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DM production at the LHC

2

Introduction Event selection Background estimate Higgs interpretation Conclusion

Theoretical motivation

The mono-jet final state can be obtained via two classes of processes:

• pp ! X+ jet with X possibly ADD Graviton, Unparticle, Gravitino

• pp ! XX+ ISR jet with X invisible, possibly a WIMP/Dark Matter candidate:
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multi-jet background

• Multi-jet events are the most abundant processes at the LHC.

• Mis-balanced multi-jet events, where a jet is mis-reconstructed, may lead to MET in 
the direction of the jet.
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Eur. Phys. J. C (2015) 75:299

http://link.springer.com/article/10.1140/epjc/s10052-015-3517-3
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beam-induced backgrounds

• beam-gas interactions

• beam halo
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Figure 1. The general layout of the LHC [2]. The dispersion suppressors (DSL and DSR) are sections
between the straight section and the regular arc. In this paper they are considered to be part of the arc,
for simplicity. LSS denotes the Long Straight Section – roughly 500m long parts of the ring without net
bending. All insertions (experiments, cleaning, dump, RF) are located in the middle of these sections. Beams
are injected through transfer lines TI2 and TI8.

for monitoring of detector noise. The unpaired bunches are important for background monitoring
in ATLAS. It should be noted that these bunches were colliding in some other LHC experiments.
They were introduced by shifting some of the trains with respect to each other, such that unpaired
bunches appeared in front of a train in one beam and at the end in the other. In some fill patterns
some of these shifts overlapped such that interleaved bunches with only 25 ns separation were
introduced.

The average intensities of bunches in normal physics operation evolved over the year from
∼ 1.0×1011 p/bunch to ∼ 1.4×1011 p/bunch. The beam current at the end of the year was about
300mA and the peak luminosity in ATLAS was 3.5×1033 cm−2s−1.

Due to the close bunch spacing, steering the beams head-on would create parasitic collisions
outside of the IP. Therefore a small crossing angle is used; in 2011 the full angle was 240 µrad in
the vertical plane. In the high-luminosity interaction regions the number of collisions is maximised
by the β -squeeze. In 2011 the value of β ∗ was 1.5m initially and was reduced to 1.0m in mid-

– 4 –

Figure 3. Schematic illustration of the LHC cleaning system. Primary and secondary collimators and
absorbers in the cleaning insertions remove most of the halo. Some tertiary halo escapes and is intercepted
close to the experiments by the TCT [5].

events/s in both ATLAS and CMS, which indicates that the beam lifetime was influenced about
equally by halo losses and proton-proton collisions. The leakage fraction reaching the TCT was
measured to be in the range 10−4–10−3 [8, 9], resulting in a loss rate on the order of 105 p/s on the
TCT.

The dynamic residual pressure, i.e. in the presence of a nominal beam, in the LHC beam
pipe is typically of the order of 10−9 mbar N2-equivalent5 in the cold regions. In warm sections
cryo-pumping, i.e. condensation on the cold pipe walls, is not available and pressures would be
higher. Therefore most room-temperature sections of the vacuum chambers are coated with a spe-
cial Non-Evaporative Getter (NEG) layer [10], which maintains a good vacuum and significantly
reduces secondary electron yield. There are, however, some uncoated warm sections in the vicinity
of the experiments. In 2010 and 2011 electron-cloud formation [11, 12] in these regions led to an
increase of the residual pressure when the bunch spacing was decreased. As an emergency mea-
sure, in late 2010, small solenoids were placed around sections where electron-cloud formation
was observed (58m from the IP). These solenoids curled up the low-energy electrons within the
vacuum, suppressing the multiplication and thereby preventing electron-cloud build-up. During a
campaign of dedicated "scrubbing" runs with high-intensity injection-energy beams, the surfaces
were conditioned and the vacuum improved. After this scrubbing, typical residual pressures in the

5The most abundant gases are H2, CO, CO2 and CH4. For simplicity a common practice is to describe these with an
N2-equivalent, where the equivalence is calculated on the basis of the inelastic cross section at beam energy.

– 6 –

JINST 8 (2013) P07004

http://iopscience.iop.org/1748-0221/8/07/P07004/


David Šálek: Dark Matter (and Dark Mediators) at the LHC30/11/2015

beam-induced backgrounds

• Beam-induced muons lead to fake jets balanced by MET.
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Figure 33. Example of an event in the monojet analysis signal region with a BIB muon entering from the
right and causing a fake jet. In the longitudinal projection (bottom left), CSC chambers with hits (highlighted
in red) are seen on both sides. LAr calorimeter cells (yellow) in-between contain large energy (green towers)
that forms a fake jet. A muon track (red line) parallel to the z-axis is reconstructed on side C. The transverse
projection (top left) shows EmissT (dashed line) opposite to the fake jet. The reconstructed tracks (blue) in
the inner tracking detector do not point towards the fake jet. A detailed view (middle right) shows that
the calorimeter cells and the muon track are aligned in φ . Focusing on the LAr energy depositions in the
longitudinal projection (bottom right) reveals that the fake jet consists of a cluster elongated in the z direction.

8.3 Summary of jet cleaning techniques

The selection method based on jet observables to remove non-collision backgrounds is particularly
powerful and widely used in ATLAS physics analysis. The Looser criteria already provide good
background rejection, while having a negligible loss of efficiency for jets originating from proton-
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Figure 28. Time of the leading jet as a function of its η in the cleaned unpaired bunches. Only the events
identified by the one-sided method are shown.

reduced by requiring a leading jet with a large transverse momentum of pT > 120GeV. Jets from
the inner part of the calorimeter endcaps, where there is no overlap with any muon chamber, are
suppressed by rejecting events with the leading jet |η |> 2.8. However, the number of events with
the leading jet outside the calorimeter barrel, |η |> 1.5, is negligible anyway.

The mis-identification probability (Pmis) is determined in a back-to-back dijet sample from
collision data. This sample also meets the general data quality requirements and the events with at
least two jets as well as leading jet transverse momentum pT > 120GeV and |η |< 2 are selected.
Furthermore, the second leading jet in this sample is required to have a similar transverse momen-
tum to the first one ( |p

1
T−p2T|
p1T+p2T

< 0.2) and the two jets are required to be back-to-back in the transverse
plane (∆φj−j > 2.8). An event is mis-tagged as BIB if any of the muon segments or calorimeter
clusters satisfy the requirements of the tagging methods discussed above.

The resulting ε and Pmis are listed in Table 2. The high efficiency of the segment method
(81.6%) makes it useful in preparing background-free samples or for data quality monitoring. In
physics analyses however, it is important to clean background with a minimum loss of signal events.
Table 2 shows that the two-sided method has high purity, Pmis = 10−5, but has an efficiency of only
16.0%. The one-sided method has a better efficiency of 54.2%, but ∼ 1.4% of signal events are
mis-identified. However, the numbers given for the mis-identification probabilities also depend on
the final-state topology induced by the signal region cuts in a particular physics analysis. Therefore,
the mis-identification probabilities given here serve only as an illustration where dijets are chosen
as an example. The combined efficiency of the one-sided and the two-sided methods yields 56.7%
for the OR combination and 13.5% for the AND combination.

It was shown previously that the interleaved bunches may cause BIB from one BCID to be
reconstructed in a neighbouring BCID with a reconstructed time shifted accordingly by 25ns. This
introduces a systematic bias to the evaluated efficiencies of the one-sided and two-sided methods
since they select BIB predominantly from the current BCID. The fraction of BIB, reconstructed
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Figure 22. Leading jet φ (left) and time (right) in unpaired bunches and collision data.
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Figure 23. (a) Polar position and direction and (b) reconstructed time of the BIB objects compared to the
collision objects.

and direction, respectively. The collision products point to the interaction point and hence have
θpos−θdir ∼ 0. The reconstructed time of the BIB particles follows from Eqs. (7.2) and (7.3). For
the endcap chambers, the BIB particles can arrive either in time or early and the expected time can
be formulated as

tin-time = +|z|/c− tToF, (7.4)
tearly = −|z|/c− tToF. (7.5)

For z≫ r, the time-of-flight correction in Eq. (7.1) simplifies to tToF ∼ |z|/c. As the reconstructed
times are corrected for the time-of-flight, the time of the BIB particles is either t∼ (+|z|− |z|)/c= 0
or t ∼ (−|z|− |z|)/c=−2|z|/c, depending on where along the path of the BIB particle through the
detector the object is reconstructed. This approximation is illustrated in Fig. 23(b).

Hits in each muon station are grouped into segments which allow the reconstruction of the
direction of the particle causing the hits. At least three hits are required in order to form a segment.
Figure 24 shows the difference between the reconstructed polar position θpos and the reconstructed
polar direction θdir of the muon segments in the CSC and the inner MDT endcaps in cleaned
unpaired bunches and collision data which, as can be seen in Fig. 23(a), is expected to be ∼ 0 in
collisions. This is indeed seen in Fig. 24 where the entries for collisions at non-zero values are
due to angular resolution and particles bending in the toroidal magnetic field. For BIB, where
∆θ = |θpos− θdir| ∼ θpos, the expected values are 7◦ < ∆θ < 14◦ for the CSC and ∆θ > 14◦ for
the inner MDT endcaps. The data clearly support the hypothesis that BIB muons are traversing the
detector parallel to the beam-line at radii beyond 1m.

– 34 –
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Non-collision backgrounds

• Non-collision backgrounds are suppressed by jet quality requirements to sub-percent 
level in the mono-jet analysis.

• beam-induced backgrounds (with typical azimuthal signature)

• cosmic muons

7

Figure 2. Detailed layout of the ATLAS interaction region [1]. The inner triplet consists of quadrupole
magnets Q1, Q2 and Q3. The tertiary collimator (TCT) is not shown but is located between the neutral
absorber (TAN) and the D2 magnet.

September 2011.
A detailed layout of the ATLAS interaction region (IR1) is shown in Fig. 2. Inside the inner

triplet and up to the neutral absorber (TAN), both beams use the same beam pipe. In the arc, beams
travel in separate pipes with a horizontal separation of 194mm. The separation and recombination
of the beams happens in dipole magnets D1 and D2 with distances to the IP of 59–83m and 153–
162m, respectively. The D1 magnets are rather exceptional for the LHC, since they operate at room
temperature in order to sustain the heat load due to debris from the interaction points. The TAS
absorber, at 19m from the IP, is a crucial element to protect the inner triplet against the heat load
due to collision products from the proton-proton interactions. It is a 1.8m long copper block with a
17mm radius aperture for the beam. It is surrounded by massive steel shielding to reduce radiation
levels in the experimental cavern [4]. The outer radius of this shielding extends far enough to cover
the tunnel mouth entirely, thereby shielding ATLAS from low-energy components of BIB.

The large stored beam energy of the LHC, in combination with the heat sensitivity of the su-
perconducting magnets, requires highly efficient beam cleaning. This is achieved by two separate
cleaning insertions [6–8]: betatron cleaning at LHC point 7 and momentum cleaning at point 3. In
these insertions a two-stage collimation takes place, as illustrated in Fig. 3. Primary collimators
(TCP) intercept particles that have left the beam core. Some of these particles are scattered and re-
main in the LHC acceptance, constituting the secondary halo, which hits the secondary collimators.
Tungsten absorbers are used to intercept any leakage from the collimators. Although the combined
local efficiency3 of the the system is better than 99.9% [8], some halo – called tertiary halo – es-
capes and is lost elsewhere in the machine. The inner triplets of the high-luminosity experiments
represent limiting apertures where losses of tertiary halo would be most likely. In order to pro-
tect the quadrupoles, dedicated tertiary collimators (TCT) were introduced at 145–148 m from the
high-luminosity IP’s on the incoming beam side. The tungsten jaws of the TCT were set in 2011
to 11.8 σ , while the primary and secondary collimators at point 7 intercepted the halo at 5.7σ
and 8.5σ , respectively.4 Typical loss rates at the primary collimators were between 108–109 p/s
during the 2011 high luminosity operation. These rates are comparable to about 108 proton-proton

3Here the local efficiency (εloc) is defined such that on no element of the machine is the loss a fraction larger than
1− εloc of the total.

4Here σ is the transverse betatronic beam standard deviation, assuming a normalised emittance of 3.5 µm. In 2011
the LHC operated at smaller than nominal emittance, thus the actual physical apertures were larger in terms of σ .

– 5 –
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Event selection and backgrounds

8
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τ) in the final state. The track isolation is defined such that there must be no additional track with
pT > 3 GeV within a cone of radius 0.4 around it.

Different signal regions (SR1–SR9) are considered with increasing Emiss
T thresholds from 150 GeV to

700 GeV.

Table 2 Event selection criteria applied for the selection of monojet-like signal regions, SR1–SR9.

Selection criteria

Preselection

Primary vertex
Emiss

T > 150 GeV
Jet quality requirements
At least one jet with pT > 30 GeV and |η| < 4.5
Lepton and isolated track vetoes

Monojet-like selection

The leading jet with pT > 120 GeV and |η| < 2.0
Leading jet pT/Emiss

T > 0.5
∆φ(jet,p miss

T ) > 1.0

Signal region SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8 SR9
Minimum Emiss

T [GeV] 150 200 250 300 350 400 500 600 700

6 Background estimation

TheW+jets and Z(→ νν̄)+jets backgrounds are estimated using MC event samples normalized using data in
selected control regions. In particular, the dominant Z(→ νν̄)+jets background contribution is constrained
using a combination of estimates from W+jets and Z+jets control regions. The remaining SM backgrounds
from Z/γ∗(→ ℓ+ℓ−)+jets, tt̄, single top, and dibosons are determined using MC simulated samples, while
the multijet background contribution is extracted from data. In the case of the tt̄ background process,
which contributes to both the signal and W+jets control regions, dedicated control samples are defined to
validate the MC normalization and to estimate systematic uncertainties. Finally, the potential contributions
from beam-related background and cosmic rays are estimated in data using jet timing information. The
methodology and the samples used for estimating the background are summarised in Table 3. The details
are given in the following sections.

Table 3 Summary of the methods and control samples used to constrain the different background contributions in the
signal regions.

Background process Method Control sample

Z(→ νν̄)+jets MC and control samples in data Z/γ∗(→ ℓ+ℓ−), W (→ ℓν) (ℓ = e, µ)
W (→ eν)+jets MC and control samples in data W (→ eν) (loose)
W (→ τν)+jets MC and control samples in data W (→ eν) (loose)
W (→ µν)+jets MC and control samples in data W (→ µν)

Z/γ∗(→ ℓ+ℓ−)+jets (ℓ = e, µ, τ) MC-only
tt̄, single top MC-only
Diboson MC-only
Multijets data-driven
Non-collision data-driven
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V+jets background
signal region control region
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8

6.1 W/Z+jets background

In the analysis, control samples in data, with identified electrons or muons in the final state and with
identical requirements on the jet pT and Emiss

T , are used to determine the W (→ ℓν)+jets (ℓ = e, µ, τ)
and Z(→ νν̄)+jets electroweak background contributions. This reduces significantly the relatively large
theoretical and experimental systematic uncertainties, of the order of 20%–40%, associated with purely MC-
based expectations. The Emiss

T -based online trigger used in the analysis does not include muon information
in the Emiss

T calculation. This allows the collection of W (→ µν)+jets and Z/γ∗(→ µ+µ−)+jets control
samples with the same trigger as for the signal regions. This is not the case for the W (→ eν)+jets and
Z/γ∗(→ e+e−)+jets control samples used to constrain the Z(→ νν̄)+jets background (see below).

A W (→ µν)+jets control sample is defined using events with a muon with pT > 20 GeV andW transverse
mass in the range 40 GeV < mT < 100 GeV. The transverse mass mT is defined by the lepton (ℓ) and

neutrino (ν) pT and direction as mT =
√

2pℓTp
ν
T(1− cos(φℓ − φν)), where the (x, y) components of the

neutrino momentum are taken to be the same as the corresponding p miss
T components. Similarly, a Z/γ∗(→

µ+µ−)+jets control sample is selected, requiring the presence of two muons with pT > 20 GeV and invariant
mass in the range 66 GeV < mµµ < 116 GeV. In the W (→ µν)+jets and Z/γ∗(→ µ+µ−)+jets control
regions, the Emiss

T is not corrected for the presence of the muons in the final state, which are considered
invisible, motivated by the fact that these control regions are used to estimate the irreducible Z(→ νν̄)+jets
background in the signal regions.

The W (→ eν)+jets and Z/γ∗(→ e+e−)+jets control samples used to constrain the Z(→ νν̄)+jets back-
ground in the signal regions are collected using online triggers that select events with an electron in the
final state. The Emiss

T is corrected by removing the contributions from the electron energy clusters in the
calorimeters. In the Z/γ∗(→ e+e−)+jets control sample, events are selected with exactly two electrons with
pT > 20 GeV and dilepton invariant mass in the range 66 GeV < mee < 116 GeV. In the W (→ eν)+jets con-
trol sample a tight selection is applied: events are selected to have only a single electron with pT > 25 GeV,
transverse mass in the range 40 GeV < mT < 100 GeV, and uncorrected Emiss

T > 25 GeV. The latter
requirements suppress background contamination from multijet processes where jets are misidentified as
electrons.

A separate W (→ eν)+jets control sample, collected with the Emiss
T -based trigger and looser requirements

that increase the number of events, is defined to constrain the W (→ eν)+jets andW (→ τν)+jets background
contributions. In this case, the electron pT requirement is reduced to pT > 20 GeV and no further cuts on
electron isolation and mT are applied. In addition, the Emiss

T calculation in this case is not corrected for the
presence of the electron or τ leptons in the final state, as they contribute to the calorimeter-based Emiss

T

calculation in the signal regions.
Figures 2–5 show, for the SR1 monojet-like kinematic selection, some distributions in data in the different

W+jets and Z+jets control regions compared to MC expectations. In this case, the MC expectations are
globally normalized to the data in the control regions, using normalization factors as explained below, so
that a comparison of the shape of the different distributions in data and MC simulation can be made. The
MC expectations provide a fair description of the shapes in data but present harder Emiss

T and leading-jet pT
spectra. This is mainly attributed to an inadequate modelling of the boson pT distribution in the W/Z+jets
MC samples.

The data in the control regions and MC–based correction factors, determined from the SHERPA simu-
lation, are used for each of the signal selections (SR1–SR9) to estimate the electroweak background contri-
butions from W+jets and Z(→ νν̄)+jets processes. As an example, the W (→ µν)+jets and Z(→ νν̄)+jets

background contributions to a given signal region, NW (→µν)
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Fig. 6 Measured distributions of (a) the jet multiplicity, (b) Emiss
T , (c) leading jet pT, and (d) the leading jet pT to Emiss

T
ratio for the SR1 selection compared to the SM expectations. The Z(→ νν̄)+jets contribution is shown as constrained by
the W (→ µν)+jets control sample. Where appropriate, the last bin of the distribution includes overflows. For illustration
purposes, the distribution of different ADD, WIMP and GMSB scenarios are included. The error bands in the ratios shown
in lower panels include both the statistical and systematic uncertainties on the background expectations.

8.1 Large extra spatial dimensions

The results are translated into limits on the parameters of the ADD model. The typical A×ϵ of the selection
criteria vary, as the number of extra dimensions n increases from n = 2 to n = 6, between 23% and 33% for
SR1 and between 0.3% and 1.4% for SR9, and are approximately independent of MD.

The experimental uncertainties related to the jet and Emiss
T scales and resolutions introduce, when

combined, uncertainties in the signal yields which vary between 2% and 0.7% for SR1 and between 8%
and 5% for SR9, with increasing n. The uncertainties on the proton beam energy result in uncertainties on
the signal cross sections which vary between 2% and 5% with increasing n, and uncertainties on the signal
acceptance of about 1% for SR1 and 3%–4% for SR9. The uncertainties related to the modelling of the
initial- and final-state gluon radiation translate into uncertainties on the ADD signal acceptance which vary
with increasing n between 2% and 3% in SR1 and between 11% and 21% in SR9. The uncertainties due to
PDF, affecting both the predicted signal cross section and the signal acceptance, result in uncertainties on
the signal yields which vary with increasing n between 18% and 30% for SR1 and between 35% and 41% for
SR9. For the SR1 selection, the uncertainty on the signal acceptance itself is about 8%–9%, and increases
to about 30% for the SR9 selection. Similarly, the variations of the renormalization and factorization scales
introduce a 9% to 30% change in the signal acceptance and a 22% to 40% uncertainty on the signal yields
with increasing n and Emiss

T requirements.
The signal region SR7 provides the most stringent expected limits and is used to obtain the final results.

Figure 8 shows, for the SR7 selection, the ADD σ × A × ϵ as a function of MD for n = 2, n = 4, and
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Fig. 6 Measured distributions of (a) the jet multiplicity, (b) Emiss
T , (c) leading jet pT, and (d) the leading jet pT to Emiss

T
ratio for the SR1 selection compared to the SM expectations. The Z(→ νν̄)+jets contribution is shown as constrained by
the W (→ µν)+jets control sample. Where appropriate, the last bin of the distribution includes overflows. For illustration
purposes, the distribution of different ADD, WIMP and GMSB scenarios are included. The error bands in the ratios shown
in lower panels include both the statistical and systematic uncertainties on the background expectations.

8.1 Large extra spatial dimensions

The results are translated into limits on the parameters of the ADD model. The typical A×ϵ of the selection
criteria vary, as the number of extra dimensions n increases from n = 2 to n = 6, between 23% and 33% for
SR1 and between 0.3% and 1.4% for SR9, and are approximately independent of MD.

The experimental uncertainties related to the jet and Emiss
T scales and resolutions introduce, when

combined, uncertainties in the signal yields which vary between 2% and 0.7% for SR1 and between 8%
and 5% for SR9, with increasing n. The uncertainties on the proton beam energy result in uncertainties on
the signal cross sections which vary between 2% and 5% with increasing n, and uncertainties on the signal
acceptance of about 1% for SR1 and 3%–4% for SR9. The uncertainties related to the modelling of the
initial- and final-state gluon radiation translate into uncertainties on the ADD signal acceptance which vary
with increasing n between 2% and 3% in SR1 and between 11% and 21% in SR9. The uncertainties due to
PDF, affecting both the predicted signal cross section and the signal acceptance, result in uncertainties on
the signal yields which vary with increasing n between 18% and 30% for SR1 and between 35% and 41% for
SR9. For the SR1 selection, the uncertainty on the signal acceptance itself is about 8%–9%, and increases
to about 30% for the SR9 selection. Similarly, the variations of the renormalization and factorization scales
introduce a 9% to 30% change in the signal acceptance and a 22% to 40% uncertainty on the signal yields
with increasing n and Emiss

T requirements.
The signal region SR7 provides the most stringent expected limits and is used to obtain the final results.

Figure 8 shows, for the SR7 selection, the ADD σ × A × ϵ as a function of MD for n = 2, n = 4, and
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Fig. 7 Measured distributions of the jet multiplicity, leading jet pT, and the leading jet pT to Emiss
T ratio for (a) SR7

and (b) SR9 selections compared to the SM expectations. The Z(→ νν̄)+jets contribution is shown as constrained by
the W (→ µν)+jets control sample. Where appropriate, the last bin of the distribution includes overflows. For illustration
purposes, the distribution of different ADD, WIMP and GMSB scenarios are included. The error bands in the ratios shown
in lower panels include both the statistical and systematic uncertainties on the background expectations.

n = 6, calculated at LO. For comparison, the model-independent 95% CL limit is shown. Expected and
observed 95% CL lower limits are set on the value of MD as a function of the number of extra dimensions
considered in the ADD model. The CLs approach is used, including statistical and systematic uncertainties.
For the latter, the uncertainties on the signal acceptance times efficiency, the background expectations, and
the luminosity are considered, and correlations between systematic uncertainties on signal and background
expectations are taken into account. In addition, observed limits are computed taking into account the ±1σ
LO theoretical uncertainty. Values of MD below 5.25 TeV (n = 2), 4.11 TeV (n = 3), 3.57 TeV (n = 4),

14

Table 4 Data and SM background expectation in the signal region for the SR1–SR5 selections. For the SM expectations both
the statistical and systematic uncertainties are included. In each signal region, the individual uncertainties for the different
background processes can be correlated, and do not necessarily add in quadrature to the total background uncertainty.

Signal Region SR1 SR2 SR3 SR4 SR5
Observed events 364378 123228 44715 18020 7988

SM expectation 372100 ± 9900 126000 ± 2900 45300 ± 1100 18000 ± 500 8300 ± 300

Z(→ νν̄) 217800 ± 3900 80000 ± 1700 30000 ± 800 12800 ± 410 6000 ± 240
W (→ τν) 79300 ± 3300 24000 ± 1200 7700 ± 500 2800 ± 200 1200 ± 110
W (→ eν) 23500 ± 1700 7100 ± 560 2400 ± 200 880 ± 80 370 ± 40
W (→ µν) 28300 ± 1600 8200 ± 500 2500 ± 200 850 ± 80 330 ± 40
Z/γ∗(→ µ+µ−) 530 ± 220 97 ± 42 19 ± 8 7 ± 3 4 ± 2
Z/γ∗(→ τ+τ−) 780 ± 320 190 ± 80 45 ± 19 14 ± 6 5 ± 2
tt̄, single top 6900 ± 1400 2300 ± 500 700 ± 160 200 ± 70 80 ± 40
Dibosons 8000 ± 1700 3500 ± 800 1500 ± 400 690 ± 200 350 ± 120
Multijets 6500 ± 6500 800 ± 800 200 ± 200 44 ± 44 15 ± 15

Table 5 Data and SM background expectation in the signal region for the SR6–SR9 selections. For the SM expectations both
the statistical and systematic uncertainties are included. In each signal region, the individual uncertainties for the different
background processes can be correlated, and do not necessarily add in quadrature to the total background uncertainty.

Signal Region SR6 SR7 SR8 SR9
Observed events 3813 1028 318 126

SM expectation 4000 ± 160 1030 ± 60 310 ± 30 97 ± 14

Z(→ νν̄) 3000 ± 150 740 ± 60 240 ± 30 71 ± 13
W (→ τν) 540 ± 60 130 ± 20 34 ± 8 11 ± 3
W (→ eν) 170 ± 20 43 ± 7 9 ± 3 3 ± 1
W (→ µν) 140 ± 20 35 ± 6 10 ± 2 2 ± 1
Z/γ∗(→ µ+µ−) 3 ± 1 2 ± 1 1 ± 1 1 ± 1
Z/γ∗(→ τ+τ−) 2 ± 1 0 ± 0 0 ± 0 0 ± 0
tt̄, single top 30 ± 20 7 ± 7 1 ± 1 0 ± 0
Dibosons 183 ± 70 65 ± 35 23 ± 16 8 ± 7
Multijets 6 ± 6 1 ± 1 0 ± 0 0 ± 0

Table 6 Observed and expected 90% CL and 95% CL upper limits on the product of cross section, acceptance and
efficiency, σ ×A× ϵ, for the SR1–SR9 selections.

Upper limits on σ ×A× ϵ [fb]

Signal Region 90% CL Observed (Expected) 95% CL Observed (Expected)

SR1 599 (788) 726 (935)
SR2 158 (229) 194 (271)
SR3 74 (89) 90 (106)
SR4 38 (43) 45 (51)
SR5 17 (24) 21 (29)
SR6 10 (14) 12 (17)
SR7 6.0 (6.0) 7.2 (7.2)
SR8 3.2 (3.0) 3.8 (3.6)
SR9 2.9 (1.5) 3.4 (1.8)

using the CLs modified frequentist approach [124] and considering the systematic uncertainties on the SM
backgrounds and the uncertainty on the quoted integrated luminosity. The results are presented in Table 6.
Values of σ × A × ϵ above 599 fb–2.9 fb (726 fb–3.4 fb) are excluded at 90% CL (95% CL) for SR1–SR9
selections, respectively. Typical event selection efficiencies varying from 88% for SR1 and 83% for SR3 to
82% for SR7 and 81% for SR9 are found in simulated Z(→ νν̄)+jets background processes.
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Table 4 Data and SM background expectation in the signal region for the SR1–SR5 selections. For the SM expectations both
the statistical and systematic uncertainties are included. In each signal region, the individual uncertainties for the different
background processes can be correlated, and do not necessarily add in quadrature to the total background uncertainty.

Signal Region SR1 SR2 SR3 SR4 SR5
Observed events 364378 123228 44715 18020 7988

SM expectation 372100 ± 9900 126000 ± 2900 45300 ± 1100 18000 ± 500 8300 ± 300

Z(→ νν̄) 217800 ± 3900 80000 ± 1700 30000 ± 800 12800 ± 410 6000 ± 240
W (→ τν) 79300 ± 3300 24000 ± 1200 7700 ± 500 2800 ± 200 1200 ± 110
W (→ eν) 23500 ± 1700 7100 ± 560 2400 ± 200 880 ± 80 370 ± 40
W (→ µν) 28300 ± 1600 8200 ± 500 2500 ± 200 850 ± 80 330 ± 40
Z/γ∗(→ µ+µ−) 530 ± 220 97 ± 42 19 ± 8 7 ± 3 4 ± 2
Z/γ∗(→ τ+τ−) 780 ± 320 190 ± 80 45 ± 19 14 ± 6 5 ± 2
tt̄, single top 6900 ± 1400 2300 ± 500 700 ± 160 200 ± 70 80 ± 40
Dibosons 8000 ± 1700 3500 ± 800 1500 ± 400 690 ± 200 350 ± 120
Multijets 6500 ± 6500 800 ± 800 200 ± 200 44 ± 44 15 ± 15

Table 5 Data and SM background expectation in the signal region for the SR6–SR9 selections. For the SM expectations both
the statistical and systematic uncertainties are included. In each signal region, the individual uncertainties for the different
background processes can be correlated, and do not necessarily add in quadrature to the total background uncertainty.

Signal Region SR6 SR7 SR8 SR9
Observed events 3813 1028 318 126

SM expectation 4000 ± 160 1030 ± 60 310 ± 30 97 ± 14

Z(→ νν̄) 3000 ± 150 740 ± 60 240 ± 30 71 ± 13
W (→ τν) 540 ± 60 130 ± 20 34 ± 8 11 ± 3
W (→ eν) 170 ± 20 43 ± 7 9 ± 3 3 ± 1
W (→ µν) 140 ± 20 35 ± 6 10 ± 2 2 ± 1
Z/γ∗(→ µ+µ−) 3 ± 1 2 ± 1 1 ± 1 1 ± 1
Z/γ∗(→ τ+τ−) 2 ± 1 0 ± 0 0 ± 0 0 ± 0
tt̄, single top 30 ± 20 7 ± 7 1 ± 1 0 ± 0
Dibosons 183 ± 70 65 ± 35 23 ± 16 8 ± 7
Multijets 6 ± 6 1 ± 1 0 ± 0 0 ± 0

Table 6 Observed and expected 90% CL and 95% CL upper limits on the product of cross section, acceptance and
efficiency, σ ×A× ϵ, for the SR1–SR9 selections.

Upper limits on σ ×A× ϵ [fb]

Signal Region 90% CL Observed (Expected) 95% CL Observed (Expected)

SR1 599 (788) 726 (935)
SR2 158 (229) 194 (271)
SR3 74 (89) 90 (106)
SR4 38 (43) 45 (51)
SR5 17 (24) 21 (29)
SR6 10 (14) 12 (17)
SR7 6.0 (6.0) 7.2 (7.2)
SR8 3.2 (3.0) 3.8 (3.6)
SR9 2.9 (1.5) 3.4 (1.8)

using the CLs modified frequentist approach [124] and considering the systematic uncertainties on the SM
backgrounds and the uncertainty on the quoted integrated luminosity. The results are presented in Table 6.
Values of σ × A × ϵ above 599 fb–2.9 fb (726 fb–3.4 fb) are excluded at 90% CL (95% CL) for SR1–SR9
selections, respectively. Typical event selection efficiencies varying from 88% for SR1 and 83% for SR3 to
82% for SR7 and 81% for SR9 are found in simulated Z(→ νν̄)+jets background processes.

MET > 150 GeV

MET > 700 GeV
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limits on σ×A×ε
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Table 4 Data and SM background expectation in the signal region for the SR1–SR5 selections. For the SM expectations both
the statistical and systematic uncertainties are included. In each signal region, the individual uncertainties for the different
background processes can be correlated, and do not necessarily add in quadrature to the total background uncertainty.

Signal Region SR1 SR2 SR3 SR4 SR5
Observed events 364378 123228 44715 18020 7988

SM expectation 372100 ± 9900 126000 ± 2900 45300 ± 1100 18000 ± 500 8300 ± 300

Z(→ νν̄) 217800 ± 3900 80000 ± 1700 30000 ± 800 12800 ± 410 6000 ± 240
W (→ τν) 79300 ± 3300 24000 ± 1200 7700 ± 500 2800 ± 200 1200 ± 110
W (→ eν) 23500 ± 1700 7100 ± 560 2400 ± 200 880 ± 80 370 ± 40
W (→ µν) 28300 ± 1600 8200 ± 500 2500 ± 200 850 ± 80 330 ± 40
Z/γ∗(→ µ+µ−) 530 ± 220 97 ± 42 19 ± 8 7 ± 3 4 ± 2
Z/γ∗(→ τ+τ−) 780 ± 320 190 ± 80 45 ± 19 14 ± 6 5 ± 2
tt̄, single top 6900 ± 1400 2300 ± 500 700 ± 160 200 ± 70 80 ± 40
Dibosons 8000 ± 1700 3500 ± 800 1500 ± 400 690 ± 200 350 ± 120
Multijets 6500 ± 6500 800 ± 800 200 ± 200 44 ± 44 15 ± 15

Table 5 Data and SM background expectation in the signal region for the SR6–SR9 selections. For the SM expectations both
the statistical and systematic uncertainties are included. In each signal region, the individual uncertainties for the different
background processes can be correlated, and do not necessarily add in quadrature to the total background uncertainty.

Signal Region SR6 SR7 SR8 SR9
Observed events 3813 1028 318 126

SM expectation 4000 ± 160 1030 ± 60 310 ± 30 97 ± 14

Z(→ νν̄) 3000 ± 150 740 ± 60 240 ± 30 71 ± 13
W (→ τν) 540 ± 60 130 ± 20 34 ± 8 11 ± 3
W (→ eν) 170 ± 20 43 ± 7 9 ± 3 3 ± 1
W (→ µν) 140 ± 20 35 ± 6 10 ± 2 2 ± 1
Z/γ∗(→ µ+µ−) 3 ± 1 2 ± 1 1 ± 1 1 ± 1
Z/γ∗(→ τ+τ−) 2 ± 1 0 ± 0 0 ± 0 0 ± 0
tt̄, single top 30 ± 20 7 ± 7 1 ± 1 0 ± 0
Dibosons 183 ± 70 65 ± 35 23 ± 16 8 ± 7
Multijets 6 ± 6 1 ± 1 0 ± 0 0 ± 0

Table 6 Observed and expected 90% CL and 95% CL upper limits on the product of cross section, acceptance and
efficiency, σ ×A× ϵ, for the SR1–SR9 selections.

Upper limits on σ ×A× ϵ [fb]

Signal Region 90% CL Observed (Expected) 95% CL Observed (Expected)

SR1 599 (788) 726 (935)
SR2 158 (229) 194 (271)
SR3 74 (89) 90 (106)
SR4 38 (43) 45 (51)
SR5 17 (24) 21 (29)
SR6 10 (14) 12 (17)
SR7 6.0 (6.0) 7.2 (7.2)
SR8 3.2 (3.0) 3.8 (3.6)
SR9 2.9 (1.5) 3.4 (1.8)

using the CLs modified frequentist approach [124] and considering the systematic uncertainties on the SM
backgrounds and the uncertainty on the quoted integrated luminosity. The results are presented in Table 6.
Values of σ × A × ϵ above 599 fb–2.9 fb (726 fb–3.4 fb) are excluded at 90% CL (95% CL) for SR1–SR9
selections, respectively. Typical event selection efficiencies varying from 88% for SR1 and 83% for SR3 to
82% for SR7 and 81% for SR9 are found in simulated Z(→ νν̄)+jets background processes.
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Dark Matter EFT operators

• Contact interactions (dimension-6 operator) form a simple framework for the 
description of the collider and astro-particle experimental results and were widely 
used in Run-1 by both ATLAS and CMS.

• EFT has two parameters (mDM and suppression scale Λ)
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Dark matter phenomenology: The middle ground

> We want a framework that allows us to focus on the DM particle, while 
at the same time being flexible enough to offer a rich phenomenology.

> We therefore relax the assumption that DM couples directly to Standard 
Model states and instead consider the case that interactions between 
DM and the Standard Model are mediated by additional new particles.

> If these particles are sufficiently heavy, we can 
describe the interactions between DM and the 
Standard Model using effective interactions 
involving higher-dimensional operators.

Annihilation

Production
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q̄

χ

χ̄

g

Z ′

(b)

Fig. 1 Feynman diagrams for the production of weakly interacting massive particle pairs χχ̄ associated with a jet from
initial-state radiation of a gluon, g. (a) A contact interaction described with effective operators. (b) A simplified model with
a Z′ boson.

be produced directly at the LHC (see Fig. 1(a)). It is assumed here that the DM particle is either a Dirac

Table 1 Effective interactions coupling WIMPs to Standard Model quarks or gluons, following the formalism in Ref. [40],
where M⋆ is the suppression scale of the interaction. Operators starting with a D describe Dirac fermion WIMPs, the ones
starting with a C are for scalar WIMPs and Ga

µν is the colour field-strength tensor.

Name Initial state Type Operator

C1 qq scalar
mq

M2
⋆

χ†χq̄q

C5 gg scalar 1
4M2

⋆

χ†χαs(Ga
µν)

2

D1 qq scalar
mq

M3
⋆

χ̄χq̄q

D5 qq vector 1
M2

⋆

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

⋆

χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

⋆

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

⋆

χ̄χαs(Ga
µν)

2

fermion or a scalar χ; the only difference for Majorana fermions is that certain interactions are not allowed
and that the cross sections for the allowed interactions are larger by a factor of four. Seven interactions are
considered (see Table 1), namely those described by the operators C1, C5, D1, D5, D8, D9, D11, following
the naming scheme in Ref. [40]. These operators describe different bilinear quark couplings to WIMPs,
qq̄ → χχ̄, except for C5 and D11, which describe the coupling to gluons, gg → χχ̄. The operators for
Dirac fermions and scalars in Ref. [40] fall into six categories with characteristic Emiss

T spectral shapes. The
representative set of operators for these six categories are C1, C5, D1, D5, D9, and D11, while D8 falls
into the same category as D5 but is listed explicitly in Table 1 because it is often used to convert LHC
results into limits on DM pair production. In the operator definitions in Table 1, M∗ is the suppression scale
of the interaction, after integrating out the heavy mediator particles. The use of a contact interaction to
produce WIMP pairs via heavy mediators is considered conservative because it rarely overestimates cross
sections when applied to a specific scenario for physics beyond the SM. Cases where this approach is indeed
optimistic are studied in Refs. [39, 41–45]. Despite the caveats related to the validity of the EFT approach
(see Appendix A), this formalism is used here, as it provides a framework for comparing LHC results to
existing direct or indirect DM searches. Within this framework, interactions of SM and DM particles are

Eur. Phys. J. C (2015) 75:299

1008.1783
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Contact interactions

• It is safe to use EFT when the mediator                                                                   
can be integrated out.

• However, at the LHC energies, the limits                                                                
on the suppression scale are comparable                                                                             
to the momentum transfer!
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Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1
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=
g

�

g

q

M

2

. (2.4)

The Feynman diagrams for the processes under consideration are depicted in Fig. 1. The processes

where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed

by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
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where only the leading term 1/M2 is kept. The higher-order terms in the expansion correspond to

higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is

a good approximation as long as Q

2

tr

⌧ M

2 ⇠ ⇤2. Thus, the parameter Q

tr

/M characterizes the

goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.

For the couplings to stay in the perturbative regime, one needs g
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�

< 4⇡ (see Ref. [31] for an

alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle
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, that is M > m
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. So, Eq. (2.4) gives [21]
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, (2.6)

which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what,

for instance, ATLAS uses in Ref. [6]. On top of this condition, the validity of the truncation to the
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Figure 2: The momentum transfer in the s-channel in Eq. (3.4), weighted with PDFs, as a function of m
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for di↵erent choices of p

T

, ⌘ of the radiated jet. We considered

p
s = 8TeV.

To assess the validity of the EFT, we first adopt a procedure which, albeit not rigorous, gives an

idea of the error one might make in adopting the EFT. The advantage of this procedure is that it is

model-independent in the sense that it does not depend on the particular UV completion of the EFT
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/4]1/2, as often done by the

LHC collaborations (see e.g. Ref. [6]). The results are plotted in Fig. 2 as a function of the DM mass
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and for di↵erent choices of p
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and ⌘ of the radiated jet. From Fig. 2 we see that the lower the

jet p
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, the lower the momentum transfer is, and therefore the better the EFT will work. The same

is true for smaller DM masses. These behaviors, which are due to the fact we have restricted the

average of the mometum transfer to the kinematically allowed domain, will be confirmed by a more

rigorous approach in the next section. Notice that hQ2
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i1/2 is always larger than about 500 GeV,

which poses a strong bound on the cuto↵ scale ⇤: when the coupling constants g
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and g
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to their perturbative regime, from the condition (2.7) we get ⇤ & 50 GeV, but when the couplings

are of order unity, one gets a much stronger bound ⇤ & 500 GeV.

5

Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1

⇤2

=
g

�

g

q

M

2

. (2.4)

The Feynman diagrams for the processes under consideration are depicted in Fig. 1. The processes

where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed

by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
1

Q

2

tr

�M

2

= � 1

M

2

✓
1 +

Q

2

tr

M

2

+O
✓
Q

4

tr

M

4

◆◆
, (2.5)

where only the leading term 1/M2 is kept. The higher-order terms in the expansion correspond to

higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is

a good approximation as long as Q

2

tr

⌧ M

2 ⇠ ⇤2. Thus, the parameter Q

tr

/M characterizes the

goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.

For the couplings to stay in the perturbative regime, one needs g
q

, g

�

< 4⇡ (see Ref. [31] for an

alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle

m

DM

, that is M > m

DM

. So, Eq. (2.4) gives [21]

⇤ & m

DM

4⇡
, (2.6)

which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what,

for instance, ATLAS uses in Ref. [6]. On top of this condition, the validity of the truncation to the

lowest order in the expansion (2.5) requires that Q
tr

< M , i.e. Q
tr

<

p
g

q

g

�

⇤ < 4⇡⇤, so that

⇤ >

Q

trp
g

q

g

�

>

Q

tr

4⇡
, (2.7)

which depends on m

DM

through Q

tr

and refines the condition (2.1). Furthermore, assuming s-

channel momentum transfer, kinematics imposes Q
tr

> 2m
DM

so from Eq. (2.7)

⇤ >

m

DM

2⇡
, (2.8)

3

Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1

⇤2

=
g

�

g

q

M

2

. (2.4)

The Feynman diagrams for the processes under consideration are depicted in Fig. 1. The processes

where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed

by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
1

Q

2

tr

�M

2

= � 1

M

2

✓
1 +

Q

2

tr

M

2

+O
✓
Q

4

tr

M

4

◆◆
, (2.5)

where only the leading term 1/M2 is kept. The higher-order terms in the expansion correspond to

higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is

a good approximation as long as Q

2

tr

⌧ M

2 ⇠ ⇤2. Thus, the parameter Q

tr

/M characterizes the

goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.

For the couplings to stay in the perturbative regime, one needs g
q

, g

�

< 4⇡ (see Ref. [31] for an

alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle

m

DM

, that is M > m

DM

. So, Eq. (2.4) gives [21]

⇤ & m

DM

4⇡
, (2.6)

which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what,

for instance, ATLAS uses in Ref. [6]. On top of this condition, the validity of the truncation to the

lowest order in the expansion (2.5) requires that Q
tr

< M , i.e. Q
tr

<

p
g

q

g

�

⇤ < 4⇡⇤, so that

⇤ >

Q

trp
g

q

g

�

>

Q

tr

4⇡
, (2.7)

which depends on m

DM

through Q

tr

and refines the condition (2.1). Furthermore, assuming s-

channel momentum transfer, kinematics imposes Q
tr

> 2m
DM

so from Eq. (2.7)

⇤ >

m

DM

2⇡
, (2.8)

3

Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1

⇤2

=
g

�

g

q

M

2

. (2.4)

The Feynman diagrams for the processes under consideration are depicted in Fig. 1. The processes

where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed

by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
1

Q

2

tr

�M

2

= � 1

M

2

✓
1 +

Q

2

tr

M

2

+O
✓
Q

4

tr

M

4

◆◆
, (2.5)

where only the leading term 1/M2 is kept. The higher-order terms in the expansion correspond to

higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is

a good approximation as long as Q

2

tr

⌧ M

2 ⇠ ⇤2. Thus, the parameter Q

tr

/M characterizes the

goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.

For the couplings to stay in the perturbative regime, one needs g
q

, g

�

< 4⇡ (see Ref. [31] for an

alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle

m

DM

, that is M > m

DM

. So, Eq. (2.4) gives [21]

⇤ & m

DM

4⇡
, (2.6)

which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what,

for instance, ATLAS uses in Ref. [6]. On top of this condition, the validity of the truncation to the

lowest order in the expansion (2.5) requires that Q
tr

< M , i.e. Q
tr

<

p
g

q

g

�

⇤ < 4⇡⇤, so that

⇤ >

Q

trp
g

q

g

�

>

Q

tr

4⇡
, (2.7)

which depends on m

DM

through Q

tr

and refines the condition (2.1). Furthermore, assuming s-

channel momentum transfer, kinematics imposes Q
tr

> 2m
DM

so from Eq. (2.7)

⇤ >

m

DM

2⇡
, (2.8)

3

Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1

⇤2

=
g

�

g

q

M

2

. (2.4)

The Feynman diagrams for the processes under consideration are depicted in Fig. 1. The processes

where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed

by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
1

Q

2

tr

�M

2

= � 1

M

2

✓
1 +

Q

2

tr

M

2

+O
✓
Q

4

tr

M

4

◆◆
, (2.5)

where only the leading term 1/M2 is kept. The higher-order terms in the expansion correspond to

higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is

a good approximation as long as Q

2

tr

⌧ M

2 ⇠ ⇤2. Thus, the parameter Q

tr

/M characterizes the

goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.

For the couplings to stay in the perturbative regime, one needs g
q

, g

�

< 4⇡ (see Ref. [31] for an

alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle

m

DM

, that is M > m

DM

. So, Eq. (2.4) gives [21]

⇤ & m

DM

4⇡
, (2.6)

which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what,

for instance, ATLAS uses in Ref. [6]. On top of this condition, the validity of the truncation to the

lowest order in the expansion (2.5) requires that Q
tr

< M , i.e. Q
tr

<

p
g

q

g

�

⇤ < 4⇡⇤, so that

⇤ >

Q

trp
g

q

g

�

>

Q

tr

4⇡
, (2.7)

which depends on m

DM

through Q

tr

and refines the condition (2.1). Furthermore, assuming s-

channel momentum transfer, kinematics imposes Q
tr

> 2m
DM

so from Eq. (2.7)

⇤ >

m

DM

2⇡
, (2.8)

3

1307.2253

http://arxiv.org/abs/arXiv:1307.2253


David Šálek: Dark Matter (and Dark Mediators) at the LHC10/11/2015

EFT validity

• ratio of valid events

• The collider limits do not satisfy                                                                           
the EFT validity condition.

• How do the EFT limits compare                                                                            
to the limits from s-channel models                                                                       
with light mediators?

• EFT limits are aggressive in region III, 
DD limits are stronger at low DM and 
mediator masses!
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

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

⇤

as a

function of m

DM

, for various choices of p

T

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

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

dimensional operators can give important contributions.

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

DM

, for various choices of p
T

and ⌘. Our

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

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

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

operator and the p

T

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

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

should consider the values of R
⇤

with a grain of salt.

To sum over the possible p

T

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

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

sections

R

tot

⇤

⌘ �

e↵

|
Qtr<⇤

�

e↵

=

R
1TeV

p

min
T

dp
T

R
2

�2

d⌘
d2�

e↵

dp
T

d⌘

����
Qtr<⇤

R
1TeV

p

min
T

dp
T

R
2

�2

d⌘
d2�

e↵

dp
T

d⌘

. (4.6)

As an example, we consider two cases: p

min

T

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

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

, R

tot

⇤

get closer

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

i in Section 3, and

7
10 102 103

500

1000

1500

2000

2500

3000

mDM @GeVD

L
@Ge

V
D

120 GeV £ pT £ 1 TeV»h» £ 2

RLtot= 10%

RLtot= 25%

RLtot= 50%

RLtot= 75%

L < 2 mDM

10 102 103

500

1000

1500

2000

2500

3000

mDM @GeVD

L
@Ge

V
D

500 GeV £ pT £ 1 TeV»h» £ 2

RLtot= 10%

RLtot= 25%

RLtot= 50%

RLtot= 75%

L < 2 mDM

10 102 103

102

103

mDM @GeVD

L
@Ge

V
D

120 GeV £ pT £ 1 TeV, »h» £ 2

R4 p Ltot = 50%

R2Ltot = 50%

RLtot= 50%

RLê2tot = 50%

L <
mDM
êH2pL

10 102 103

102

103

mDM @GeVD

L
@Ge

V
D

500 GeV £ pT £ 1 TeV, »h» £ 2

R4 p Ltot = 50%

R2Ltot = 50%

RLtot= 50%

RLê2tot = 50%

L <
mDM
êH2pL

Figure 5: Top row: Contours for the ratio R

tot

⇤

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

,⇤). We setp
s = 8TeV, |⌘|  2 and p

min

T

= 120GeV (left panel), p

min

T

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

contours for the ratio R

tot

⇤

, varying the cuto↵ Q

tr

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

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

DM

/(2⇡) (see Eq. (2.8)), which is

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

p
s = 8TeV, |⌘|  2 and p

min

T

= 120GeV (left

panel), pmin

T

= 500GeV (right panel).

Of course, these results hold for the operator O
S

in (2.3); for a di↵erent operator one would have a

di↵erent fitting function. The contours in the top row of Fig. 5 indicate the regions in the parameter

space (⇤,m
DM

) where the description in terms of dim-6 e↵ective operator is accurate and reliable.

Even for very small DM masses, having R

tot

⇤

at least 75%, requires a cuto↵ scale at least above 1

TeV.

We reiterate that there is always some degree of arbitrariness when defining precisely the cuto↵

scale up to which the EFT is reliable, as one does not know the details of the UV physics integrated

out. This point reflects into the fact that the condition on the transfer momentum, see Eq. (2.7),

varies according to the values of g
q

, g

�

. The e↵ect of varying the cuto↵ scale is shown in the bottom

row of Fig. 5, for the representative contour R

tot

⇤

= 50%. The extreme, and most conservative,

situation Q

tr

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

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

DM

/(2⇡) (see

Eq. (2.8)), which is often used as a benchmark for the validity of the EFT. This means that the

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

considered.
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
g

q

g

�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.
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Figure 6. Left panels: The upper (lower) panels show the limits on the spin-dependent dark
matter-neutron (proton) scattering cross-section. The solid red line in both panels is the CMS EFT
limit. Limits from the XENON100, PICASSO, SIMPLE and COUPP direct detection limits are
also shown. When the EFT limit is valid, the CMS EFT limit is stronger than the direct detection
limits for mDM . 1 TeV. Right panels: The black solid line in the upper (lower) panels indicates
the mediator mass mmed for which the CMS and direct detection dark matter-neutron (proton)
scattering cross-section limits are equal. For larger (smaller) mmed, the CMS (direct detection)
limit is stronger. The dotted lines distinguish Regions I, II and III. In this range of mDM, direct
detection experiments set a stronger limit in Region III only.

CMS limit is stronger than the direct detection limits for mDM . 1 TeV has received much

attention.

However, in the previous section we saw that the EFT limit on ⇤ only applies to rather

baroque theories of dark matter with a very heavy (and very broad) mediator - we called

this Region I. In Region II, the limit on ⇤ is always larger than the EFT limit (see fig. 3),

which implies that the limit on the scattering cross section is stronger than the CMS line

in fig. 6. In Region III, the limit on ⇤ is weaker than the EFT result. Therefore, in this

region, the CMS limit on the scattering cross-section will be weaker than the EFT limit

and eventually, will be weaker than the direct detection limits in fig. 6.
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EFT validity
• Minimum requirement for EFT being a 

valid approximation of UV-complete 
models is Qtr < Mmed =           M*.

• Not all events generated in EFT are valid 
at the LHC energies.

• As a consequence, the M* limits decrease.

• For D5, the EFT approach is fully valid  
for          ≳ π.
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We have also considered two di↵erent widths for the mediator. The width of an axial-

vector mediator decaying to Dirac fermions f and f̄ with coupling g

f

is

�

mmed
=

N

C

g

2
f

12⇡

 
1 � 4m2

f

m

2
med

!3/2

, (3.3)

where N
C

= 3 for coloured particles and is 1 otherwise. The solid red line shows the result

for a narrow width, � = mmed/8⇡, and the dashed line for a broad width, � = mmed/3.

In Regions I and III the limit on ⇤ is only weakly dependent on the width, since in both

these regions, the mediator is being produced o↵-shell. Conversely, in Region II, the limit

is strongly dependent on the width as the production is resonantly enhanced. Finally, the

grey regions show that the value of mmed at the transitions between the di↵erent regions

may change by ⇠ 10%, depending on the width.

We now consider the more general case. In the right panel of fig. 3 we show the ratio

of the inclusive cross-section (i.e. we take the minimum cut used by CMS, pT,j

> 110 GeV)

in the EFT, �EFT, to that in the simplified model (or full theory, FT), �FT, as a function

of mDM and mmed. For simplicity, we have set g

�

= g

q

= 1 so that ⇤ = mmed and we

have calculated the width for each value of mDM and mmed using eq. (3.3). For di↵erent

couplings, the width will be di↵erent and the boundaries between the regions may change

by ⇠ 10% but otherwise, the plot will be similar. The orange and red regions indicate when

the EFT cross-section is smaller than in the simplified model, while the green and bluer

colours indicate the inverse. The same three distinct regions of parameter space can again

be seen. For mDM . 100 GeV, we require mmed > 2.5 TeV to be in Region I, where the

EFT limit on ⇤ can be used. For larger values of mDM, the value of mmed at the boundary

between Region I and II increases, reaching mmed = 6 TeV for mDM = 1 TeV.

We now discuss each of these regions in further detail.

3.1 Region I: Very heavy mediator - EFT limit applies

In Region I, the cross-section in the simplified model and EFT agree within experimental

uncertainties (20%) and the limit on ⇤ is independent of mmed. This behaviour can be

simply understood: expanding the propagator (while ignoring the width) for the s-channel

resonance in powers ofQ2
/m

2
med, whereQ

2 is the momentum transfer through the s-channel

(see right panel of fig. 2), we obtain

g

q

g

�

Q

2 � m

2
med

⇡ � g

q

g

�

m

2
med

✓
1 +

Q

2

m

2
med

+ O
✓

Q

4

m

4
med

◆◆
. (3.4)

We recognise the first term outside the brackets as the contact interaction scale of the EFT:

1/⇤2 = g

q

g

�

/m

2
med. The EFT is valid so long as the e↵ects of the rest of the expansion

beyond leading order are small, i.e. if mmed � Q. At the 8 TeV LHC run, hQ2i1/2 is always
larger than 500 GeV [45], so we expect mmed to be TeV scale in order that mmed � Q.

This is confirmed by the right panel of fig. 3, where we see that mmed should be at least

2.5 TeV in order that �EFT and �FT agree to better than 20%.

Stating the minimum mediator mass mmed needed for the EFT limit to be valid, rather

than a minimum value of ⇤, is much more natural in the simplified model framework. While
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Figure 2. Left panel: The monojet process from a qq̄ initial state in the EFT framework. The con-
tact interaction is represented by the shaded blob. Details of the particle mediating the interaction
do not have to be specified. Right panel: This shows a UV resolution of the contact interaction for
an (axial)-vector mediator Z

0
, exchanged in the s-channel. The momentum transfer through the

s-channel is denoted by Q.

exchanged in the s-channel. We remain agnostic to the precise origin of the vector mediator

and its coupling with dark matter and quarks. One example of such a mediator is a (axial)-

vector Z
0
, a massive spin-one vector boson from a broken U(1)

0
gauge symmetry [40, 41].

A second example is a composite vector mediator, similar to the ! in QCD [42]. In either

case, in addition to the usual terms in the Standard Model Lagrangian, the Lagrangian

with general quark interaction terms is

L = �1

4
Z

0
µ⌫

Z

0
µ⌫ +

1

2
m

2
medZ

0
µ

Z

0
µ

+ i�̄�

µ

@

µ

� � mDM�̄�

+ Z

0
µ

�̄�

µ(g
�V

� g

�A

�

5)�+ Z

0
µ

X

q

q̄�

µ(g
qV

� g

qA

�

5)q .

(3.1)

Here mmed is the (axial)-vector mass term and g

V

and g

A

are the vector and axial couplings

respectively. The dark matter particle � is a Dirac fermion with mass mDM, neutral under

the Standard Model gauge groups. The sum extends over all quarks and for simplicity,

we assume that the couplings g

qV

and g

qA

are the same for all quarks. While in general,

a Z

0
from a broken U(1)

0
will also have couplings to leptons and gauge bosons, we do

not consider them here as they are not relevant for the monojet search.1 This simplified

model is similar (albeit simpler) to the model discussed in [31]. Simplified models of vector

mediators have also been discussed in [4, 18, 31, 43, 44].

While the above Lagrangian allows for both vector and axial-vector interactions, the

phenomenology and limits from the monojet search are similar in both cases. Therefore

for the purposes of clarity, we focus on one: the axial-vector interaction. In the remainder

of this article, we set g
�V

= g

qV

= 0 and redefine g

�

⌘ g

�A

and g

q

⌘ g

gA

. The axial-vector

interaction has two advantages. Firstly, this interaction is non-zero for Majorana dark

matter (the normalisation of our results would change by a factor of four in this case),

unlike the vector interaction, which vanishes for Majorana dark matter. Secondly, the

1
We assume that the charges are chosen so the U(1)

0
gauge symmetry is anomaly free. This may require

additional particles.
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
g

q

g

�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.
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comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
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g
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. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.

Eur. Phys. J. C (2015) 75:299
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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mono-W/Z(qq)

Event selection

• large R=1.2 Cambridge-Aachen jet 
pT > 250 GeV, |η| < 1.2,             
50 < m < 120 GeV, √y > 0.4

• at most one extra light jet         
pT > 40 GeV, |η| < 4.5           
away from the fat jet (dR > 0.9) 
and MET (dφ > 0.4)

• lepton and photon veto             
(pT > 10 GeV)

• SR defined by                          
MET > 350, 500 GeV

Dominant backgrounds

• Zνν+jets, W/Z from CR      
(inverted muon veto)

Uncertainties

• limited CR statistics

• MC theory uncertainties

• C-A jet energy scale/resolution

• total uncertainty 7-13%
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mono-W/Z(qq)
• Sensitive to the sign of the DM couplings to up and down quarks.

• C(u) = C(d) destructive interference

• C(u) = -C(d) constructive interference

• Order of magnitude improvement on the WIMP-nucleon cross section limits.

• M* > ~2 TeV for D5 constructive mode.

• However, other than C(u) = C(d) violates the gauge invariance.
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FIG. 4. Contributions to the mono-W process u(p1)d(p2) ! �(k1)�(k2)W
+(q), in a UV complete model.

radiated from the ⌘, is suppressed by an additional heavy
scalar propagator, and hence appears subdominant to the
ISR diagrams. It enters the EFT as a dimension 8 op-
erator, contributing on an equal footing with the SU(2)
violating contributions of diagrams (a) and (b) [31]. Fi-
nally, note that in the renormalizable theory, in the high
energy limit, WL production arises solely from the am-
plitude of Fig.4(c), and only when �m2

⌘ 6= 0.

Conclusion.
An important observation of Ref.[13] is that, of the mono-
X processes, the mono-W is unique in its ability to probe
di↵erent DM couplings to u and d quarks. This impor-
tant insight is correct. However, we have argued that
the size of any SU(2)L violating di↵erence of the u and
d quark couplings must be protected by the EW scale,
and therefore cannot be arbitrarily large. SU(2)L vio-
lating operators can be obtained by integrating out the
SM Higgs or by including Higgs vev insertions. There-
fore, they should have coe�cients suppressed by powers
of (v

EW

/⇤) or (m
fermion

/⇤) and thus are of higher or-
der in 1/⇤ than they would naively appear. To include
SU(2) violating e↵ects in a way that is self consistent
and properly respects the EW Ward identity, one should
use a renormalizable, gauge invariant, model rather than
an EFT, to avoid spurious WL contributions. These ob-
servations will be an important guide to the LHC collab-
orations in the interpretation of their current [14–17] and
forthcoming mono-W dark matter search results, and to
theorists constructing EFTs.
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spin-1 mediator in s-channel

• Dirac Dark Matter

• universal quark coupling

• U(1) gauge symmetry

• minimal mediator width

• 4 free parameters
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2135

Recommended models for all /ET +X analyses136

This chapter of the report is dedicated to simplified models that56137

produced, primarily, monojet signatures. Details of the implemen-56138

tation of these models in Monte Carlo generators is provided in56139

Appendix A.56140

2.1 Vector and axial vector mediator, s-channel exchange141

A simple extension of the Standard Model (SM) is an additional142

U(1) gauge symmetry, where a dark matter (DM) candidate par-143

ticle has charges only under this new group. Assuming that some144

SM particles are also charged under this group, then a new gauge145

boson can mediate interactions between the SM and DM.146

We consider the case of a DM particle that is a Dirac fermion147

and where the production proceeds via the exchange of a spin-1148

mediator in the s-channel, illustrated in Fig. 2.1.149

V, A(Mmed)

q̄

q

c̄(mDM)

c(mDM)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of dark matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and dark matter
masses, and the mediator couplings to
dark matter and quarks respectively:
(Mmed, mDM, gDM, gq).

We consider vector and axial-vector couplings between the spin-1
mediator and SM and DM fields, with the corresponding interac-
tion Lagrangians:

Lvector = gq Â
q=udscbt

Z0
µ

q̄g

µq + gDMZ0
µ

c̄g

µ

c (2.1)

Laxial�vector = gq Â
q=udscbt

Z0
µ

q̄g

µ

g

5q + gDMZ0
µ

c̄g

µ

g

5
c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also150

possible to consider another model in which mixed vector and151

axial-vector couplings are considered, for instance the couplings152

to the quarks are vector whereas those to DM are axial-vector. We153
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Figure 2.2: Minimal width as a func-
tion of mediator mass for vector and
axial-vector mediator assuming cou-
plings of 1. The total width is shown
as solid lines for Dark Matter masses
of 10 GeV, 30 GeV, 100 GeV and
300 GeV in black, red, brown and
green, respectively. The individual
contributions from Dark Matter are
indicated by dotted lines with the
same colors. The contribution from all
quarks but top is shown as magenta
dotted line and the contribution from
top quarks only is illustrated by the
dotted blue line. The dotted black line
shows the extreme case Gmin = Mmed.
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µq + g
c

Z0
µ

c̄g

µ

c (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µ

g

5q + g
c

Z0
µ

c̄g

µ

g

5
c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also569

possible to consider other models in which mixed vector and axial-570

vector couplings are considered, for instance the couplings to the571

quarks are axial-vector whereas those to DM are vector. As men-572

tioned in the Introduction, when no additional visible or invisible573

decays contribute to the width of the mediator, the minimal width574

is fixed by the choices of couplings gq and g
c

. The effect of larger575

widths is discussed in Section 2.5.2. For the vector and axial-vector576

models, the minimal width is:577

GV
min =

g2
c

Mmed

12p

 

1 +
2m2

c

M2
med

!

bDMq(Mmed � 2m
c

) (2.3)

+ Â
q

3g2
qMmed

12p

 

1 +
2m2

q

M2
med

!

bqq(Mmed � 2mq),

GA
min =

g2
c

Mmed

12p

b

3
DMq(Mmed � 2m

c

) (2.4)

+ Â
q

3g2
qMmed

12p

b

3
qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

578

is the velocity of the fermion f with mass m f in the mediator rest579

frame. Note the color factor 3 in the quark terms. Figure 2.2 shows580

the minimal width as a function of mediator mass for both vector581

and axial-vector mediators assuming gq = g
c

= 1. With this582

choice of the couplings, the dominant contribution to the minimal583

width comes from the quarks, due to the combined quark number584

and color factor enhancement. We specifically assume that the585

vector mediator does not couple to leptons. If such a coupling were586

present, it would have a minor effect in increasing the mediator587

width, but it would also bring in constraints from measurements of588

the Drell-Yan process that would unnecessarily restrict the model589

space.590
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with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m
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Lvector = gq Â
q=u,d,s,c,b,t

Z0
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q̄g
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The coupling gq is assumed to be universal to all quarks. It is also569

possible to consider other models in which mixed vector and axial-570

vector couplings are considered, for instance the couplings to the571

quarks are axial-vector whereas those to DM are vector. As men-572

tioned in the Introduction, when no additional visible or invisible573

decays contribute to the width of the mediator, the minimal width574

is fixed by the choices of couplings gq and g
c

. The effect of larger575

widths is discussed in Section 2.5.2. For the vector and axial-vector576

models, the minimal width is:577

GV
min =

g2
c

Mmed

12p

 

1 +
2m2

c

M2
med

!

bDMq(Mmed � 2m
c

) (2.3)
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q
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qMmed
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12p
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3
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

578

is the velocity of the fermion f with mass m f in the mediator rest579

frame. Note the color factor 3 in the quark terms. Figure 2.2 shows580

the minimal width as a function of mediator mass for both vector581

and axial-vector mediators assuming gq = g
c

= 1. With this582

choice of the couplings, the dominant contribution to the minimal583

width comes from the quarks, due to the combined quark number584

and color factor enhancement. We specifically assume that the585

vector mediator does not couple to leptons. If such a coupling were586

present, it would have a minor effect in increasing the mediator587

width, but it would also bring in constraints from measurements of588

the Drell-Yan process that would unnecessarily restrict the model589

space.590
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Therefore, the minimal set of parameters under consideration for591

these two models is592

�

gq, g
c

, m
c

, Mmed,
 

. (2.5)

together with the spin structure of their couplings.593

A thorough discussion of these models and their parameters can594

also be found in [BDMM15].595

These simplified models are known and available in event gen-596

erators at NLO + PS accuracy, as detailed in Section 4.1.1. Results597

in this Section have been obtained using the model implementa-598

tion within the powheg generator (v3359) [HKR13], interfaced to599

pythia 8 [SMS08] for the parton shower.600

In addition, for the vector models considered, initial and final601

state radiation of a Z0 can occur which can appear as a narrow jet if602

it decays hadronically and may not be distinguishable from a QCD603

jet, thus accounting for some fraction of the monojet signal. The604

ISR and FSR of Z0 becomes more important at large values of the605

couplings [BBL15].606

2.1.1 Parameter scan607

In order to determine an optimal choice of the parameter grid for608

the simulation of early Run-2 benchmark models, dependencies609

of the kinematic quantities and cross sections on the model pa-610

rameters have been studied. Only points that are kinematically611

distinct will be fully simulated, while instructions on how to rescale612

the results according to models with different cross sections are613

presented in Section 2.5. The following paragraphs list the main614

observations from the scans over the parameters that support the615

final proposal for the benchmark signal grid.616

2.1.1.1 Scan over the couplings617

To study the dependence of kinematic distributions on the coupling618

strength, samples were generated where a pair of m
c

= 10 GeV619

Dark Matter particles is produced on-shell from the mediator of620

Mmed = 1 TeV. Figure 2.3 compares the shapes of the /ET distri-621

bution for the different choices of the coupling strength. This is a622

generator-level prediction with no kinematic selections or detec-623

tor simulation. Coupling values in the scan range 0.1–1.45, fixing624

gq = g
c

, correspond to a rough estimate of the lower sensitivity625

of mono-jet analyses and a maximum coupling value such that626

Gmin < Mmed. We observe that the shapes of the /ET or jet pT dis-627

tributions do not depend on the couplings (and consequently the628

width) in the ranges considered. A large width of the mediator im-629

plies a broad integral over the contributing parton distributions,630

which might not be well approximated by the midpoint of this in-631

tegral. This study shows that the effect, in the pT distribution of the632

observed gluon, is not important.633
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Minimal Simplified Dark Matter models

• SI cross-section is enhanced by 
A2 for a vector mediator.

• Cross section for DD scales by 
gq2gDM2/Mmed4

• DD limits are fully symmetric in 
this plane.

• Mono-jet search is able to break 
this degeneracy, since the 
mediator width is not symmetric 
in gq and gDM

20
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Figure 5. The 90% CL limits from current mono-jet (blue lines) and direct detection (red lines)
searches in the mDM vs Mmed plane for the vector (left panel) and axial-vector (right panel) medi-
ators. The region to the left of the various curves is excluded. The solid, dashed and dot-dashed
lines are for (gq, gDM) = (1, 1), (0.3, 1) and (0.5, 0.5) respectively. While the LHC limits are similar
in both panels, the LUX limits are significantly more constraining for vector mediators. Note that
the vector case has log scales for both axes while the axial-vector case has linear scales.

find numerically that it gives a good rule of thumb for the scaling at large values of M
med

.

From eqs. (2.4) to (2.7) we see that at large values of M
med

the width of the mediator �
med

is proportional to 18g2q + g2
DM

. This implies that the (gq, gDM

) = (0.3, 1) case is enhanced

with respect to the other cases because �
med

is smallest for this case. This enhancement

explains why the (gq, gDM

) = (0.3, 1) mono-jet limit is closer to the gq = g
DM

= 1 limit

rather than the gq = g
DM

= 0.5 limit as in the case of the direct detection limits.

Second, consider the collider limits for fixed values of M
med

. The limits on m
DM

are

constrained by the energy of the colliding partons since two DM particles must be produced

in the final state. The phase-space suppression factors that enter the cross-section for

vector and axial-vector mediators are typically of the form
q

Q2

tr

� 4m2

DM

(Q2

tr

+ 2m2

DM

)

and (Q2

tr

� 4m2

DM

)3/2 respectively, where Q
tr

' 700 GeV is the s-channel momentum

transfer [18]. It should be noted that these phase space factors also appear in the width

calculation cf. eqs. (2.4) to (2.7). The axial-vector mediator is more strongly phase-space

suppressed, which accounts for the greater suppression between the gq = g
DM

= 1 and

gq = g
DM

= 0.5 limits at small M
med

in the axial-vector case compared to the vector case

in figure 5. Note that these phase-space suppression factors also account for the di↵erence

between the vector and axial-vector EFT limits in the left panel of figure 2.

Further insights into the dependence on the chosen coupling scenarios can be gained

by looking at the projection in the M
med

vs gq, gDM

plane, shown in figure 6. The solid,

dashed and dot-dashed lines show the limits for m
DM

= 10, 100 and 200 GeV respectively.

We have fixed gq = g
DM

in this figure and the region to the right of the lines is excluded.

– 13 –
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Figure 8. The current LHC mono-jet (blue lines) and LUX (red lines) 90% CL limits in the
gDM vs gq plane for a vector (left panel) and axial-vector (right panel) mediator. The parameter
space above and to the right of the various lines is excluded. We show three di↵erent sets of dark
matter and mediator masses (mDM, Mmed): (100, 1000) GeV is solid, (200, 500) GeV is dashed and
(200, 800) GeV is dot-dashed. Note that the left (right) panel has log (linear) axes.

experimental thresholds. This is not an issue for collider searches and so it is interesting

to understand how collider searches can help to constrain this parameter space. It is

also an interesting region both from a theoretical perspective, since m
DM

' 5 GeV is

predicted in many models of asymmetric DM (see [97] for a recent review), and from a

phenomenological perspective, since it is the region where CoGeNT [98–101], CRESST-

II [102], CDMS-Si [103] and DAMA/LIBRA [104] reported signal-like excesses in recent

years. However, in 2013 both LUX and SuperCDMS reported results which naively exclude

these signals. See also [105], [106–108] and [109–111] for additional non-DM explanations of

the CoGeNT, CRESST-II and DAMA/LIBRA excesses. In this section we complement the

LUX result with the recent result from SuperCDMS as it extends the sensitivity of direct

detection experiments to lower values of m
DM

. Further details about the SuperCDMS

result and how it is used are provided in section 3.3.

In figure 9 we show the limits from the LHC mono-jet, SuperCDMS and LUX searches

in the m
DM

vs M
med

plane (left panel) and the g
DM

vs gq plane (right panel). In the

left panel we show again the three di↵erent coupling scenarios: (gq, gDM

)= (1, 1), (0.3, 1)

and (0.5, 0.5). SuperCDMS and LUX exclude the region above the green and red lines,

while the LHC limits exclude the region to the left of the blue lines. In the right panel we

show the limits for m
DM

= 3.5 and 6 GeV. We fix M
med

= 1 TeV as this approximates

the current sensitivity of the mono-jet searches (see figure 5) but a lower mediator mass

would not significantly change our discussion. The region to the right of the various lines

is excluded.

The left panel demonstrates that in the region of interest the LHC limits are inde-
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Vector: gq=gDM
90% CL limits

LHC8 19.5 fb-1
LUX 2013
Mmed=500 GeV
Mmed=1000 GeV

0.01 0.02 0.05 0.10 0.20 0.50 1.00

101

102

103

104

gq, gDM

m
D
M
@Ge

VD

Axial vector: gq=gDM
90% CL limits

LHC8 19.5 fb-1
LUX 2013
Mmed=500 GeV
Mmed=1000 GeV

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

100

200

300

400

500

600

gq, gDM

m
D
M
@Ge

VD

Figure 7. The 90% CL limits from mono-jet (blue lines) and direct detection (red lines) searches
in the mDM vs (gq = gDM) plane for the vector (left) and axial-vector (right) mediators. We have
fixed gq = gDM. The parameter space to the right of the various curves is excluded. We show two
di↵erent mediator masses: Mmed = 500 GeV is solid and Mmed = 1000 GeV is dashed. Note that
the mDM-axis scales are di↵erent for each panel.

In figure 7 we compare the two searches in the m
DM

vs (gq = g
DM

) plane. The solid

and dashed lines show the limits for M
med

= 500 and 1000 GeV respectively. The region to

the right of the curves is excluded in both panels. The behaviour of the limits in this figure

is similar to that shown already. The LUX limit is significantly stronger than the LHC

limit for vector mediators, except in the low m
DM

region. The LUX and LHC limits show

good complementarity in the axial-vector case as they probe di↵erent regions of parameter

space. The scalings of the collider limits can be understood with reference to the width

and phase-space scalings discussed in connection with figure 5. As discussed previously,

for a given value of m
DM

the LUX limit on
p

gqgDM

/ M
med

.

Finally, we consider the limits in the g
DM

vs gq plane, where we fix both M
med

and

m
DM

. Figure 8 shows that the direct detection limits are fully symmetric in this plane.

This is because the direct detection cross-section is sensitive only to the product g2qg
2

DM

cf. eqs. (3.8) and (3.10). However, the mono-jet search is able to break this degeneracy

because it is also sensitive to the mediator width, which is not symmetric in gq and g
DM

(�
med

/ 18g2q + g2
DM

at large values of M
med

). Therefore in the event of a DM discovery

at colliders and direct detection, the mono-jet analysis, or other collider searches like the

dijet or jets plus MET searches, could add important information in order to disentangle

the coupling structure.

4.2 Low dark matter mass region

We now focus on the low m
DM

region of the vector mediator parameter space. This

is of particular interest as direct detection searches lose sensitivity for m
DM

. 10 GeV

because the momentum transfer becomes small and the nuclear recoil energy falls below
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EFT limitations

• EFT overstates the limit at low 
Mmed or large mDM as the 
suppressed off-shell mediator 
production is not taken into 
account.

• The underlying coupling 
structure is not resolved by EFT.
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Figure 11. Comparisons between the 90% CL mono-jet limit in our MSDM models (blue solid
line) and the EFT framework (green dashed) in the two-dimensional planes considered previously.
The red dot-dashed line shows the LUX limit. The left and right panels are for axial-vector and
vector mediators respectively. The MSDM and EFT limits should agree in the domain where
the EFT framework is valid. The EFT limits both underestimate the MSDM limit (by missing
the resonant enhancement) or overestimate it (by missing o↵-shell production of the mediator).
This may lead to a misleading conclusion regarding the relative sensitivity of mono-jet and direct
detection searches. A simple criteria for the validity of the EFT approach is that Mmed > 2mDM.
The line Mmed = 2mDM is shown in the upper left panel. Even in the valid region, the EFT limit
fails to accurately reproduce the MSDM limit for these parameters.

MSDM models by using the relation ⇤ = M
med

/
p

gqgDM

and the CMS 90% CL limits on

⇤, which are shown in the left panel of figure 2 as a function of m
DM

. In figure 11 we show

a comparison of the current MSDM mono-jet limit (blue solid line) with the naive limit

obtained in the EFT framework (green dashed line) for each of the four parameter planes

shown in figures 5 to 8. The EFT limit is naive because we assume that it applies to the
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spin-0 mediator in s-channel

• Dirac Dark Matter

• Minimal Flavour Violation

• mediator is pure singlet → not invariant under SU(2)L  
→ one could add mixing with H sector                      
(but this is beyond the scope of the DM Forum)

• minimal mediator width

• 4 free parameters
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this871

Section (for a more complete discussion, see Refs. [BFG15, HR15]).872

In the interest of simplicity, we do not study models including873

those interactions in this report as early Run-2 benchmark models,874

but we give an example of a model of this kind in Appendix A.4.875

Relative to the vector and axial-vector models discussed above,876

the scalar models are distinguished by the special consequences877

of the MFV assumption: the very narrow width of the mediator878

and its extreme sensitivity to which decays are kinematically avail-879

able, and the loop-induced coupling to gluons. The interaction880

Lagrangians are881

L
f

= g
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where f and a are respectively the scalar and pseudoscalar media-882

tors, and the Yukawa couplings y f
i are normalized to the Higgs vev883

as y f
i =

p
2m f

i /v.884

The couplings to fermions are proportional to the SM Higgs885

couplings, yet one is still allowed to adjust an overall strength of the886

coupling to charged leptons and the relative couplings of u- and d-887

type quarks. As in the preceding sections, for the sake of simplicity888

and straightforward comparison, we reduce the couplings to the889

SM fermions to a single universal parameter gq ⌘ gu = gd = g`.890

Unlike the vector and axial-vector models, the scalar mediators are891

allowed to couple to leptons.4 4 This contribution plays no role
for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15,
HKSW15].

892

The relative discovery and exclusion power of each search can893

be compared in this framework. However, we again emphasize the894

importance of searching the full set of allowed channels in case vio-895

lations of these simplifying assumptions lead to significant modifi-896

cations of the decay rates that unexpectedly favor different channels897

than the mix obtained under our assumptions. The coupling g
c

898

parametrizes the entire dependence on the structure between the899

mediator and the dark sector.900
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Given these simplifications, the minimal set of parameters under901

consideration is902

n

m
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, m
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. (2.8)

Fig. 2.14 shows the one-loop diagrams producing a jet+X signature.903

The full calculation of the top loop is available at LO for DM pair904

production in association with one parton.905

The minimal mediator width (neglecting the small contributions906

from quarks other than top in the loop) is given by907
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where x = 3 for scalars and x = 1 for pseudoscalars. The loop908

integrals, with f as complex functions, are909

f
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where t = 4m2
t /m2

f,a.910

The minimal widths for scalar and pseudo-scalar mediators911

with gq = g
c

= 1 are shown in Fig. 2.20, illustrating the effect of912

choosing the SM Higgs-like Yukawa couplings for the SM fermions.913

For the mediator mass above twice the top quark mass mt, the914

minimal width receives the dominant contribution from the top915

quark. For lighter mediator masses, Dark Matter dominates as the916

couplings to lighter quarks are Yukawa suppressed.917

As shown in the diagram of Fig. 2.14, the lowest order process of918

these models already involves a one-loop amplitude in QCD, and919

only LO predictions are currently available. The generator used920

for the studies for the jet+/ET signature is powheg [HKR13, HR15,921

ANOR10, Nas04, FNO07], with pythia 8 [SMS08] for the parton922

shower; within this implementation, the scalar and pseudoscalar923

mediator benchmark models are known at LO+PS accuracy.924

2.2.1 Parameter scan925

Similarly as in the case of the vector and axial-vector couplings of926

spin-1 mediators, scans in the parameter space are performed also927

for the scalar and pseudo-scalar couplings of the spin-0 mediators928

in order to decide on the optimized parameter grid for the pre-929

sentation of Run-2 results. Figures 2.15- 2.19 show the scans over930

the couplings, Dark Matter mass and mediator mass and the same931

conclusions apply as in Section 2.1.932
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Figure 2.20: Minimal width as a func-
tion of mediator mass for scalar and
pseudo-scalar mediator assuming cou-
plings of 1. The total width is shown
as solid lines for Dark Matter masses
of m

c

=10 GeV, 30 GeV, 100 GeV and
300 GeV in black, red, brown and
green, respectively. The individual
contributions from Dark Matter are
indicated by dotted lines with the
same colors. The contribution from all
quarks but top is shown as magenta
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top quarks only is illustrated by the
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shows the contribution from the cou-
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.
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with gq = g
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= 1 are shown in Fig. 2.20, illustrating the effect of912

choosing the SM Higgs-like Yukawa couplings for the SM fermions.913

For the mediator mass above twice the top quark mass mt, the914

minimal width receives the dominant contribution from the top915

quark. For lighter mediator masses, Dark Matter dominates as the916

couplings to lighter quarks are Yukawa suppressed.917

As shown in the diagram of Fig. 2.14, the lowest order process of918

these models already involves a one-loop amplitude in QCD, and919

only LO predictions are currently available. The generator used920

for the studies for the jet+/ET signature is powheg [HKR13, HR15,921

ANOR10, Nas04, FNO07], with pythia 8 [SMS08] for the parton922

shower; within this implementation, the scalar and pseudoscalar923

mediator benchmark models are known at LO+PS accuracy.924
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Similarly as in the case of the vector and axial-vector couplings of926

spin-1 mediators, scans in the parameter space are performed also927

for the scalar and pseudo-scalar couplings of the spin-0 mediators928

in order to decide on the optimized parameter grid for the pre-929

sentation of Run-2 results. Figures 2.15- 2.19 show the scans over930

the couplings, Dark Matter mass and mediator mass and the same931

conclusions apply as in Section 2.1.932
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scan over couplings

• The shapes of kinematic distributions do not 
depend on the mediator width (couplings), only 
the cross section changes.

• The PDF suppression at low Bjorken x has an 
impact only for heavy narrow mediators that are 
beyond the sensitivity of early Run-2 data.

• We introduce one heavy mediator mass point to 
allow for reinterpretation as EFT                      
→ care has to be taken to make sure the DM-
pair invariant masses are similar. 
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Figure 2.3: Scan over couplings. The
/ET distribution is compared for the
vector mediator models using the
parameters as indicated. Ratios of
the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote
the acceptance of the /ET > 300 GeV
and /ET > 500 GeV cut, respec-
tively. All figures in this Section have
been obtained using the model im-
plementation within the powheg

generator (v3359) [HKR13], interfaced
to pythia 8 [SMS08] for the parton
shower.

Based on similar findings for different choices of Mmed and m
c

,634

we conclude that the shapes of kinematic distributions are not635

altered by coupling variations, neither for the on-shell mediator636

case where Mmed > 2m
c

, nor for the off-shell case where Mmed <637

2m
c

. Only the production cross sections change. Differences in638

kinematic distributions are expected only close to the transition639

region between on-shell and off-shell mediators.640

Special care needs to be taken when coupling strengths are com-641

bined with extremely heavy mediators. Figure 2.4 suggests a change642

in the shape of the /ET distribution for a Mmed = 5 TeV mediator643

once Gmin/Mmed is of the order of a percent or lower.644
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Figure 2.4: Comparison of the /ET
distributions from the D5 EFT sample
and the vector models with 5 TeV
heavy mediator of various widths.
Ratios of the normalized distributions
with respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Such heavy mediators, although inaccessible with early LHC645

data, are interesting since they provide a good approximation for646

benchmark EFT models. The observed difference among the sim-647

plified models in the plot arises from the fact that the region of648
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scan over DM mass

• on-shell (2mDM << mMed):

• Kinematic distributions do not strongly 
depend on the DM mass.

• threshold (2mDM ~ mMed):

• The production is resonantly enhanced and 
both cross section and kinematic shapes 
change rapidly. → finer granularity needed

• off-shell (2mDM >> mDM):

• MET spectrum hardens with increasing DM 
mass and the cross section is suppressed.
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suppression of (Mmed/Q)2 that suppresses hard ISR. The m
c

=695

1 TeV case, shown in Fig. 2.6, and Figure 2.7 demonstrates that696

the /ET spectrum hardens with increasing m
c

, accompanied by697

the gradual decrease of the cross section. Due to the significant698

cross section suppression, it is not necessary to fully populate the699

parameter space. Imminent LHC searches are not expected to be700

sensitive to these signals.701
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Figure 2.6: Scan over Dark Matter
mass. The /ET distribution is compared
for the vector mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

2.1.1.3 Scan over the mediator mass702

Changing the mediator mass for fixed Dark Matter mass and cou-703

plings leads to significant differences in cross section and shapes of704

the kinematic variables for the on-shell regime, as shown in Fig. 2.8.705

As expected, higher mediator masses lead to harder /ET spectra. On706

the other hand, the /ET shapes are similar for off-shell mediators.707

This is illustrated in Fig. 2.9. Therefore, a coarse binning in Mmed is708

sufficient in the off-shell regime.709

2.1.1.4 Spin structure of the couplings710

This section compares the kinematic properties of vector, axial-711

vector and mixed vector/axial-vector models. The samples with712

pure vector and pure axial-vector couplings are compared for713

Mmed = 100 GeV and different Dark Matter masses in Fig. 2.10.714

No differences in the shape of the /ET distributions are observed715

between the samples with coincident masses. In the case of the on-716

shell mediators, where 2m
c

⌧ Mmed, the cross sections of the pure717

vector and pure axial-vector models are similar. With increasing718
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Figure 2.7: Scan over Dark Matter
mass. The /ET distribution is compared
for the vector mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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Figure 2.8: Scan over mediator mass.
The /ET distribution is compared for
the vector mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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scan over mediator mass

• At fixed DM mass, the mediator mass has          
a significant impact on kinematics and cross 
section for the on-shell DM production region.

• Shapes of kinematic distributions do not change 
in the off-shell regime.
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Figure 2.7: Scan over Dark Matter
mass. The /ET distribution is compared
for the vector mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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Figure 2.8: Scan over mediator mass.
The /ET distribution is compared for
the vector mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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Figure 2.9: Scan over mediator mass.
The /ET distribution is compared for
the vector mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Dark Matter mass towards the 2m
c

= Mmed transition and fur-719

ther into the off-shell regime, the relative difference between the720

cross sections of the two samples is increasing, with the vector ones721

having larger cross sections.722
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Figure 2.10: Comparison of the pure
vector and pure axial-vector couplings.
The /ET distribution is shown for the
samples generated with Mmed =
100 GeV and different Dark Matter
masses. Ratios of the normalized
distributions are shown for between
the samples with coincident masses.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Figure 2.11 shows the samples generated with pure and mixed723

couplings for m
c

= 100 GeV and Mmed = 1 TeV, i.e. where the724

mediator is on-shell. The mediator width between the pure vector725

and pure axial-vector couplings differ only by 2% in this case, and726

< 10% agreement between the cross sections is found. The media-727

tor widths for the samples with the same type coupling to quarks728

agree at better than 1% since the width is dominated by the quark729

contribution, as expected from Eq. 2.3. No significant differences be-730

tween the samples with same type Dark Matter coupling are seen,731

given the statistical precision of the generated samples. This is ex-732

pected since the mediator is on-shell, and the details of the invisible733
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spin structure

• No significant differences are observed 
between V and A mediators and S and P 
mediators.

• Differences appear close to the         
2mDM=mMed threshold.
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Figure 2.9: Scan over mediator mass.
The /ET distribution is compared for
the vector mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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= Mmed transition and fur-719

ther into the off-shell regime, the relative difference between the720

cross sections of the two samples is increasing, with the vector ones721

having larger cross sections.722
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Figure 2.10: Comparison of the pure
vector and pure axial-vector couplings.
The /ET distribution is shown for the
samples generated with Mmed =
100 GeV and different Dark Matter
masses. Ratios of the normalized
distributions are shown for between
the samples with coincident masses.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Figure 2.11 shows the samples generated with pure and mixed723

couplings for m
c

= 100 GeV and Mmed = 1 TeV, i.e. where the724

mediator is on-shell. The mediator width between the pure vector725

and pure axial-vector couplings differ only by 2% in this case, and726

< 10% agreement between the cross sections is found. The media-727

tor widths for the samples with the same type coupling to quarks728

agree at better than 1% since the width is dominated by the quark729

contribution, as expected from Eq. 2.3. No significant differences be-730

tween the samples with same type Dark Matter coupling are seen,731

given the statistical precision of the generated samples. This is ex-732

pected since the mediator is on-shell, and the details of the invisible733
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Figure 2.21: Comparison of the /ET
distributions for the scalar and
pseudoscalar models for different
Mmed = 300 GeV and different Dark
Matter masses. Ratios of the normal-
ized distributions with respect to the
first one are shown. A300 and A500 in
the table denote the acceptance of the
/ET > 300 GeV and /ET > 500 GeV cut,
respectively.

through a top loop. The strong loop suppression renders such sig-964

nals unobservable at the LHC. Further constraints on the scalar965

and pseudo-scalar mediators may emerge from searches in tt̄ final966

states. Studies of the electroweak effects to tt̄ production suggest967

that one can only expect percent level contributions for gq ⇠ O(1)968

[HHR14]. Therefore, keeping gq = g
c

= 1 is a reasonable choice969

in the case of the scalar and pseudo-scalar mediators. Contrary to970

the vector and axial-vector models, note that couplings of 1 lead971

to Gmin/Mmed
<⇠ 0.1, ensuring the narrow width approximation is972

applicable. Furthermore, the sensitivity to the highest mediator973

masses has to be re-evaluated. The generator level cross section974

times the acceptance at /ET > 500 GeV for the model with cou-975

plings gq = g
c

= 1, light Dark Matter of m
c

=10 GeV and a Mmed976

=500 GeV scalar mediator is at the order of 10 fb, i.e. just at the977

edge of the early Run-2 sensitivity. Increasing the mediator mass to978

1 TeV pushes the product s ⇥ A down to approximately 0.1 fb, be-979

low the LHC sensitivity. Therefore, we choose to remove the 2 TeV980

mediator mass from the grid and present the final grid with 33981

mass points only, as shown in Tab. 2.5. One point at very high me-982

diator mass (10 TeV) is added for each of the DM masses scanned,983

to aid the reinterpretation of results in terms of contact interaction984

operators (EFTs).985

m
c

( GeV) Mmed ( GeV)
1 10 20 50 100 200 300 500 1000 10000

10 10 15 50 100 10000

50 10 50 95 200 300 10000

150 10 200 295 500 1000 10000

500 10 500 995 10000

1000 10 1000 10000

.

Table 2.5: Simplified model bench-
marks for s-channel simplified models
(spin-0 mediators decaying to Dirac
DM fermions in the scalar and pseu-
doscalar case, taking the minimum
width for gq = 0.25 and g

c

= 1)

For the parameter grid for scalar and pseudo-scalar mediator986
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decay are unimportant in cut-and-count searches.734

For the off-shell case, shown in Fig. 2.12 for m
c

= 100 GeV and735

Mmed = 100 GeV, there is approximately a factor 2 difference736

between the cross-sections of the samples with pure couplings is737

observed. As in the previous case, the samples with the same type738

coupling to Dark Matter are similar both in terms of cross sections739

and /ET shape. Since the contribution to the mediator width from740

Dark Matter is closed in this case, only the quark couplings define741

the width. Only couplings to light quarks are opened in the case742

of Mmed = 100 GeV for which the differences between the partial743

widths of vector and axial-vector couplings are marginal. This744

explains the similar minimal widths for all four samples stated in745

Fig. 2.12.746

In general, the coupling to quarks is not expected to play an747

important role in the kinematics as it is only needed to produce748

the mediator which is confirmed by the observations above. Based749

on this argument and on the observations above, we recommend750

to consider only the models with pure vector couplings or pure751

axial-vector couplings for simulation.752
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Figure 2.11: Comparison of the pure
vector, V-V, and pure axial-vector, A-A,
couplings with mixed couplings, A-V
and V-A where the first (second) letter
indicates the Standard Model (Dark
Sector) vertex. The /ET distribution is
shown for the samples generated with
m

c

= 100 GeV and Mmed = 1 TeV.
Ratios of the normalized distributions
are shown for A-V over V-V and for
V-A over A-A. A300 and A500 in the
table denote the acceptance of the
/ET > 300 GeV and /ET > 500 GeV cut,
respectively.

2.1.1.5 Proposed parameter grid753

The final step in proposing a parameter grid is to evaluate the sen-754

sitivity of Run-2 LHC data with respect to rate and/or kinematics.755

The parameter scan focuses on two important regions, the light756

mediator region and the heavy mediator limit to reproduce the757

EFT limit, and takes into account the projected sensitivities for the758

mono-jet analysis.759

Considering simplified models also allows to discuss constraints760

from different search channels. In the case of the s-channel ex-761

change, the results from the mono-jet final states, where the medi-762

ator decays to a DM pair, one can also take into account dijet con-763

straints on the processes where the mediator decays back to Stan-764
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proposed mass grids
• We choose gSM=0.25 and gDM=1 for V and A in order to suppress interplay between 

mono-jet and di-jet constraints. → Such coupling choice leads to Γ/M < 0.06     
(contrary to Γ/M ~ 0.5 for gSM=gDM=1)

• For S and P, di-jet signatures come from 2-loop diagrams, therefore we stay with 
gSM=gDM=1. → Such coupling choice leads to Γ/M < 0.1

• Choice of the highest mediator mass is motivated by the sensitivity of the early Run-2 
data.

• 10 TeV mediator is added to resemble EFT.

• The grid is optimised based on the dependencies studied in the scans over the 
couplings presented in the DM Forum writeup (and on previous slides).
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parameter changes on the cross section and kinematic distributions797

presented earlier in this section support removing some of the grid798

points and relying on interpolation. The optimized grids proposed799

for the vector and axial-vector mediators are given in Table. 2.1. One800

point at very high mediator mass (10 TeV) is added for each of the801

DM masses scanned, to aid the reinterpretation of results in terms802

of contact interaction operators (EFTs), as discussed in Section 5.2.803

m
c

/ GeV Mmed/ GeV
1 10 20 50 100 200 300 500 1000 2000 10000

10 10 15 50 100 10000

50 10 50 95 200 300 10000

150 10 200 295 500 1000 10000

500 10 500 995 2000 10000

1000 10 1000 1995 10000.

Table 2.1: Simplified model bench-
marks for s-channel simplified models
(spin-1 mediators decaying to Dirac
DM fermions in the V and A case,
taking the minimum width for gq =
0.25 and g

c

= 1)

Tables 2.2 and 2.3 give the Gmin/Mmed ratio for the parameter804

grid proposed for vector and axial-vector s-channel models, respec-805

tively. The numbers range from ⇠ 0.02 in the off-shell regime at806

2m
c

> Mmed to ⇠ 0.06 in the on-shell regime for heavy mediators807

where all coupling channels contribute.808

m
c

/ GeV Mmed/ GeV
10 20 50 100 200 300 500 1000 2000 10000

1 0.049 0.051 0.051 0.051 0.051 0.051 0.056 0.056 0.056 0.056

10 0.022 0.024 0.054 0.052 0.056

50 0.022 0.025 0.025 0.055 0.053 0.056

150 0.022 0.025 0.025 0.061 0.058 0.056

500 0.022 0.029 0.030 0.060 0.057

1000 0.022 0.030 0.030 0.057

Table 2.2: Minimal width of the vector
mediator exchanged in s-channel di-
vided by its mass, assuming gq = 0.25
and g

c

= 1. The numbers tabulated
under 2m

c

= Mmed correspond to the
width calculated for Mmed � 5 GeV.

m
c

/ GeV Mmed/ GeV
10 20 50 100 200 300 500 1000 2000 10000

1 0.045 0.049 0.051 0.051 0.051 0.051 0.053 0.055 0.056 0.056

10 0.020 0.022 0.047 0.050 0.056

50 0.020 0.025 0.025 0.045 0.048 0.056

150 0.020 0.025 0.025 0.044 0.053 0.056

500 0.020 0.027 0.029 0.050 0.056

1000 0.020 0.029 0.030 0.055

Table 2.3: Minimal width of the
axial-vector mediator exchanged in
s-channel divided by its mass, as-
suming gq = 0.25 and g

c

= 1. The
numbers tabulated under 2m

c

= Mmed
correspond to the width calculated for
Mmed � 5 GeV.

2.1.2 Additional considerations for V+/ET signatures809

All models detailed in this Section are applicable to signatures810

where a photon, a W boson, a Z boson or a Higgs boson is radiated811

from the initial state partons instead of a gluon. The experimental812

signature is identified as V+/ET and it has been sought by ATLAS813

and CMS in Refs. [CMS14a, ATL15c, CMS15c, ATL14c, ATL14a,814

ATL14b]. This signature is also produced by the models described815

in Section 3.816

Monojet searches are generally more sensitive with respect to817

final states including EW bosons, due to the much larger rates of818
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Figure 2.21: Comparison of the /ET
distributions for the scalar and
pseudoscalar models for different
Mmed = 300 GeV and different Dark
Matter masses. Ratios of the normal-
ized distributions with respect to the
first one are shown. A300 and A500 in
the table denote the acceptance of the
/ET > 300 GeV and /ET > 500 GeV cut,
respectively.

through a top loop. The strong loop suppression renders such sig-964

nals unobservable at the LHC. Further constraints on the scalar965

and pseudo-scalar mediators may emerge from searches in tt̄ final966

states. Studies of the electroweak effects to tt̄ production suggest967

that one can only expect percent level contributions for gq ⇠ O(1)968

[HHR14]. Therefore, keeping gq = g
c

= 1 is a reasonable choice969

in the case of the scalar and pseudo-scalar mediators. Contrary to970

the vector and axial-vector models, note that couplings of 1 lead971

to Gmin/Mmed
<⇠ 0.1, ensuring the narrow width approximation is972

applicable. Furthermore, the sensitivity to the highest mediator973

masses has to be re-evaluated. The generator level cross section974

times the acceptance at /ET > 500 GeV for the model with cou-975

plings gq = g
c

= 1, light Dark Matter of m
c

=10 GeV and a Mmed976

=500 GeV scalar mediator is at the order of 10 fb, i.e. just at the977

edge of the early Run-2 sensitivity. Increasing the mediator mass to978

1 TeV pushes the product s ⇥ A down to approximately 0.1 fb, be-979

low the LHC sensitivity. Therefore, we choose to remove the 2 TeV980

mediator mass from the grid and present the final grid with 33981

mass points only, as shown in Tab. 2.5. One point at very high me-982

diator mass (10 TeV) is added for each of the DM masses scanned,983

to aid the reinterpretation of results in terms of contact interaction984

operators (EFTs).985

m
c

( GeV) Mmed ( GeV)
1 10 20 50 100 200 300 500 1000 10000

10 10 15 50 100 10000

50 10 50 95 200 300 10000

150 10 200 295 500 1000 10000

500 10 500 995 10000

1000 10 1000 10000

.

Table 2.5: Simplified model bench-
marks for s-channel simplified models
(spin-0 mediators decaying to Dirac
DM fermions in the scalar and pseu-
doscalar case, taking the minimum
width for gq = 0.25 and g

c

= 1)

For the parameter grid for scalar and pseudo-scalar mediator986

vector and axial-vector scalar and pseudo-scalar
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cross-section scaling

• Kinematic distributions do not change for 
different couplings (mediator widths).

➡ In principle, only the sample cross sections 
need to be rescaled.

• In the narrow width approximation:

➡ which suggests cross section scaling    
(ignoring the PDF effects):

• This scaling works well along the lines of         
constant width.

• We can present results in the gSM-gDM plane 
using only the following points:

• g = 0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5 for V/A

• g = 0.1, 1, 2, 3 for S/P
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• off-shell production when q2 � Mmed leading to suppressed465

cross sections,466

• on-shell production when q2 ⇠ Mmed leading to enhanced cross467

sections,468

• effective field theory (EFT) limit when q2 ⌧ Mmed.469

All three categories can be distinguished in Fig. 2.16 showing the
upper limit on the interaction scale M⇤ ⌘ Mmed/pgqgDM for
vector mediator. In the case of the off-shell production and the EFT
limit, the first term in the propagator dominates which reduces the
dependence on the mediator width. Therefore, in these cases one
can approximate the cross section as

s µ g2
qg2

DM. (2.14)

The on-shell production regime is the most interesting one as it
gives the best chances for a discovery at the LHC given the cross
section enhancement. The propagator term with the width cannot
be neglected in this case and, in the narrow width approximation
which requires G ⌧ Mmed, one can integrate

Z ds
(s � M2

med)
2 + M2

medG2 =
p

MmedG
(2.15)

which further implies the cross section scaling

s µ
g2

qg2
DM

G
. (2.16)

The narrow with approximation is important here as it ensures470

an integration over parton distribution functions (PDFs) can be471

neglected. In other words, it is assumed the integrand in Eq. 2.15472

is non-zero only for a small region of s, such that the PDFs can be473

taken to be constant in this range. Since G ⇠ g2
q + g2

DM, one can474

simplify this rule in the extreme cases as follows475

s µ
g2

qg2
DM

g2
q + g2

DM

gq⌧gDM�����! g2
q (2.17)

s µ
g2

qg2
DM

g2
q + g2

DM

gq�gDM�����! g2
DM . (2.18)

However, it is important to keep in mind that there is no simple476

scaling rule for how the cross section changes with the Dark Matter477

mass and the mediator mass, or for mediators with a large width,478

because PDFs matter in such cases as well. Therefore, the scaling479

procedure outlined above is expected to work only for fixed masses480

and fixed mediator width, assuming the narrow width approxima-481

tion applies.482 To do Indicate mMed=GammaMin in
the plots (gDM = 6, gSM = 1.5 for V
and gSM = gDM = 5 for S) (??)

Figures 2.17 and 2.18 show the minimal width in the gq–gDM483

plane for all vector, axial-vector, scalar and pseudo-scalar mediators484

for Mmed = 100 GeV and 1000 GeV, respectively, taking mDM =485
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work only for fixed masses and fixed mediator width, assuming the1369

narrow width approximation applies.1370

Figure 2.34 shows the minimal width over the mediator mass1371

in the gq–g
c

plane for vector and scalar mediators for Mmed =1372

100 GeV and 1000 GeV, taking m
c

= 10 GeV. The individual1373

colors indicate the lines of constant width, along which the cross1374

section scaling may work for narrow mediators. The limiting case1375

Gmin = Mmed defines the upper values of the couplings below1376

which the narrow width approximation can be considered and1377

provides more stringent constraint than the perturbative limit gq =1378

g
c

= 4p. For vector and axial-vector mediators, the minimal width1379

is predominantly defined by gq due to the number of quark flavors1380

and the color factor. On the contrary, both the Standard Model and1381

Dark Matter partial width have comparable contributions in case of1382

scalar and pseudo-scalar mediators if the top quark channel is open1383

(Mmed > 2mt). However, mostly g
c

defines the minimal width for1384

Mmed < 2mt due to the Yukawa-suppressed light quark couplings.1385

2−10

1−10

1

SM
g

0 0.2 0.4 0.6 0.8 1 1.2 1.4

D
M

g

0

1

2

3

4

5

6

 = 100 GeV
med

 = 10 GeV, m
DM

vector, m

m
e
d

/m
m

in
Γ

med>mminΓ

2−10

1−10

1

SM
g

0 0.2 0.4 0.6 0.8 1 1.2 1.4

D
M

g

0

1

2

3

4

5

6

 = 1000 GeV
med

 = 10 GeV, m
DM

vector, m

m
e
d

/m
m

in
Γ

med>mminΓ

2−10

1−10

1

SM
g

0 2 4 6 8 10 12

D
M

g

0

1

2

3

4

5

6

 = 100 GeV
med

 = 10 GeV, m
DM

scalar, m

m
e
d

/m
m

in
Γ

med>mminΓ

2−10

1−10

1

SM
g

0 1 2 3 4 5 6

D
M

g

0

1

2

3

4

5

6

 = 1000 GeV
med

 = 10 GeV, m
DM

scalar, m

m
e
d

/m
m

in
Γ

med>mminΓ

Figure 2.34: Minimal width over the
mediator mass for vector (top) and
scalar (bottom) mediators as a function
of the individual couplings gq and g

c

,
assuming Mmed = 100 GeV (left) and
Mmed = 1 TeV (right). m

c

= 10 GeV is
considered in all cases. Only the cases
with Gmin < Mmed are shown.

The performance of the cross section scaling is demonstrated1386

in Fig. 2.35 where two mass points Mmed = 100 GeV and 1 TeV1387

with m
c

= 10 GeV are chosen and rescaled from the starting point1388

gq = g
c

= 1 according to Eq. 2.19 to populate the whole gq–g
c

1389

plane. This means the width is not kept constant in this test and1390

this is done in purpose in order to point out deviations from the1391

scaling when the width is altered. For each mass point, the rescaled1392
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cross section is compared to the generator cross section and the1393

ratio of the two is plotted. For the given choice of the mass points,1394

the scaling seems to work approximately within the precision of1395

⇠ 20% in the region where Gmin < Mmed. Constant colors indicate1396

the lines along which the cross section scaling works precisely and1397

there is a remarkable resemblance of the patterns shown in the1398

plots of the mediator width. To prove the scaling along the lines1399

of constant width works, one such line is chosen in Fig. 2.36 for a1400

scalar mediator, defined by Mmed = 300 GeV, m
c

= 100 GeV,1401

gq = g
c

= 1, and the rescaled and generated cross sections are1402

found to agree within 3%.1403
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Figure 2.35: Ratio of the rescaled and
generated cross sections in the gq–g

c

plane. The point at gq = g
c

= 1,
taken as a reference for the rescaling,
is denoted by a star symbol. Scalar
model with Mmed = 100 GeV (left)
and 1 TeV (right) is plotted for m

c

=
10 GeV. The limiting case Gmin =
Mmed is indicated by a black line and
no results are shown beyond.

2.5.1 Proposed parameter grid for cross-section scaling1404

We propose to deliver collider results in the gq–g
c

plane using1405

the following prescription, to ease reinterpretation through cross-1406

section scaling:1407
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• Since the shapes of kinematic quantities do not change for differ-1408

ent couplings, use the acceptance and efficiency for the avail-1409

able m
c

= 50 GeV, Mmed = 300 GeV grid point from the1410

Mmed–m
c

plane for the scalar and pseudo-scalar mediator. In1411

case of the vector and axial-vector mediator, use the grid point1412

m
c

= 150 GeV, Mmed = 1 TeV.1413

• Generate additional samples in order to get generator cross1414

sections only. For scalar and pseudo-scalar mediator, choose1415

m
c

= 50 GeV, Mmed = 300 GeV with the following values for1416

gq = g
c

: 0.1, 1, 2, 3. For vector and axial vector mediator, choose1417

m
c

= 150 GeV, Mmed = 1 TeV with the following values for1418

gq = g
c

: 0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5. The upper values are1419

defined by the minimal width reaching the mediator mass.1420

• Rescale the generator cross sections for on-shell resonance pro-
duction along the lines of constant width in order to populate
the whole gq–g

c

plane in the region Gmin < Mmed. The scaling
follows from Eq. 2.19 which for the constant width implies:

s

0 = s ⇥ g02q g02
c

g2
qg2

c

. (2.22)

2.5.2 Rescaling to different mediator width1421

In general it is also important to consider a larger mediator width1422

than Gmin in order to accommodate additional interactions of the1423

mediator with the visible and hidden sector particles [BFG15,1424

HKSW15]. If the narrow width approximation applies, the cross1425

section scaling method described above can be used to reinterpret1426

the results presented for the minimal width, since multiplying the1427

width by factor n is equivalent to changing the coupling strength by1428

factor
p

n, i.e.1429

s(gq, g
c

, nGmin(gq, g
c

)) µ
g2

qg2
c

Gmin(
p

ngq,
p

ng
c

)
. (2.23)

The cross section for the sample with couplings gq and g
c

and1430

modified mediator width G = nGmin can therefore be rescaled from1431

a sample generated with the minimal width corresponding to the1432

couplings scaled by
p

n as described in the following formula.1433

s(gq, g
c

, nGmin(gq, g
c

)) =
1
n2 s(

p
ngq,

p
ng

c

, Gmin(
p

ngq,
p

ng
c

))

(2.24)
The advantage of doing this is in the fact that no event selection1434

and detector response needs to be simulated since the changes in1435

couplings do not have an effect on the shapes of kinematic distribu-1436

tions.1437

It should be noted again that this procedure is only useful when1438

the narrow width approximation applies. Care must be taken to1439

ensure that is the case. For example, in the vector and axial-vector1440

cases, one quickly breaks this approximation even for small n.1441
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LO and NLO

• Including NLO corrections results in a small enhancement of the cross-section 
compared to LO.

• dynamic scale

• It also leads to substantial reduction in the dependence on the choice of the 
renormalisation and factorisation scales.
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CMS ATLAS

|⌘j | < 4.5, pT,j > 30GeV, Nj  2 |⌘j | < 4.5, pT,j > 30GeV, Nj  2

��j1,j2 < 2.5 ��j2, ~ET,miss
> 0.5

|⌘j1 | < 2.4, pT,j1 > 110GeV, ET,miss > 350GeV |⌘j1 | < 2, pT,j1 , ET,miss > 350GeV

Table 1. Event selection criteria applied in our analysis. See text for further explanations.

3 Impact of NLO corrections and showering

In this section we present our results for the fixed-order parton-level predictions at LO

and NLO and compare them with those after showering and hadronisation. We consider

jet + ET,miss production at the LHC with
p
s = 8 TeV centre-of-mass (CM) energy. Un-

less otherwise stated, we have performed all simulations using the EFT approach intro-

duced above, setting ⇤ = 500 GeV. Our LO and NLO predictions are obtained using the

MSTW2008 LO and NLO parton distribution functions (PDFs) [43] and the corresponding

reference value for the strong coupling constant. We find the scale µ which determines ↵s(µ)

dynamically, i.e. we define µ = ⇠HT /2 = µR = µF and evaluate it on an event-by-event

basis. Here

HT =
q
m2

�̄� + p2T,j1 + pT,j1 , (3.1)
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⇠ in the range [1/2, 2]. As will see below, our scale choice has the advantage that the size

of NLO corrections is largely independent of the DM mass m�.
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QCD di-jet events, CMS puts an angular requirement on ��j1,j2 , while ATLAS cuts

on the azimuthal separation ��j2,ET,miss to reduce the background originating from the
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both analyses are quite similar. Nevertheless, we will see below that there are important
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presented below can hence be used for both CMS and ATLAS.
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Figure 1. Left panel: LO (blue) and NLO (red) fixed-order results for the mono-jet cross section
and the corresponding K factor. Right panel: Fixed-order NLO result (red), the inclusive NLOPS
prediction (green) and the NLOPS result with jet veto (purple). The shown predictions correspond
to the vector operator OV and the CMS event selection criteria.

3.1 Vector and axial-vector operators

3.1.1 CMS cuts

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

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

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

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

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

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

K =
�(pp ! j + ET,miss)

⇠=[1/2,2]
NLO

�(pp ! j + ET,miss)
⇠=1
LO

, (3.2)

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

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

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

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

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

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

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

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

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

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

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

• Multi-jet searches, such as MT2 search, may have stronger sensitivity to pseudo-scalar 
mediators than mono-jet.
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FIG. 1. Comparison of the expected 90% CL exclusion con-
tours from our mono-jet (blue line) and MT2 (red line) anal-
yses. Regions below and above the lines are excluded in the
upper and lower panels, respectively. The expected MT2 lim-
its are significantly better than the expected mono-jet limits
over the entire parameter space.

find that the low and medium HT categories for two jets
provide a large fraction of the sensitivity for our pseu-
doscalar model. However, significant additional sensitiv-
ity is gained by the inclusion of low and medium HT cat-
egories with 3-5 jets. The higher-jet bins are particularly
important for our model since ⇠ 60% and ⇠ 30% of the
events in the low and medium HT categories have gluon-
fusion (gg) and quark-gluon (qg) production, which typi-
cally produce more jets in the final state. The remaining
⇠ 10% of events are from quark anti-quark (qq̄) or gluon
heavy-quark initial states. Having demonstrated the en-
hanced sensitivity ofMT2 over the mono-jet search, in the
following we will show only limits from the MT2 analysis.

CONSTRAINING THE FERMI-LAT EXCESS

The Fermi-LAT observation of a spatially extended
gamma-ray excess around the Galactic Centre has gener-

ated great interest since it may be explained by annihilat-
ing DM. Unfortunately, many indirect detection signals,
including the Fermi-LAT excess, do not give irrefutable
evidence for DM because of large astrophysical uncertain-
ties [31]. For instance, Ref. [32] suggests that the excess
could be explained by point sources (PS) that lie just be-
low the current Fermi-LAT threshold. While detecting
members of the PS population would corroborate an as-
trophysical origin for the excess, a complementary signal
in direct detection or collider experiments is required to
corroborate a DM origin.
A plethora of models involving a pseudoscalar me-

diator have been proposed to explain the Fermi-LAT
excess [6, 33]. As pseudoscalar-mediated interactions
are suppressed at direct detection experiments, collid-
ers are the most promising way to independently test
a pseudoscalar-mediated explanation for the gamma-ray
excess. We therefore investigate the implications of the
MT2 limits on the model defined by Eq. (1), which can
explain the Fermi-LAT excess.
We fit to the Fermi-LAT excess energy spectrum in [3],

assuming the DM halo follows a generalised NFW pro-
file with � = 1.26, rs = 20 kpc, r

�

= 8.5 kpc and
⇢
�

= 0.4 GeV cm�3. We shower the annihilation prod-
ucts with Pythia 8.186 [29]. For this model, we ob-
tain mDM = 44.9+5.3

�4.6 GeV. As in [3], we find that
values up to mDM ' 65 GeV provide a reasonable fit
(p-value > 0.05). For mDM = 45 GeV and the halo
parameters mentioned, the preferred annihilation cross-
section is h�vi = 3.2 ± 0.4 ⇥ 10�26 cm3 s�1. This is a
factor of two larger than values in Ref. [3] because we
assume � is a Dirac fermion while Ref. [3] assumed a
Majorana fermion.
The annihilation cross-section for ��̄ ! A ! qq̄ is

h�viq =
3m2

q

2⇡v2
g2DMg2SMm2

DM

(M2
A � 4m2

DM)2 +M2
A�

2
A

s

1� m2
q

m2
DM

.

(2)
This equation allows us to map h�vi = P

qh�viq to the
parameters in our model. The shaded blue bands in
Fig. 2 show the region consistent with the Fermi-LAT
excess. In all panels, we assumed mDM = 45 GeV and
h�vi = 1.4 to 3.3⇥10�26 cm3 s�1. The lower value follows
from variations in the halo parameters, principally ⇢

�

which may be as large as 0.56 GeV cm�3 [34] (the anni-
hilation flux � scales as � / ⇢2DMh�vi). The upper value
follows from the Fermi-LAT 95% CL upper limit on h�vi
from dwarf spheroidal galaxies [35].
To compare the region consistent with the Fermi-LAT

excess with the MT2 search, we establish both expected
and observed 90% CL limits. These are given by the
dotted black and solid red lines, respectively in Fig. 2.
To quantify the compatibility of the expected and ob-
served limits we also determine the expected ±1� and
±2� bands (shaded green and yellow respectively) with a
toy experiment technique using the reported background
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FIG. 1. Comparison of the expected 90% CL exclusion con-
tours from our mono-jet (blue line) and MT2 (red line) anal-
yses. Regions below and above the lines are excluded in the
upper and lower panels, respectively. The expected MT2 lim-
its are significantly better than the expected mono-jet limits
over the entire parameter space.

find that the low and medium HT categories for two jets
provide a large fraction of the sensitivity for our pseu-
doscalar model. However, significant additional sensitiv-
ity is gained by the inclusion of low and medium HT cat-
egories with 3-5 jets. The higher-jet bins are particularly
important for our model since ⇠ 60% and ⇠ 30% of the
events in the low and medium HT categories have gluon-
fusion (gg) and quark-gluon (qg) production, which typi-
cally produce more jets in the final state. The remaining
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following we will show only limits from the MT2 analysis.
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The Fermi-LAT observation of a spatially extended
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ated great interest since it may be explained by annihilat-
ing DM. Unfortunately, many indirect detection signals,
including the Fermi-LAT excess, do not give irrefutable
evidence for DM because of large astrophysical uncertain-
ties [31]. For instance, Ref. [32] suggests that the excess
could be explained by point sources (PS) that lie just be-
low the current Fermi-LAT threshold. While detecting
members of the PS population would corroborate an as-
trophysical origin for the excess, a complementary signal
in direct detection or collider experiments is required to
corroborate a DM origin.
A plethora of models involving a pseudoscalar me-

diator have been proposed to explain the Fermi-LAT
excess [6, 33]. As pseudoscalar-mediated interactions
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ers are the most promising way to independently test
a pseudoscalar-mediated explanation for the gamma-ray
excess. We therefore investigate the implications of the
MT2 limits on the model defined by Eq. (1), which can
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We fit to the Fermi-LAT excess energy spectrum in [3],
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Constraining Dark Matter Interactions with Pseudoscalar and Scalar Mediators

Using Collider Searches for Multi-jets plus Missing Transverse Energy
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The mono-jet search, looking for events involving missing transverse energy (/ET ) plus one or two
jets, is the most prominent collider dark matter search. We show that multi-jet searches, which
look for /ET plus two or more jets, are significantly more sensitive than the mono-jet search for
pseudoscalar- and scalar-mediated interactions. We demonstrate this in the context of a simplified
model with a pseudoscalar interaction that explains the excess in GeV energy gamma rays observed
by the Fermi Large Area Telescope. We show that multi-jet searches already constrain a pseudoscalar
interpretation of the excess in much of the parameter space where the mass of the mediator MA

is more than twice the dark matter mass mDM. With the forthcoming run of the LHC at higher
energies, the remaining regions of the parameter space where MA > 2mDM will be fully explored.
Furthermore, we highlight the importance of complementing the mono-jet final state with multi-jet
final states to maximise the sensitivity of the search for the production of dark matter at colliders.

INTRODUCTION

Weakly interacting massive particles (WIMPs) are the
most studied and arguably the best motivated candidate
for particle dark matter (DM) as they are present in many
extensions of the Standard Model (SM). A particularly
appealing feature of WIMPs is that they should be de-
tectable with current or near-term experiments [1].

The plethora of DM models poses a challenge of how to
interpret DM searches in a generic way. One approach
is to classify the DM model by the particle mediating
the interaction. A particularly interesting class of mod-
els involves the exchange of a spin-0 s-channel scalar or
pseudoscalar mediator, since additional scalars and pseu-
doscalars are a generic prediction of extensions of the
Standard Model (SM) Higgs sector. Pseudoscalars are
also particularly interesting as they are a common feature
in many of the models proposed to explain the spatially
extended gamma-ray excess around the Galactic Centre
observed with the Fermi Large Area Telescope (Fermi-
LAT) [2, 3].

While scalars and pseudoscalars with a mass below
10 GeV can be probed by flavour-changing observables
at colliders [4], heavier pseudoscalars whose dominant
interaction is with DM are particularly di�cult to de-
tect. Pseudoscalar-mediated interactions result in a sup-
pressed tree-level spin-dependent interaction and an un-
observably small loop-level spin-independent interaction
at direct detection experiments, making this interaction
inaccessible for these experiments [5, 6]. The most promi-
nent collider search for DM production at the Large
Hadron Collider (LHC) is the mono-jet search [7–10],
which searches for events with a high momentum jet from
initial state radiation in combination with significant
missing transverse energy (E/T ). As we will demonstrate
(see also [11–13]), the mono-jet search has limited sensi-
tivity to pseudoscalar- and scalar-mediated interactions.

In contrast, we show that multi-jet plus E/T collider
searches significantly extend the sensitivity of the LHC
to these interactions. These searches are designed to
be inclusive and probe a large region of the topological
and kinematic phase space, probing jet-multiplicities � 2
with several kinematic variables, including E/T and the
scalar sum of the jets pT (HT ). Typically, the multi-jet
plus E/T final state has been used to search for supersym-
metry (SUSY) at the LHC. In this letter we demonstrate
that this final state also has excellent sensitivity to the
pair-production of DM from pseudoscalar and scalar me-
diators. This is because the production of pseudoscalar-
or scalar-mediators is typically dominated by gluon fu-
sion [14], which in turn generally leads to events with
higher jet-multiplicity in the final state [15].

As an example of the utility of the multi-jet plus E/T
searches, we apply our limits to a pseudoscalar model
that can account for the Fermi-LAT excess. We show
that current limits already exclude much of the Fermi-
LAT excess parameter space where the pseudoscalar’s
mass (MA) is more than twice the DM mass (mDM). Fu-
ture limits at

p
s =13 TeV will fully probe the remaining

parameter space where MA > 2mDM.

MONO-JET AND MULTI-JET SEARCHES

The benchmark pseudoscalar model that we consider
is a simplified model following the ansatz of the Minimal
Simplified Dark Matter (MSDM) models [16], which have
four free parameters: mDM, MA and two couplings gDM

and gSM. The interaction terms are

Lint = igDMA�̄�5�+ igSM
X

q

mq

v
A q̄�5q , (1)

where � is a Dirac fermion, the sum is over all quarks, mq

is the quark mass and v = 246 GeV is the Higgs vacuum
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the (probably massive) νl4 going unobserved, while the W bosons could be detected in their
decays to either lν or to jets.

We now look specifically at the process given in equation 4, although the variable which
we define would work identically in any process where a particle is pair produced and decays
to one visible and one invisible particle.

The variable that we wish to introduce is closely related to mT , however the standard
definition of mT , given in equation 2, assumes that the unobserved particle is massless, so
we return to the derivation of this variable. For the decay,

l̃ → lχ̃ (6)

for arbitrary momenta we can write,

m2

l̃
= m2

l + m2
χ̃ + 2(ET lET χ̃ cosh(∆η) − pT l · pT χ̃) (7)

where ET =
√

p2
T + m2 and ∆η is the difference in rapidity, η = 1

2
ln[(E + pz)/(E − pz)],

between between the l and χ̃.

Now as cosh η ≥ 1 we have,

m2

l̃
≥ m2

T (pT l,pT χ̃) ≡ m2
l + m2

χ̃ + 2(ET lET χ̃ − pT l · pT χ̃). (8)

This gives a version of transverse mass valid for arbitrary masses, with equality when the l
and χ̃ are produced with the same rapidity. Notice that ET l and ET χ̃ depend on m2

l and m2
χ̃

respectively.

The transverse mass can’t be formed directly from the process in equation (4), as both
the neutralinos give rise to missing momentum, however we can experimentally measure the
sum of their transverse momenta as the missing transverse momenta in the event,

/pT = pT χ̃a
+ pT χ̃b

. (9)

If pT χ̃a
and pT χ̃b

were obtainable, then one could form two transverse masses, and using the
relationship (8) obtain,

m2

l̃
≥ max{m2

T (pT l−,pT χ̃a
), m2

T (pT l+,pT χ̃b
)} (10)

However, not knowing the form of the splitting (9), the best we can say is that:

m2

l̃
≥ M2

T2 ≡ min
/p1+/p2=/pT

[

max {m2
T (pT l−, /p1), m

2
T (pT l+ , /p2)}

]

(11)

With the minimization over all possible 2-momenta, /p1,2, such that their sum gives the
observed missing transverse momentum, /pT . This is the variable, called MT2, that we wish
to introduce. This bound we can obtain directly from experimentally measured parameters.
Although not totally transparent, for particular momenta, MT2 can be equal to ml̃; the
requirement being that for both slepton decays the lepton and neutralino are produced at

3
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Searching for new mediators

• DM annihilation

• spin-dependent or spin-independent DM-nucleon scattering

• mono-jet production at the LHC

• di-jet production at the LHC
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Motivation: New mediators

> If the DM particle and the mediator of the DM interactions are 
comparable in mass, the phenomenology can become much more 
interesting:
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Motivation: Axial-vector mediators

> For  the mediator 
decays dominantly into quarks 
(even if M

R
 >> m

χ
).

> We expect dijet searches to 
give the strongest constraints 
on the entire parameter space.

> For  the mediator 
decays dominantly into DM as 
soon as the phase space for 
this decay channel opens up.

> For light DM, the strongest 
constraints are expected to 
result from monojet searches.
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Complementarity

• The region where DM is under-produced 
is allowed (other DM candidates from 
the dark sector can contribute).

• Local density ρ scales with the relic 
abundance, which scales with the inverse 
of the annihilation cross section.
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Relic density constraints

> The DSP-nucleus interactions are 
spin-dependent, so we re-analyse 
the published LUX results to 
derive a bound.

> We then rescale the conventional 
bound (assuming Ω

DSP
 = Ω

DM
) 

using the results from the relic 
density calculation. This rescaling 
weakens the bound from direct 
detection in the parameter region 
where the DSP is underproduced.
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Motivation: Phenomenology

> Rather than excluding the parameter region where the DM particle is 
underproduced, we allow for the possibility that it constitutes only a 
fraction of the dark matter.

> This is perfectly consistent: We never expected our simple model to be 
the full story!

> To make this change of perspective explicit, we call such a DM 
subcomponent a dark sector particle (DSP).

> The crucial observation is that the local DSP density ρ
DSP

 is proportional 

to the relic abundance Ω
DSP

, which scales according to

where           .

> As a result, there is a strong suppression of the expected event rates in 
indirect (~ρ

DSP
2) and direct (~ρ

DSP
) detection experiments.

> The LHC offers a unique opportunity to search for DM subcomponents!

1
1 1 1 1
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� q
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gq gqgq
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Figure 1. The processes considered in this work in terms of visible sector quarks (q, q), DSPs (�, �)
and the on-shell (o↵-shell) mediator particle R (R⇤). The various process are: (a) DM annihilation
which sets the relic abundance, (b) DM scattering in direct detection experiments, (c) monojet
signatures, in this case due to initial state radiation of a gluon, (d) LHC Dijet resonance signatures
purely through mediator-quark couplings and (e) dijet associated production.

in order to avoid overstating the strength of direct detection limits. This approach

leads to a compelling interplay between the di↵erent DM detection techniques and

will lead us to conclude that the LHC monojets, LHC dijets and direct detection

strategies each has a unique foothold in the search for DSPs.

In figure 1 we sketch the setup for a dark sector theory involving a DSP � and a

mediator between the visible sector and the dark sector R, together with the detection

processes considered in this work. We denote the couplings between the mediator and

the visible sector quarks (the DSP) with gq (g�). For the purposes of exploring the broad

phenomenology of this dark sector and the general interplay between the di↵erent probes let

us combine the two couplings into an e↵ective DSP-SM coupling g =
p

gq g� and consider

the e↵ect of varying the coupling g. The local density of DSPs in the Milky Way ⇢ is

proportional to the DSP relic abundance from thermal freeze-out ⌦
DSP

, which scales as

the inverse of the annihilation cross section, i.e. ⇢ / ⌦
DSP

/ g�4. Any cross section

involving interactions between the visible sector and the DSP, such as collider production

and direct detection, will scale as � / g4 [1, 28–31] (assuming an o↵-shell mediator). Thus,

broadly speaking, the rate of events in di↵erent DM probes have very di↵erent scaling with

couplings if a standard thermal history is assumed. They are:

• Collider searches for missing energy: Rate / � / g4 .

• Direct detection: Rate / (� ⇥ ⇢) / g0 .

• Indirect detection: Rate / (� ⇥ ⇢2) / g�4 .

Furthermore, resonance searches at colliders typically depend on the production cross sec-

tion for the resonance, �R, multiplied with the branching ratio into the final state under

consideration. If the (on-shell) mediator has a large branching into light quarks we hence

obtain the final important signature

• Collider searches for dijet resonances: Rate / �R / g2q .

This simple consideration demonstrates that, assuming a standard thermal history and con-

sidering the specific phenomenology of the mediator, these four di↵erent detection strate-

gies are parametrically complementary. In essence, large couplings imply large collider

– 3 –
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(associated) di-jet analysis

• For large couplings, the usual searches for narrow resonances no longer apply.

• The multi-jet background limits the LHC searches for mediators below 1 TeV.

• associated di-jet production

• trigger-level analysis

33
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Figure 2: Comparison between the combined constraint of different channels shown in Fig. 1 and the
constraints from dijet and monojet searches. We have assumed r ≡ gD/g′Z = 1. The thick black curves
shows the combined constraint as in Fig. 1. The red curve corresponds to the 95% C.L. ATLAS monojet
upper limit. The green and blue curves correspond to 95% C.L. upper limits from CDF and ATLAS dijet
searches, respectively. The purple curve corresponds to 90% C.L. upper limits from UA2 dijet search.

comparison between the associated dijet constraint and the monojet constraint, a large amount of the
background events can be removed with the help of the invariant mass window cut, so the associated
dijet constraint can be stronger than the monojet constraint. On the other hand, as discussed before,
in the very light Z ′ region (M ′

Z ! 80 GeV), the two jets from the decay of Z ′ are either highly boosted
and cannot be distinguished from a single jet, or probably cut by the pTJ > 50 GeV threshold which is
roughly half of the resonance mass, whereas the invisible decay of Z ′ is only characterized by large missing
transverse energy. Therefore, in this region the monojet constraints can be stronger than the associated
dijet constraint.

Before the end of this section, we briefly mention some existing results in the W±+ dijet resonance
channel. Mainly motivated by checking the CDF W±+ dijet anomaly, the ATLAS [51] and more recently
CMS group [52] have performed searches in the same channel. In [51] based on 5 fb−1 integrated luminosity
a leptophobic Z ′ of 150 GeV and gZ′ ≃ 0.2 [53] is excluded. This is in broad agreement with our results
shown in Fig. 1. Possible strategies to enhance the LHC reach in the W±+ dijet has also been studied
in [54]. However, the kinematics of this model in which the djiet resonance and W are decay products of
a heavier new resonance, is very different from the scenario considered in this paper.

4 Z ′ as a Portal between the SM and Dark Matter

The Z ′ can mediate interaction between dark matter and SM particles, forming the so called dark portal.
In this case, the constraint on gZ′ can be mapped onto the constraints on DM direct detection cross
section. The direct detection cross section for a nucleon (proton or neutron) is

σSI ≃
9g2Z′g2DM

2
NM2

D

πM4
Z′(MD +MN )2

≃ 7.7× 10−40
(gZ′

0.1

)2 ( gD
0.1

)2
(

100GeV

MZ′

)4

cm2, (18)

where MN is the mass of the nucleons, and MD = 5 GeV is assumed.
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Figure 1: Reach plots for S/
√
B for the Z ′ + jet (red), the Z ′ + γ (green), the Z ′ + W± (blue) and

the Z ′ + Z0 (purple) channels, for 15 fb−1 integrated luminosity and S/
√
B = 2 which corresponds to

95% confidence level. All the channel is assuming gZ′L = gZ′R = gZ′ , and in the Z ′ + Z0 channel the
reach from two charged leptons decay product and from two neutrinos are combined. Eventually their
combination for exclusion is shown as the black thick line.

trigger is still considerable. Taking this into consideration, the background will increase by about 20%.
The Z ′ + W± channel has comparable S/

√
B ratio with the Z ′ + γ channel over all the Z ′ mass

region, which is just a coincidence of various physical reasons contributing in different directions. For
example, the weak coupling is larger than the electromagnetic coupling, the W± is massive so that the
production is relatively suppressed. W± → ℓ± has further suppression from the leptonic decay branching
ratio. At the same time, the γs are concentrated in the collinear region and hard to pass the pTγ > 50
GeV selection cut, while the acceptance of a W± → ℓ± is higher.

For the Z ′ + Z0 channel, we have to combine its two decay channels. The neutrino channel has a
larger branching ratio (∼20%) than the chagerd lepton channel (∼6.7%), and the former has a slightly
better S/

√
B. However, even the combined signal significance is much smaller than other channels, so

this channel is less interesting.
We have also checked the Z ′ + Z ′ pair production channel. The S/

√
B ratio is always much less than

1 in the region of mass and coupling we focus on. One reason is that the couplings are all relatively small,
which leads to small production cross section. At the same time, the signal is in a pure 4-jet final state,
which is overwhelmed by the dominant QCD background. For a similar background rate with the 3-jet
case we have to use nearly the same jet pTJ thresholds, but the signal cross section is further suppressed
by a small factor of g2Z′ . Therefore, the reach in this channel would be much weaker, and we will not
provide the full analysis here.

Fig. 2 shows the comparison between the constraints from dijet search with associated products,
monojet search and direct dijet searches. To make connection with dark matter detection, we will now
consider gD ̸= 0 and introduce r ≡ gD/gZ′ to parameterize its size. As an illustration, we assume
r ≡ gD/gZ′ = 1 in Fig. 2 . The red curve is the 95% C.L. upper limit from ATLAS monojet searches [47],
the green and blue curves are the 95% C.L. upper limit from the CDF [48] and ATLAS [49] dijet resonance
searches, and the purple curve shows the 90%C.L. upper limit from UA2 dijet resonance search [50],
respectively. For dijet searches, colliders with smaller centre-of-mass energy give stronger constraints,
since when MZ′ is much smaller than the centre-of-mass energy of the collider, the constraint suffers
from large QCD background due to the peak of the gluon parton distribution function at low x. For the

7
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mono-jet and di-jet @ 8 TeV
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Figure 9. Combined constraints (at 95% C.L.) from direct detection (orange, dotted), searches for
monojets (green, dashed) and dijets (blue, dot-dashed) compared to the parameter region excluded
by DSP overproduction (red) and perturbativity (grey). For the left (right) column, we have fixed
g ⌘ (gA

� gA
q )1/2 = 1 (g = 0.5), while the di↵erent rows show di↵erent coupling ratios gA
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future prospects

• LHC will probe mediator masses up to 4 TeV and DM masses up to 1 TeV.

• Searches for dijet resonances in association with SM gauge bosons will 
significantly gain in sensitivity.

• XENON1T and LZ will improve the sensitivity of the direct detection.
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Figure 12. Same as figure 9 but showing projected sensitivities for near-future experiments. We
focus on the case gA

q = 1/4 and gA
� = 1 (cf. centre-right panel of figure 9) and show a three-year

(ten-year) projection on the left (right). See text for details.

detection experiments rapidly gaining sensitivity in the parameter region m� > MR/2,

while monojet searches can probe the resonance region m� ⇠ mR/2 up to mediator masses

of around 2 TeV. Finally, dijet searches will be sensitive to values of MR up to (3–4) TeV.

We note that a possible future 100 TeV hadron collider could easily reach up to MR ⇠
10–20 TeV, placing extremely strong limits on candidate dark sector theories [34, 92, 97].

7.2 Generalised bounds

Let us now turn to a discussion of the model assumptions that we have made. Crucially,

all of our results have been based on the assumption that the width of the mediator is

dominated by the couplings between the mediator and quarks as well as DSPs. Similarly,

we have assumed that only these couplings are relevant for the relic density calculation.

While it is justified to neglect additional couplings to leptons and SM gauge bosons given

the stringent experimental bounds, it is of course conceivable that there are additional

unstable states in the dark sector, which are light enough to provide additional channels

for DSP annihilation and/or mediator decay. If these additional light states subsequently

decay into high-multiplicity SM states, it is conceivable that they could evade detection in

all existing collider searches. The presence of such additional states implies that we can no

longer calculate �R and ⌦
DSP

in terms of the couplings gq and g� and have to treat them

as additional free parameters.20

In figure 13 we show two examples for how our bounds would change if we fixed ⌦
DSP

=

⌦
DM

rather than calculating the relic density in terms of gq and g�. By construction, there

is no longer an excluded parameter region corresponding to the overproduction of the

DSP, so the parameter region MR � 1 TeV � m� is no longer excluded. At the same

20In principle, the presence of additional light states can only lead to an increase in �R and a decrease

in ⌦DSP, so that these parameters cannot be chosen arbitrarily for given gq and g�. However, we neglect

this complication for the purpose of the present discussion.
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VBF H→invisible
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Figure 1: Example Feynman diagrams for the VBF H(! invisible) signal and the vector-boson backgrounds.

shower and hadronization, and Jimmy [66] to model the underlying event, whereas the WW, WZ, and ZZ
(! ``qq, ⌫⌫qq) processes are generated together with EW W+jets and Z+jets samples. Diboson WW, WZ
and ZZ (! ``qq, ⌫⌫qq) samples generated using Sherpa-1.4.5 with CT10 PDFs and normalized to NLO
in QCD [67] are used as a cross-check. Multijet and �+jet samples are generated using Pythia-8.165 with
CT10 PDFs.

4 Event selection

The data used in this analysis were recorded with an Emiss
T trigger during periods when all ATLAS sub-

detectors were operating under nominal conditions. The trigger consists of three levels of selections. The
first two levels, L1 and L2, use as inputs coarse-spatial-granularity analog (L1) and digital (L2) sums
of the measured energy. In the final level, calibrated clusters of cell energies in the calorimeter [68] are
used. At each level, an increasingly stringent threshold is applied culminating in the requirement that
Emiss

T be at least 80 GeV. Because of further corrections made in the o✏ine reconstructed Emiss
T and the

resolutions of the L1 and L2 calculations, this trigger is not fully e�cient until the o✏ine Emiss
T is greater

than 150 GeV.

Jets are reconstructed from calibrated energy clusters[69, 70] using the anti-kt algorithm [71] with radius
parameter R = 0.4. Jets are corrected for pileup using the event-by-event jet-area subtraction method [72,
73] and calibrated to particle level by a multiplicative jet energy scale factor [69, 70]. The selected jets are
required to have pT > 20 GeV and |⌘| < 4.5. To discriminate against jets originating from minimum-bias
interactions, selection criteria are applied to ensure that at least 50% of the jet’s summed scalar track pT,
for jets within |⌘| < 2.5, is associated with tracks originating from the primary vertex, which is taken to
be the vertex with the highest summed p2

T of associated tracks. Information about the tracks and clusters
in the event is used to construct multivariate discriminators to veto events with b-jets and hadronic ⌧-jets.
The requirements on these discriminators identify b-jets with 80% e�ciency (estimated using tt̄ events)
[74–76], one-track jets from hadronic ⌧ decays with 60% e�ciency (measured with Z ! ⌧⌧ events), and
multiple-track jets from hadronic ⌧ decays with 55% e�ciency [77].

Electron candidates are reconstructed from clusters of energy deposits in the electromagnetic calorimeter
matched to tracks in the inner detector [78]. Muon candidates are reconstructed by requiring a match
between a track in the inner detector and a track in the muon spectrometer [79].

The selection defines three orthogonal signal regions (SR), SR1, SR2a and SR2b. They are distinguished
primarily by the selection requirements on the invariant mass m j j of the two highest-pT jets and their

5
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VBF H→invisible
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separation in pseudorapidity �⌘ j j as shown in Table 1. The SR1 selection requires events to have two

Table 1: Summary of the main kinematic requirements in the three signal regions.

Requirement SR1 SR2a SR2b
Leading Jet pT >75 GeV >120 GeV >120 GeV

Leading Jet Charge Fraction N/A >10% >10%
Second Jet pT >50 GeV >35 GeV >35 GeV

m j j >1 TeV 0.5 < m j j < 1 TeV > 1 TeV
⌘ j1 ⇥ ⌘ j2 <0
|�⌘ j j| >4.8 >3 3 < |�⌘ j j| < 4.8
|�� j j| <2.5 N/A

Third Jet Veto pT Threshold 30 GeV
|�� j,Emiss

T
| >1.6 for j1, >1 otherwise >0.5

Emiss
T >150 GeV >200 GeV

jets: one with pT > 75 GeV and one with pT > 50 GeV. The ~Emiss
T is constructed as the negative vectorial

sum of the transverse momenta of all calibrated objects (identified electrons, muons, photons, hadronic
decays of ⌧-leptons, and jets) and an additional term for transverse energy in the calorimeter not included
in any of these objects [80]. Events must have Emiss

T > 150 GeV in order to suppress the background from
multijet events. To further suppress the multijet background, the two leading jets are required to have an
azimuthal opening angle |�� j j| < 2.5 radians and an azimuthal opening angle with respect to the Emiss

T
of |�� j,Emiss

T
| > 1.6 radians for the leading jet and |�� j,Emiss

T
| > 1 radian otherwise. In the VBF process,

the forward jets tend to have large separations in pseudorapidity (�⌘ j j), with correspondingly large dijet
masses, and little hadronic activity between the two jets. To focus on the VBF production, the leading jets
are required to be well-separated in pseudorapidity |�⌘ j j| > 4.8, and have an invariant mass m j j > 1 TeV.
Events are rejected if any jet is identified as arising from the decay of a b-quark or a ⌧-lepton. The rejection
of events with b-quarks suppresses top-quark backgrounds. Similarly, rejection of events with a ⌧-lepton
suppresses the W(! ⌧⌫)+jets background. Further, events are vetoed if they contain any reconstructed
leptons passing the transverse momentum thresholds pe

T > 10 GeV for electrons, pµT > 5 GeV for muons,
or p⌧T > 20 GeV for ⌧-leptons. Finally, events with a third jet having pT > 30 GeV and |⌘| < 4.5
are rejected. The SR2 selections are motivated by a search for new phenomena in final states with an
energetic jet and large missing transverse momentum [17], and di↵er from those of SR1. First, the leading
jet4 is required to have pT > 120 GeV and |⌘| < 2.5. Additionally, the sub-leading jet is required to have
pT > 35 GeV, the �� j j requirement is removed, the requirement on �� j,Emiss

T
is relaxed to |�� j,Emiss

T
| > 0.5,

and the Emiss
T requirement is tightened to Emiss

T > 200 GeV. A common threshold of pT = 7 GeV is
used to veto events with electrons and muons, and no ⌧-lepton veto is applied. Finally in SR2, the Emiss

T
computation excludes the muon contribution and treats hadronic taus like jets (this allows the modelling
of W+jets and Z+jets in the control regions and signal regions using the same Emiss

T variable as discussed
in Section 5). SR2 is further subdivided into SR2a with 500 < m j j < 1000 GeV, ⌘ j1 ⇥ ⌘ j2 < 0, and
|�⌘ j j| > 3, and SR2b with m j j > 1000 GeV and 3 < |�⌘ j j| < 4.8.

4 The “charge fraction" of this jet is defined as the ratio of the ⌃pT of tracks associated to the jet to the calibrated jet pT; this
quantity must be at least 10% of the maximum fraction of the jet energy deposited in one calorimeter layer. The charged
fraction requirement was shown to suppress fake jet backgrounds from beam-induced e↵ects and cosmic-ray events [17].
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Table 8: Estimates of the expected yields and their total uncertainties for SR1 and SR2 in 20.3 fb�1 of 2012 data.
The Z(! ⌫⌫)+jets, W(! `⌫)+jets, and multijet background estimates are data-driven. The other backgrounds
and the ggF and VBF signals are determined from MC simulation. The expected signal yields are shown for
mH = 125 GeV and are normalized to BF(H ! invisible) = 100%. The W+jets and Z+jets statistical uncertainties
result from the number of MC events in each signal and corresponding control region, and from the number of data
events in the control region.

Signal region SR1 SR2a SR2b
Process
ggF signal 20±15 58± 22 19± 8
VBF signal 286±57 182± 19 105±15
Z(! ⌫⌫)+jets 339±37 1580± 90 335±23
W(! `⌫)+jets 235±42 1010± 50 225±16
Multijet 2± 2 20± 20 4± 4
Other backgrounds 1±0.4 64± 9 19± 6
Total background 577±62 2680±130 583±34
Data 539 2654 636

Table 9: Summary of limits on BF(H ! invisible) for 20.3 fb�1 of 8 TeV data in the individual search regions and
their combination, assuming the SM cross section for mH = 125 GeV.

Results Expected +1� �1� +2� �2� Observed
SR1 0.35 0.49 0.25 0.67 0.19 0.30
SR2 0.60 0.85 0.43 1.18 0.32 0.83
Combined Results 0.31 0.44 0.23 0.60 0.17 0.28

where the acceptance A is the fraction of events within the fiducal phase space defined at the MC truth
level using the SR1 selections in Section 4, N the accepted number of events, L the integrated luminosity
and ✏ the selection e�ciency defined as the ratio of selected events to those in the fiducial phase space.
Only the systematic uncertainties on the backgrounds and the integrated luminosity are taken into account
in the upper limit on �fid, shown in Table 10. In SR1, the acceptance and the event selection e�ciency,

Table 10: Model-independent 95% CL upper limit on the fiducial cross section for non-SM processes �fid in SR1.

SR1 Expected +1� �1� +2� �2� Observed
Fiducial cross section [fb] 4.78 6.32 3.51 8.43 2.53 3.93

estimated from simulated VBF H ! ZZ ! 4⌫ events, are (0.89 ± 0.04)% and (94 ± 15)% respectively.
The uncertainties have been divided such that the theory uncertainties are assigned to the acceptance and
the experiment uncertainties are assigned to the e�ciency.
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8 Model interpretation

In the Higgs-portal dark-matter scenario, a dark sector is coupled to the Standard Model via the Higgs
boson [9, 10] by introducing a WIMP dark-matter singlet � that only couples to the SM Higgs doublet.
In this model, assuming that the dark-matter particle is lighter than half the Higgs boson mass, one would
search for Higgs boson decays to undetected (invisible) dark-matter particles, e.g. H ! ��. The upper
limits on the branching fraction to invisible particles directly determine the maximum allowed decay
width to the invisible particles

�inv
H =

BF(H ! invisible)
1 � BF(H ! invisible)

⇥ �H , (4)

where �H is the SM decay width of the Higgs boson. Adopting the formulas from Ref. [10], the decay
width of the Higgs boson to the invisible particles can be written as

�inv
H!S S =

�2
HS S v

2�S

64⇡mH
, (5)

�inv
H!VV =

�2
HVVv

2m3
H�V

256⇡m4
V

 
1 � 4

m2
V

m2
H
+ 12

m4
V

m4
H

!
, (6)

�inv
H! f f =

�2
H f f v

2mH�3
f

32⇡⇤2 , (7)

for the scalar, vector and Majorana-fermion dark matter, respectively. The parameters �HS S , �HVV ,
�H f f /⇤ are the corresponding coupling constants, v is the vacuum expectation value of the SM Higgs

doublet, �� =
q

1 � 4m2
�/m2

H (� = S , V , f ), and m� is the WIMP mass. In the Higgs-portal model, the
Higgs boson is assumed to be the only mediator in the WIMP–nucleon scattering, and the WIMP–nucleon
cross section can be written in a general spin-independent form. Inserting the couplings and masses for
each spin scenario gives:

�SI
S N =

�2
HS S

16⇡m4
H

m4
N f 2

N

(mS + mN)2 , (8)

�SI
VN =

�2
HVV

16⇡m4
H

m4
N f 2

N

(mV + mN)2 , (9)

�SI
f N =

�2
H f f

4⇡⇤2m4
H

m4
Nm2

f f 2
N

(m f + mN)2 , (10)

where mN is the nucleon mass, and fN is the form factor associated to the Higgs boson–nucleon coupling
and computed using lattice QCD [10]. The numerical values for all the parameters in the equations above
are given in Table 11.

The inferred 90% CL branching fraction limit for H ! invisible, translated into an upper bound on
the scattering cross section between nucleons and WIMP, is shown in Figure 8 compared to the results
from direct detection experiments. The WIMP–nucleon cross-section limits resulting from searches for
invisible Higgs boson decays extend from low WIMP mass to half the Higgs boson mass, and are com-
plementary to the results provided by direct detection experiments that have limited sensitivity to WIMP
with mass of the order of 10 GeV and lower [27, 29–33, 35]. This is expected as the LHC has no limit-
ations for the production of low-mass particles, whereas the recoil energies produced in the interactions
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summary

• EFT was chosen to interpret DM searches in Run-1

• DM Forum prepared recommendations for simplified models for early Run-2 analyses 
1507.00966

• Recent developments in generators allow for more precise modelling.

➡ richer phenomenology, complementarity, new interpretations

• DM working group under LPCC https://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg

• DM@LHC workshop in Amsterdam, 30/03 - 01/04 (to be announced soon)

• new Run-2 results

• complementarity of DM searches
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14 TeV projections

• Zh → ll + MET analysis

• coupling fit                                                                                          
(without Zh → ll + MET)
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Nr. Coupling 300 fb�1 3000 fb�1

Theory unc.: Theory unc.:
All Half None All Half None

1 Z 4.4% 3.6% 3.3% 3.2% 2.3% 1.9%
W 3.8% 3.4% 3.2% 2.7% 2.0% 1.8%
F 8.7% 7.7% 7.3% 4.1% 3.6% 3.4%

2 V 7.6% 6.5% 6.1% 4.9% 4.0% 3.7%
u 8.8% 7.7% 7.2% 4.3% 3.8% 3.6%
d 15% 13% 12% 9.4% 7.8% 7.1%

3 V 3.3% 2.8% 2.7% 2.6% 1.9% 1.7%
3 10% 8.5% 7.8% 5.5% 4.3% 3.8%
2 20% 20% 19% 7.0% 6.4% 6.2%

4 V 3.3% 2.9% 2.7% 2.6% 2.0% 1.7%
q 12% 9.3% 8.4% 5.6% 4.4% 3.9%
⌧ 13% 10% 9.6% 9.6% 7.5% 6.7%
µ 20% 20% 20% 7.0% 6.5% 6.2%

5 Z 8.2% 7.2% 6.8% 5.1% 4.4% 4.1%
W 7.8% 6.6% 6.1% 5.0% 4.0% 3.7%
u 8.8% 7.8% 7.4% 4.4% 3.8% 3.6%
d 15% 13% 12% 9.5% 7.8% 7.2%

6 V 6.6% 6.0% 5.8% 3.8% 3.3% 3.0%
F 13% 12% 11% 6.4% 5.6% 5.3%
g 8.8% 7.8% 7.5% 4.2% 3.6% 3.4%
� 11% 8.2% 7.2% 5.8% 4.1% 3.3%
Z� 77% 77% 77% 30% 29% 29%

Table 20: Expected precision on Higgs couplings with 300 and 3000 fb�1 at
p

s = 14 TeV, assuming no
new contributions to the Higgs total width beyond those in the Standard Model. The Higgs total width
can still di↵er from its expected value in the Standard Model in the absence of any new decay modes
if any of its couplings to SM particles di↵er from their expected values. Additional parametrizations
including a free b-quark coupling are possible in principle, but are not studied at the moment in the
absence of H ! bb̄ projections at high luminosity.

Nr. Parameter 300 fb�1 3000 fb�1

Theory unc.: Theory unc.:
All Half None All Half None

1 g 7.5% 5.9% 5.2% 3.5% 2.9% 2.6%
� 9.3% 6.2% 4.8% 5.2% 3.0% 1.7%
Z� 78% 78% 78% 30% 29% 29%

BRi,u <28% <26% <25% <15% <13% <12%

Table 21: Expected precision on the loop-induced Higgs couplings g, �, and Z�, along with the ex-
pected 95% CL upper limit on the branching ratio for invisible or undetectable Higgs decays, BRi,u, with
300 and 3000 fb�1 at

p
s = 14 TeV. Other couplings to massive particles are assumed to be equal to their

SM values, but no other assumptions are made relating to the Higgs total width.
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Figure 18: Emiss
T distributions for 300 and 3000 fb�1 14 TeV data samples.

9.2 Systematic uncertainties

Two scenarios are considered to predict the systematic uncertainties.
For the so-called conservative scenario, an experimental uncertainty of 5%, theoretical uncertainty

of 4.7%, and jet veto systematic uncertainties of 5.5% are assumed for the ZZ and WZ backgrounds.
For the so-called realistic case, the uncertainty is expected to become smaller due to large statistics.

From the expected yields of the ZZ ! 4` and WZ ! `⌫``, the overall uncertainty of the ZZ background
is estimated to be 6.7% for 300 fb�1 and 2.2% for 3000 fb�1. Similarly, the overall uncertainty of the
WZ background is estimated to be 3.0% for 300 fb�1 and 1.0% for 3000 fb�1.

The WW, top quark, and Z ! ⌧+⌧� backgrounds are estimated to have the overall uncertainty of
8.8% for 300 fb�1 and 2.3% for 3000 fb�1, considering the expected event yields in the eµ control
region. The Z background is assumed to have an uncertainty of 10%, but this background is expected to
be suppressed significantly by the d�(Emiss

T , ~pmiss
T ) selection, which is not applied in this note.

For the signals, an experimental uncertainty of 4.0%, theoretical uncertainty of 5.0%, and a jet veto
systematic error of 5.5% are considered for all cases.

9.3 Results

The limits are calculated with the CLs modified frequentist formalism using a maximum likelihood fit
using the Emiss

T distributions with a profile likelihood test statistics. During the limit setting, the theoretical
uncertainty of the ZZ and WZ backgrounds are assumed to be fully correlated, whereas for the jet veto
systematics, the correlation among the signals, ZZ and WZ backgrounds are taken into account. The
uncertainty coming from the MC statistics is not considered during the limit setting, as it is expected to
be significantly reduced in the future. Table 16 shows the expected limits for the two scenarios. The
branching ratio of 23-32% (8-16%) is expected to be excluded at 95% confidence level with 300 fb�1

(3000 fb�1) of data at
p

s = 14 TeV.

BR(H !inv.) limits at 95% (90%) CL 300 fb�1 3000 fb�1

Realistic scenario 23% (19%) 8.0% (6.7%)
Conservative scenario 32% (27%) 16% (13%)

Table 16: Expected limits with 95% (90%) CL on the invisible branching ratio of the Higgs boson are
shown. The Standard Model cross section for ZH production is assumed.
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9.4 Interpretation with Higgs-Portal Models

The invisible decay of the Higgs boson can be interpreted in the context of the dark matter particles
coupling to the Higgs boson. Such dark matter models are called the Higgs-portal models [22–25].

In those models, the limits on the invisible branching fraction of the Higgs boson can thus be inter-
preted as the bounds on the strength of the interaction between the dark matter and the Higgs boson. We
define the strength as the coupling constant, �h��. The bounds on the coupling constant can be further
mapped to the dark matter-nucleon scattering cross section, and can be compared with dark matter direct
detection experiments [26–33]. The relationship between the invisible branching fraction, the coupling
constant, and the dark matter-nucleon scattering cross section depend on the spin of the dark matter par-
ticle [23–25, 34]. Three spin scenarios are considered in this note: a scalar, vector, or majorana-fermion.

Figure 19 shows the 90% CL upper limits on the dark matter-nucleon scattering cross section. The
ATLAS interpretation is specific to the Higgs-portal models, whereas the results from the direct detection
experiments are generic. Figure 20 shows the upper limits on the Higgs-dark matter couplings.
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Figure 19: Upper limits (90% CL) on the dark matter-nucleon scattering cross section in Higgs-portal
scenarios, extracted from the expected Higgs to invisible branching fraction limit and from direct-search
experiments. The results are shown for three spin scenarios of the DM candidate: a scalar, vector or
fermion particle. The hatched areas correspond to the uncertainty of the nucleon form factor.
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Figure 20: Limits on the Higgs-dark matter couplings in Higgs-portal scenarios, extracted from the
expected Higgs to invisible branching fraction limit. The results are shown for three spin scenarios of
the DM candidate: a scalar, vector or fermion particle.
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David Šálek: Dark Matter (and Dark Mediators) at the LHC10/11/2015

mono-jet prospects @ 14 TeV

Event selection

• leading jet pT > 300 GeV

• Δφ(jet, MET) > 0.5

• electron and muon veto

• at most two jets

• pT > 30 GeV @ 8 TeV

• pT > 50 GeV @ 14 TeV

• SR defined by                         
MET > 400, 600, 800 GeV

Backgrounds

• pure MC study

Systematic uncertainties

• 5% reasonable expectation for 
early Run-II

• 1% ultimate goal for HL-LHC
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David Šálek: Dark Matter (and Dark Mediators) at the LHC10/11/2015

mono-jet prospects @ 14 TeV

• Already first data from Run-II will bring improvements in sensitivity to DM.

• Exclusion limits can be improved by factor of 2 with first few fb-1.

• 5σ discovery potential for M* ~ 1.7 TeV with 300 fb-1.
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