 8% and 11% respectively. Thus, the
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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 → νν)+ j and (W → �invν)+ 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, |η(j1)| < 2, and events

are vetoed if they contain a second jet with pT (j2) > 30 GeV and |η(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |η(j1)| < 2, and events

are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV or

∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |η(j1)| < 2, and

events are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV

or ∆φ(j2, /ET ) < 0.5. Any further jets with |η(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 |η(e)| < 2.47
and pT (e) > 20 GeV and for muons as |η(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

|η(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with

the leading jet is ∆φ(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.
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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 Γ, though it should be noted that within our assumptions Γ 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 → χ̄χ+X scales as,

σ(pp → χ̄χ+X) ∼
g2qg

2
χ

(q2 −M2)2 + Γ2/4
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 Γ, and gq, gχ are its couplings to quarks and dark matter, respectively. The direct
detection cross section, on the other hand, is approximately

σ(χN → χN) ∼
g2qg

2
χ

M4
µ2
χN , (13)

with the reduced mass µχN of the dark matter and the target nucleus.
When M2 � q2, the limit that the collider sets on g2χg

2
q becomes independent of M , whereas

the limit on g2χg
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on σ(χN → χN) becomes weaker as M becomes smaller. On
the other hand, when mχ < M/2 and the condition

�
q2 � M can be fulfilled, collider production

of χ̄χ+X experiences resonant enhancement. Improved constraints on Λ 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 off-shell production. Even though dark matter–quark
interactions can now no longer be described by effective field theory in a collider environment, we
still use Λ ≡ M/

√
gχgq as a measure for the strength of the collider constraint, since Λ 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 Λ in figure 7 asymptote to those obtained in the
effective theory framework. For 2mχ � 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 Γ = M/8π.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 Λ to M
according to its definition. Below M � 2mχ, the mediator can no longer decay to χ̄χ, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced off-shell.
In that regime, the limit on Λ is rather weak (even though the limit on g2χg

2
q is independent of M

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

6 Γ = M/8π corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
gχgq = 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 gχgq > 1 in parts of the plot (see dashed contours),
Γ = M/8π should be regarded as a lower limit on the mediator width.
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FIG. 8: mχχ 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 mχχ = Λ/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.

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

DM with a cutoff scale Λ right at where we have set our limits, what fraction of the signal

events violate Eq. 14 ? In Fig. 8 we show the invariant mass distribution of events passing

our analysis cuts for a few DM masses. We show the unitarity limit of Λ/0.4 as a dashed

vertical line. Events that violate the bound are guaranteed to be sensitive to the physics

that mediates the interaction of quarks and DM, and thus are not reliably described by the

effective theory. Events that are to the left of the vertical line may be described by the

effective theory, (unless the mediator is light, see below). For DM masses of 1 and 100 GeV,

the fraction of events that violate the unitarity limit is 8% and 11% respectively. Thus, the

Thursday, 2 August 2012



Light Mediators

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 Γ, though it should be noted that within our assumptions Γ 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 → χ̄χ+X scales as,

σ(pp → χ̄χ+X) ∼
g2qg

2
χ

(q2 −M2)2 + Γ2/4
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 Γ, and gq, gχ are its couplings to quarks and dark matter, respectively. The direct
detection cross section, on the other hand, is approximately

σ(χN → χN) ∼
g2qg

2
χ

M4
µ2
χN , (13)

with the reduced mass µχN of the dark matter and the target nucleus.
When M2 � q2, the limit that the collider sets on g2χg

2
q becomes independent of M , whereas

the limit on g2χg
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on σ(χN → χN) becomes weaker as M becomes smaller. On
the other hand, when mχ < M/2 and the condition

�
q2 � M can be fulfilled, collider production

of χ̄χ+X experiences resonant enhancement. Improved constraints on Λ 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 off-shell production. Even though dark matter–quark
interactions can now no longer be described by effective field theory in a collider environment, we
still use Λ ≡ M/

√
gχgq as a measure for the strength of the collider constraint, since Λ 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 Λ in figure 7 asymptote to those obtained in the
effective theory framework. For 2mχ � 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 Γ = M/8π.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 Λ to M
according to its definition. Below M � 2mχ, the mediator can no longer decay to χ̄χ, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced off-shell.
In that regime, the limit on Λ is rather weak (even though the limit on g2χg

2
q is independent of M

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

6 Γ = M/8π corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
gχgq = 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 gχgq > 1 in parts of the plot (see dashed contours),
Γ = M/8π should be regarded as a lower limit on the mediator width.

M2 � q2 : bound on couplings independent of M

If                  and              possiblemχ < M/2
�

q2 ≈ M can have resonant
production

Collider bounds weakened

Collider bounds strengthened
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FIG. 4: 95% CL monojet bounds on the Z� model from CDF and ATLAS in the low DM mass and heavy DM regimes (see the
text for more details). The bounds are derived assuming that a single quark coupling at a time is switched on. In Eq. (10) we
show how to modify the bounds in the most general case. As a reference we also quote the bound arising from the assumption
of universal coupling. The “plus” signs indicate the region were the CDF and ATLAS bounds cross each other (see also Fig. 3).

B. Monojet Bounds

We simulate the signal using Madgraph v5 [46], then

apply the selection criteria of CDF [47–50] and AT-

LAS [51] using Pythia 6.4 [52] and cluster with Fastjet

2.4.4 [53].

In Fig. 4 we present the 95% CL bounds on DM-quark

interactions in both the light (left) and heavy (right) DM

regimes. The limits are derived assuming that only one

quark coupling at a time is switched on. When several

couplings gq are turned on our bounds read

�

q

�
gq

gboundq

�n

< 1, (10)

with n = 2(4) for the light (heavy) DM regime and gboundq
being the bound on the quark flavor q shown in Fig. 4.

The resulting bounds under the universal quark coupling

assumption are shown as dashed black curves. Notice

that the up and down quark bounds are stronger than

the curves corresponding to the sea quarks as a result of

PDF enhancement. The curves asymptote to a constant

when the DM invariant mass is small compared to the

pT cut on the leading jet.

At large DM invariant mass, the veryHighPT cut from

ATLAS [51] sets the strongest limit, whereas for low DM

invariant mass the CDF 1 fb
−1

analysis [49] wins. We

note that although a CDF 6.7 fb
−1

analysis based on a

jet ET analysis exists [50], it is less constraining than the

earlier 1 fb
−1

counting analysis. In Fig. 4 we have taken

care to plot only the strongest of the collider monojet

bounds. The point at which the crossover occurs is shown

as a “plus” in the figure. Note that the mass at which

the Tevatron starts setting the dominant bound is larger

for quark flavors with a stronger PDF enhancement.

Although we have focused on fermionic DM thus far,

it is straightforward to translate the bounds to DM with

other spins. First, note that the left plot of Fig. 4 applies

to any DM candidate so long as Z � → XX is allowed. For

light DM, the bounds are roughly rescaled by the spin

degree of freedom. For example, for a complex scalar

DM particle the bounds on
√
gXgq in the right plot of

Fig. 4 are decreased by a factor 1/
√
2. (Here gX stands

for the coupling of the XXZ �
cubic vertex.)

Lastly, we can translate our monojet bounds to direct

detection cross section limits. As is visible from Fig. 4

the constraints on heavy DM are quite weak. For ex-

ample, in the case of universally coupled Z �
with a 10

GeV DM mass, the spin- and velocity-independent DM-

nucleon elastic scattering cross section is bounded by

σnX
<∼ 10

−34
cm

2

�
20 GeV

mZ�

�4

. (11)

Note that in this regime the upper bound on the Z �

mass, mZ� < 20 GeV, implies that the constraint be-

comes weaker as the Z �
mass decreases. In contrast, when

mZ� > 2mX = 20 GeV the limits are stronger, especially

for narrow Z �
s, implying

σnX
<∼ 10

−36
cm

2

�
20 GeV

mZ�

�4 �ΓZ�/mZ�

10−2

�
. (12)
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Figure 7: ATLAS limit on Λ ≡ M/
√
gχgq as a function of the mass M of the particle mediating dark

matter–quark interactions. We have assumed s-channel vector-type interactions, and we have considered

the values mχ = 50 GeV (red) and mχ = 500 GeV (blue) for the dark matter mass. We have varied the

width Γ of the mediator between the values M/3 (lower boundary of colored bands) and M/8π (upper

boundary of colored bands). Dashed dark gray lines show contours of constant
√
gχgq.

In light of this result it is important to revisit our limits from section 3 and check that they are

consistent with the effective theory in which they were derived. In other words, we have to verify

that models which saturates our limits can still be described in effective field theory. Inspecting

the dashed contours of constant mean coupling
√
gqgχ in figure 7, we see that for mediator masses

above ∼ 5 TeV, where the limits derived in the full renormalizable theory asymptote to those

derived in the effective theory, our limits would correspond to
√
gqgχ ∼ 5–10, depending on mχ.

This is still below the
√
gqgχ = 4π, which for small mχ would be reached at M ∼ 10 TeV. We

thus see that there is considerable parameter space available in the renormalizable model in which

effective theory provides a good low-energy approximation. Moreover, we have seen that even

for lighter mediators, M ∼ few × 100 GeV, the limits derived from the effective theory are valid,

though overly conservative. However, for very light mediators, M � 100 GeV, the collider bounds

on direct detection cross sections are considerably weakened.

Even though we have only quantitatively demonstrated the above conclusions for dark matter

with vector couplings here, the results of references [4, 11] show that they can be generalized to

other types of effective operators, in particular axial vector OA and scalar t-channel Ot. For the

gluon operator Og, we remark that its most natural UV-completion is through a diagram in which

the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.

Due to the additional loop factor which need not be present in UV completions of OV and OA, the

masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger

than ∼ 1 TeV for a theory that saturates our limit Λ ∼ 500 GeV (see figure 4). Therefore, as one

can see from figure 7, effective field theory is not strictly applicable in such a model, but the limit

it gives is on the conservative side.

Let us finally comment on the case of scalar dark matter–quark couplings of the form

OS ≡ (χLχR)(qLqR)

Λ2
+ (L ↔ R) , (14)

which we have not considered so far in this paper. As any UV completion of that operator has to

[PJF,Harnik,Kopp,Tsai]
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In light of this result it is important to revisit our limits from section 3 and check that they are

consistent with the effective theory in which they were derived. In other words, we have to verify

that models which saturates our limits can still be described in effective field theory. Inspecting

the dashed contours of constant mean coupling
√
gqgχ in figure 7, we see that for mediator masses

above ∼ 5 TeV, where the limits derived in the full renormalizable theory asymptote to those

derived in the effective theory, our limits would correspond to
√
gqgχ ∼ 5–10, depending on mχ.

This is still below the
√
gqgχ = 4π, which for small mχ would be reached at M ∼ 10 TeV. We

thus see that there is considerable parameter space available in the renormalizable model in which

effective theory provides a good low-energy approximation. Moreover, we have seen that even

for lighter mediators, M ∼ few × 100 GeV, the limits derived from the effective theory are valid,

though overly conservative. However, for very light mediators, M � 100 GeV, the collider bounds

on direct detection cross sections are considerably weakened.

Even though we have only quantitatively demonstrated the above conclusions for dark matter

with vector couplings here, the results of references [4, 11] show that they can be generalized to

other types of effective operators, in particular axial vector OA and scalar t-channel Ot. For the

gluon operator Og, we remark that its most natural UV-completion is through a diagram in which

the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.

Due to the additional loop factor which need not be present in UV completions of OV and OA, the

masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger

than ∼ 1 TeV for a theory that saturates our limit Λ ∼ 500 GeV (see figure 4). Therefore, as one

can see from figure 7, effective field theory is not strictly applicable in such a model, but the limit

it gives is on the conservative side.

Let us finally comment on the case of scalar dark matter–quark couplings of the form

OS ≡ (χLχR)(qLqR)

Λ2
+ (L ↔ R) , (14)

which we have not considered so far in this paper. As any UV completion of that operator has to

Contact limit

[PJF,Harnik,Kopp,Tsai]
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width Γ of the mediator between the values M/3 (lower boundary of colored bands) and M/8π (upper
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In light of this result it is important to revisit our limits from section 3 and check that they are

consistent with the effective theory in which they were derived. In other words, we have to verify

that models which saturates our limits can still be described in effective field theory. Inspecting

the dashed contours of constant mean coupling
√
gqgχ in figure 7, we see that for mediator masses

above ∼ 5 TeV, where the limits derived in the full renormalizable theory asymptote to those

derived in the effective theory, our limits would correspond to
√
gqgχ ∼ 5–10, depending on mχ.

This is still below the
√
gqgχ = 4π, which for small mχ would be reached at M ∼ 10 TeV. We

thus see that there is considerable parameter space available in the renormalizable model in which

effective theory provides a good low-energy approximation. Moreover, we have seen that even

for lighter mediators, M ∼ few × 100 GeV, the limits derived from the effective theory are valid,

though overly conservative. However, for very light mediators, M � 100 GeV, the collider bounds

on direct detection cross sections are considerably weakened.

Even though we have only quantitatively demonstrated the above conclusions for dark matter

with vector couplings here, the results of references [4, 11] show that they can be generalized to

other types of effective operators, in particular axial vector OA and scalar t-channel Ot. For the

gluon operator Og, we remark that its most natural UV-completion is through a diagram in which

the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.

Due to the additional loop factor which need not be present in UV completions of OV and OA, the

masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger

than ∼ 1 TeV for a theory that saturates our limit Λ ∼ 500 GeV (see figure 4). Therefore, as one

can see from figure 7, effective field theory is not strictly applicable in such a model, but the limit

it gives is on the conservative side.

Let us finally comment on the case of scalar dark matter–quark couplings of the form

OS ≡ (χLχR)(qLqR)

Λ2
+ (L ↔ R) , (14)

which we have not considered so far in this paper. As any UV completion of that operator has to

Contact limit

Light mediator severely weakens limit

[PJF,Harnik,Kopp,Tsai]
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Light Mediators

Look for the light mediator directly-dijet resonance/angular 
distributions

[An,Ji,Wang:1202.2894;March-
Russell, Unwin, West: 1203.4854]
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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/gZ� = 1, 3, 5, 10, 20, respectively. The
mass of DM is assumed to be 5 GeV.

68], we calculate the χ2
which defined as

χ2
=

�

i

(σ̄new
i + σ̄QCD

i − σ̄exp
i )

2

δ2exp + δ2QCD

, (4.1)

where σ̄new
i , σ̄QCD

i and σ̄exp
i are the new contributions, QCD background and experimental

value in the i-th bin for certain Mjj group, respectively. δexp and δQCD are the uncertainties

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

values of gD and MZ� , we require that in each mjj group the possibility to get calculated χ2

should be smaller than 0.05. The constraints on gZ� 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

off 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 MZ� ∼ 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 MZ� , 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 Λ ≈ 2 TeV for a quark

composite operator (2π/Λ2
)(q̄γµq)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 –

dijet
monojet

gχ/gq

[An,Ji,Wang]
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•DM is being squeezed on all fronts
•Mono-jet/di-jet searches at colliders already place strong 
constraints on dark matter
•Competitive with direct detection searches
•Light DM
•Spin dependent
•Independent of all astrophysics uncertainties

Light mediators weaken collider bounds

If we see a DD signal in a region ruled out by colliders we 
have discovered 2 particles

Conclusions
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Bonus Material

Thursday, 2 August 2012



Gamma-ray line in FERMI-LAT?

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced !2

r ! !2/dof. The counts
are listed in Tabs. 1, 2 and 3.

– 8 –

C. Weniger [1204.2797]

•130 GeV line close to galactic centre
•~5 sigma
•Large cross section (σvγγ ∼ 10−27cm3s−1)
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Gamma-ray line in FERMI-LAT?

How to get such a large x-sec for a neutral particle?

3

FIG. 2: A scalar contact interaction for dark matter annihilation to two photons.

B. Scalar contact interaction diagrams

As a second case, we consider scalar dark matter par-

ticles which possess an interaction with a charged scalar,

S, of the form L = (λX/2)X2|S|2 [2] (see Fig. 2). Unlike

the other cases considered in this section, in order for the

XXSS coupling to be renormalizable, neither X nor S
can be fermionic. This interaction leads to a low-velocity

annihilation cross section to two photons that is given

by:

σvγγ =
α2λ2

X

128π3m2
X

[1− (m2
S/m

2
X) arcsin

2
(mX/mS)]

2. (3)

As in the previous subsection, we are forced to consider

the case in which mS ≥ mX . For the maximal case (in

the limit of mS → mX), this cross section reduces to:

σvγγ,max =
α2λ2

X

128π3m2
X

[(π2/4)− 1]
2

(4)

≈ 2.0× 10
−29

cm
3/s×

�
λX

1

�2 �
130GeV

mX

�2

.

Thus to accommodate the required cross section with

this process, both very large couplings (λX ∼ 10), and a

relatively light charged scalar are necessary.

C. Box-type diagrams

The next case we consider are processes in which

charged particles are exchanged around a box-like loop

(see Fig. 3) [1, 3]. Within the context of supersymme-

try, such diagrams include fermion-sfermion or chargino-

charged Higgs loops. While the annihilation cross section

for such processes are in general somewhat more difficult

to represent analytically, they become much simpler in

the maximal allowed limit of mF → mX (for simplicity,

we assume that all of the charged particles in the loop

are of the same mass). In this case, such diagrams yield:

σvγγ,max =
α2g4X
4π3m2

X

[(π2/4)− 1]
2

(5)

≈ 6.4× 10
−28

cm
3/s

�
gX
1

�4 �
130GeV

mχ

�2

,

FIG. 3: An example of a box-type diagram for dark matter
annihilation to two photons.

where gX is the coupling of the dark matter to the parti-

cles in the charged loop. Thus once again we find that to

accommodate the required large cross section to γγ, we
are forced to consider models with very large couplings

(gX >∼ 1.4) and relatively light charged particles.

D. Annihilations to photons through an
intermediate state

The three previous cases have each had a great deal in

common. In particular, they each produce their two pho-

ton final state through diagrams involving a charged par-

ticle loop. As an alternative way of potentially generat-

ing the observed gamma-ray feature, we can also consider

models in which the dark matter annihilates to a pair of

intermediate states (which we will refer to as the dark

pion, πD), which later decay into pairs of photons. For

annihilations to light intermediate states (πD << mX),

the gamma-ray spectrum that results from this process

is too broad to provide a good fit to the spectral feature

reported to be observed in the Fermi data (see the right

frame of Fig. 4 in Ref. [24]). If the intermediate state is

of comparable mass to the dark matter, however, these

particles will be produced approximately at rest, leading

to a line-like feature at Eγ ∼ mX/2 [28].

The cross section for this process (as shown in Fig. 4)

is given by:

σvγγ =
g4X

16πm2
X

�
1−

�
mπD

mX

�2�1/2
(6)

≈ 5.5× 10
−27

cm
3/s

�
gX
0.2

�4 �
260GeV

mχ

�2

×
�
1−

�
mπD

mX

�2�1/2
.

New light charged states, 
can be searched for at 

colliders
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Figure 4: The predictions for the elastic cross section, !el, as a function of mS, which

follows from the "(mS) dependence dictated by the cosmic abundance. Also shown by

a dashed line is the exclusion limit from the CDMS experiment [6] .

falsify than are more complicated models, with much of the parameter space covered

by the next generation of experiments [4]. Most importantly, the projected sensitivities

of the CDMS-Soudan and Genius experiments will completely cover the range mS ! 50

GeV, for values of the Higgs mass between 110 and 140 GeV. As we show in the next

section, this range of masses and coupling constants has important implications for the

Higgs searches at colliders. On the other hand, there exists the possibility of completely

“hiding” the dark matter by choosing 0.4mh <" mS ! 0.5mh. In this case annihilation

at freeze-out is very e!cient, requiring small "’s which lead to elastic cross sections

suppressed to the level of 10!48 cm2. These levels of sensitivity to !el(nucleon) are not

likely to be achieved in the foreseeable future.

Our model of a singlet real scalar predicts a smaller signal for underground detectors

than does a model where the dark matter consists of N singlet scalars (including the

model considered in ref. [10], for which N = 2). This is because the abundance of every

individual species must be 1/N of the total dark matter abundance, "i = "tot/N . This

requires a larger annihilation rate at freeze-out for every species, and so an enhancement

14

0 20 40 60 80 100
10�50

10�48

10�46

10�44

10�42

10�40

Ruled out by invisible width

The Higgs portal [Burgess, Pospelov, ter Velhuis]
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