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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.8 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 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 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

8There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Figure 7. Inferred ATLAS 95% CL limits on WIMP annihilation rates ⟨σ v⟩ versus mass mχ.
⟨σ v⟩ is calculated as in ref. [15]. The thick solid lines are the observed limits excluding theoretical
uncertainties. The observed limits corresponding to the WIMP-parton cross section obtained from
the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter limits are conservative
because they also include theoretical uncertainties. The ATLAS limits are for the four light quark
flavours assuming equal coupling strengths for all quark flavours to the WIMPs. For comparison,
high-energy gamma-ray limits from observations of Galactic satellite galaxies with the Fermi-LAT
experiment [75] for Majorana WIMPs are shown. The Fermi-LAT limits are 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.

sensitive to annihilation to light and heavy quarks, whereas ATLAS probes mostly WIMP

couplings to lighter quarks and sets cross-section limits that are superior at WIMP masses

below 10 GeV for vector couplings and below about 100 GeV for axial-vector couplings. At

these low WIMP masses, the ATLAS limits are below the value needed for WIMPs to make

up the cold dark matter abundance (labelled Thermal relic value in figure 7), assuming

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

were in thermal equilibrium in the early universe. In this case WIMPs would result in

relic densities that are too large and hence incompatible with the WMAP measurements.

For masses of mχ ≥ 200 GeV the ATLAS sensitivity worsens substantially compared to the

Fermi-LAT one. This will improve when the LHC starts operation at higher centre-of-mass

energies in the future.
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Measuring the Validity

• EFT approximation: 

!

• Best case scenario: 

!

•  Reasonably robust scenario: 
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Measuring the Validity
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Measuring the Validity
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Measuring the Validity
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Figure 9: The 90% CL lower limits on M∗ for different masses of χ. Observed and expected limits includ-
ing all but the theoretical signal uncertainties are shown as dashed black and red solid lines, respectively.
The grey and blue bands around the expected limit are the ±1 and 2σ variation expected from statistical
fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the
theoretical uncertainties is shown by the thin red dotted ±1σ 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
rising green lines (taken from [22]), assuming annihilation in the early universe proceeded exclusively
via the given operator. The shaded light-grey regions in the bottom right corners indicate where the ef-
fective field theory approach breaks down [22]. The plots are based on the best expected limits, which
correspond to SR3.
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The grey and blue bands around the expected limit are the ±1 and 2σ variation expected from statistical
fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the
theoretical uncertainties is shown by the thin red dotted ±1σ 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
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Rescaling the Limits
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Final piece of the puzzle
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Extension to t-channel

s =14TeV
500GeV £ pT £ 2 TeV, h £ 2

RL = 75%

RL = 50%

RL = 25%

RL = 10%

WDM h2=0.12

10 102 103
0

1000

2000

3000

4000

5000

mDM @GeVD

L
@Ge

V
D







Moving to Simplified Models

• Painful but necessary to add 
new parameters 

• Direct mediator production 
leads to SM particles, and is a 
promising search channel 

• Opens up emission from the 
propagator, can be a useful  
search channel when the 
mediator mass is low
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FIG. 2: Diagrams for monojet+6 ET processes at the LHC in
the t-channel mediator scenario. (a1,a2) Initial state gluon-
split processes; (b1,b2) initial state gluon-emission processes;
(c) gluon-emission from the t�channel mediator; (d1-d4) me-
diator direct production processes.
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FIG. 3: Diagrams for mediator pair production processes
at the LHC, which leads to di-jet + 6 ET signal. (a1-a4) Dia-
grams from purely QCD interaction; (b) Diagram from the t-
channel DM exchanging; (c1-c4) Diagrams from the t-channel
Majorana dark matter exchanging.

This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss leading direct detection channels. In Sec-
tion IV, we present the LHC reach. In Section V, we
combine the reaches of LHC and direct detection, and
compare with the requirement from thermal relic abun-
dance. Section VI contains our conclusion.

II. FRAMEWORK

In the t-channel mediator scenario, we consider inter-
actions of the form

L
�

= �
q

�̄�⇤q + h.c. , (1)

where q, � and � are the quark field, DM field and the
mediator, respectively. For fermionic (scalar) dark mat-
ter, the mediator � would be a scalar (fermion). The
mediator � is also necessarily colored.

In general, Eq. (1) may induce flavor changing neutral
current which are strongly constrained by flavor exper-
iments. However, these constraints can be avoided by
imposing the minimal flavor violation (MFV) structure
to the Yukawa couplings [24]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains a U(3)

Q

⇥U(3)
u

⇥U(3)
d

flavor symmetry. Now,
for simplicity, let’s first assume that � is a singlet of the
flavor group. Then, to make L

�

invariant, the simplest
choice is to make � to be the 3-representation of one
of the three U(3) flavor groups. Therefore, in general,
Eq. (1) can be written as
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+h.c. , (2)

where H is the Higgs field and H̃ = i�2H
⇤, Y

u

and Y
d

are the two Yukawa couplings. For the monojet+ 6 E
T

processes, the parton level processes are shown in Fig. 2,
where we can see that the at least one quark or anti-quark
initial state is needed. Therefore, all the terms propor-
tional to Y

u

or Y
d

are in general suppressed by the small
masses of the quarks in first two generations. Therefore,
in the case that � is a SU(2) singlet, to study the generic
feature of monojet+ 6 E

T

constraint on the “t-channel”
completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless �

Q,u,d

are
tuned to have some special relations. Therefore, in this
work, in the case that � is a SM singlet, we will only keep
the �

u

and �
d

terms and assume �
u

= �
d

⌘ �. To sim-
plify our presentation, we also assume that the �

u

and
�
d

are degenerate and M
�u = M

�d ⌘ M
�

. Then, the
Lagrangian can be simplified as

L
�

= ��̄
L

q
R

�⇤ + h.c. . (3)

For simplicity, we will focus on the case in which only
right-handed quarks are coupled. For the coupling with
left handed quarks, minimally, either the mediator or the
DM needs to be in a SU(2)

L

doublet. There could be
additional signals if DM is part of a larger multiplet.
However, we will limit ourselves to the simpler case of
singlet DM for this paper.

We consider the case in which the all the quark flavors
are coupled. For light mediator, this immediately raises
the concern of violating stringent flavor constraints. The
best way to satisfy such constraints is probably to intro-
duce either the DM or the mediator (or both) as part of

An, Wang, Zhang, arXiv:1308.0592

4

q

�

�

q

⌘
q

Z q

�

�

q

⌘
q

Z

q

�

�

q

⌘
q

Z

⌘
q
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cross sections calculated for fud = 1, and using CTEQ6L1
PDF’s.

rules were interfaced with the MadGraph package [34]
to calculate the scattering amplitudes for the processes
in Fig. 3. These amplitudes were then input into the
MadEvent event generator, which calculated the LHC-
relevant cross section pp ! ��Z for a given f

ud

, and for
various choices of m

�

and m

⌘

. All cross section calcula-
tions were performed in the proton center of momentum
frame. The probability amplitudes were integrated over
the CTEQ6L1 [40] parton distribution functions (PDF).
Given that the LHC is a proton-proton collider, the va-
lence quarks are all q distributions, while the sea-quarks
are of course q and q̄ distributions.

Cross sections at 14TeV CoM are displayed in Fig. 4 as
a function ofm

�

, for values ofm
⌘

relevant to electroweak-
scale physics.

B. Event Selection

Now that we have a model which produces DM along
with a Z-boson, we will examine how this channel may
be detected at a hadron collider. While the backgrounds
presented in II B have rates much larger than our sig-

nal, they can be substantially reduced with an educated
set of cuts on measured events. We make cuts on the
invariant mass of the muon pair within a 60GeV window
centered on the Z mass, which greatly reduces the con-
tribution from non-Z backgrounds, namely W

+
W

� and
tt production.
The presence of the heavy � in our signal process en-

sures large amounts of /

E

T

. This can be seen clearly
in Fig. 2, which shows the number of expected collider
events as a function of missing energy, in 10GeV bins. As
expected, the number of signal events with large /

E

T

are
at least comparable to all SM backgrounds. We choose
a missing energy cut of /

E

T

> 150GeV to remove a large
fraction of the background events, including the bulk of
the Z+ jet background. It is important to note that due
to the very large cross sections for tt and Z + jet before
the implementation of cuts, the statistics in these two
contributions lead to evident fluctuations at high /

E

T

in
Fig. 2.
The Z in the final state can be highly boosted by its

recoil o↵ the heavy DM particles; we therefore expect its
decay products to have large p

T

. We apply the conserva-
tive inclusive cut of p

T

> 50GeV on the muon transverse
momentum (i.e. require at least one muon in final state
with p

T

> 50GeV).
A further consequence of the Z being produced rela-

tivistically is that the muons from the decay process will
be produced nearly co-linear with each other. This co-
linearity ensures a low �R between the pair, where �R

is defined to be

�R ⌘
p
��

2 +�⌘

2
, (2)

where � is the azimuthal angle and ⌘ is the pseudo-
rapidity of a particle in the detector.
Figure 5 shows the ratio of signal cross section to the

⌫⌫̄ (Z ! µ

+
µ

�) background as a function of cut on max-
imum �R, after p

T

and dimuon invariant mass cuts, for
selective points in the model parameter space. This back-
ground is useful for comparisons, as it is the dominant
/

E

T

background in the region of interest. The signal to
background is maximized for lower �R, with both cross-
sections becoming equal around �R

max

⇠ 1. To pre-
serve signal events, we choose the conservative cut of
�R < 1. This cut should e↵ectively discriminate against
the W

+
W

� and tt backgrounds, which produce muon

e.g. Bell, Galea, Dent, TJ,  
Krauss, Weiler, arXiv:1209.0231



Summary

• Independent of operator or channel, the effective operator 
approximation is not valid at LHC energies for all but the 
largest coupling strengths 

• t-channel independent of s-channel, even in EFT scenario 

• Moving from EFTs to simplified models is a necessity for the 
14TeV run 

• Effective operators still play a benchmark and comparison 
role, as long as the region of validity is well  understood


