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Abstract

This article reports on a search for dark matter pair production in association with bottom or top
quarks in 20.3 fb−1 of pp collisions collected at

√
s = 8 TeV by the ATLAS detector at the LHC.

Events with large missing transverse momentum are selected when produced in association with
high-momentum jets of which one or more are identified as jets containing b-quarks. Final states with
top quarks are selected by requiring a high jet multiplicity and in some cases a single lepton. The
data are found to be consistent with the Standard Model expectations and limits are set on the mass
scale of effective field theories that describe scalar and tensor interactions between dark matter and
Standard Model particles. Limits on the dark-matter–nucleon cross-section for spin-independent and
spin-dependent interactions are also provided. These limits are particularly strong for low-mass dark
matter. Using a simplified model, constraints are set on the mass of dark matter and of a coloured
mediator suitable to explain a possible signal of annihilating dark matter.
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Abstract This article reports on a search for dark

matter pair production in association with bottom or

top quarks in 20.3 fb−1 of pp collisions collected at√
s = 8 TeV by the ATLAS detector at the LHC. Events

with large missing transverse momentum are selected

when produced in association with high-momentum jets

of which one or more are identified as jets contain-

ing b-quarks. Final states with top quarks are selected

by requiring a high jet multiplicity and in some cases

a single lepton. The data are found to be consistent

with the Standard Model expectations and limits are

set on the mass scale of effective field theories that de-

scribe scalar and tensor interactions between dark mat-

ter and Standard Model particles. Limits on the dark-

matter–nucleon cross-section for spin-independent and

spin-dependent interactions are also provided. These

limits are particularly strong for low-mass dark mat-
ter. Using a simplified model, constraints are set on the

mass of dark matter and of a coloured mediator suit-

able to explain a possible signal of annihilating dark

matter.

1 Introduction

The existence of dark matter (DM) in the Universe is

highly motivated by many astrophysical and cosmolog-

ical observations [1–4]. However, its nature remains a

mystery. One of the best motivated candidates for a

DM particle is a weakly interacting massive particle

(WIMP) [5]. At the Large Hadron Collider (LHC), one

can search for DM particles (χ) that are pair produced

in pp collisions. These studies are sensitive to low DM

CERN, 1211 Geneva 23, Switzerland, E-mail: at-
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masses (mχ ≤ 10 GeV), and therefore provide informa-

tion complementary to direct DM searches, which are

most sensitive to larger DM masses [6–9].

If the particles that mediate the interactions be-

tween DM and Standard Model (SM) particles are too

heavy to be produced directly in the experiment, their

interactions can be described by contact operators in

the framework of an effective field theory [10–12]. For

each operator considered, the reach is expressed in terms

of the effective mass scale of the interaction, M∗, and of

the χ–nucleon cross-section, σχ-N, as a function of mχ.

Since DM particles do not interact in the detector,

the main signature of DM pair production at colliders

is large missing transverse momentum. Initial-state ra-

diation (ISR) of jets, photons, Z, or W bosons, was

used to tag DM pair production at colliders in several

searches at the Tevatron [13] and the LHC [14–22].

A new search for DM pair production in associa-

tion with one b-quark or a pair of heavy quarks (b or

t) was proposed in Ref. [23]. The dominant Feynman

diagrams for these processes are shown in Fig. 1. To

search for these processes, dedicated selections are de-

fined to reconstruct the various production and decay

modes of these heavy-quark final states. For final states

containing a semileptonic decay of a top quark, the re-

sults of the search for a supersymmetric partner of the

top quark are used [24].

The analysis presented in this article is particularly

sensitive to effective scalar interactions between DM

and quarks described by the operator [12]

Oscalar =
∑
q

mq

MN
∗
q̄qχ̄χ, (1)

whereN = 3 for Dirac DM (D1 operator) andN = 2 for

complex scalar DM (C1 operator). The quark and DM

fields are denoted by q and χ, respectively. The scalar
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Fig. 1 Dominant Feynman diagrams for DM production in
conjunction with (a) a single b-quark and (b) a heavy quark
(bottom or top) pair using an effective field theory approach.
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Fig. 2 Example of DM production in the b-FDM model.

operators are normalized by mq, which mitigates con-

tributions to flavour-changing processes, strongly con-

strained by flavour physics observables [25,26], through

the framework of minimal flavour violation (MFV). The

dependence on the quark mass makes final states with

bottom and top quarks the most sensitive to these op-

erators.

This search is also sensitive to tensor couplings be-

tween DM and quarks. The tensor operator (D9), which

describes a magnetic moment coupling, is parameter-

ized as [12]:

Otensor =
∑
q

1

M2
∗
χ̄σµνχq̄σµνq. (2)

MFV suggests that the D9 operator should have a mass

dependence from Yukawa couplings although canoni-

cally this is not parametrised as such.

The results are also interpreted in light of a bottom-

Flavoured Dark Matter model (b-FDM) [27]. The b-

FDM model was proposed to explain the excess of gamma

rays from the galactic centre, recently observed by the

Fermi Gamma-ray Space Telescope, and interpreted as

a signal for DM annihilation [28]. This analysis of the

data recorded by the Fermi-LAT collaboration favours

DM with a mass of approximately 35 GeV annihilating

into b-quarks via a coloured mediator. In this model, a

new scalar field, φ, mediates the interactions between

DM and quarks as shown in Fig. 2. DM is assumed to

be a Dirac fermion that couples to right-handed, down-

type quarks. The lightest DM particle, which consti-

tutes cosmic DM, preferentially couples to b-quarks.

The collider signature of this model is b-quarks pro-

duced in association with missing transverse momen-

tum. This analysis sets constraints on the mass of the

mediator and DM particle in the framework of the b-

FDM model.

2 Detector description and physics objects

The ATLAS detector [34] at the LHC covers the pseu-

dorapidity1 range of |η| < 4.9 and is hermetic in azi-

muth φ. It consists of an inner tracking detector sur-

rounded by a superconducting solenoid, electromagnetic

and hadronic calorimeters, and an external muon spec-

trometer incorporating large superconducting toroidal

magnets. A three-level trigger system is used to select

events for subsequent offline analysis. The data set used

in this analysis consists of 20.3 fb−1 of pp collision data

recorded at a centre-of-mass energy of
√
s = 8 TeV with

stable beam conditions [35] during the 2012 LHC run.

All subsystems listed above were required to be opera-

tional.

This analysis requires the reconstruction of muons,

electrons, jets, and missing transverse momentum. Muon

candidates are identified from tracks that are well recon-

structed inside both the inner detector and the muon

spectrometer [36]. To reject cosmic-ray muons, muon

candidates are required to be consistent with produc-

tion at the primary vertex, defined as the vertex with

the highest Σ(ptrackT )2, where ptrackT refers to the trans-

verse momentum of each track.

Electrons are identified as tracks that are matched

to a well-reconstructed cluster in the electromagnetic

calorimeter. Electron candidates must satisfy the tight

electron shower shape and track selection criteria of

Ref. [37]. Both electrons and muons are required to have

transverse momenta pT > 20 GeV and |η| < 2.5. Poten-

tial ambiguities between overlapping candidate objects

are resolved based on their angular separation. If an

electron candidate and a jet overlap within ∆R < 0.2,

then the object is considered to be an electron and the

jet is discarded. If an electron candidate and any jet

overlap within 0.2 < ∆R < 0.4, or if an electron can-

didate and a b-tagged jet overlap within ∆R < 0.2 of

1 ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the centre of
the detector, and the z-axis along the beam line. The x-axis
points from the IP to the centre of the LHC ring, and the y-
axis points upwards. Cylindrical coordinates (r, φ) are used
in the transverse plane, φ being the azimuthal angle around
the beam line. The pseudorapidity η is defined in terms of
the polar angle θ as η = − ln tan(θ/2). Observables labeled
“transverse” are projected into the x–y plane.
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Table 1 Selections for signal regions 1–4. Variables pjiT (pbiT ) represent the transverse momentum of the i-th jet (b-tagged jet).
The asymmetric transverse mass amT2 [29–31], topness [32], mjjj and Razor R [33] are used to reject the abundant top quark
background.

SR1 SR2 SR3 SR4
Trigger Emiss

T Emiss
T 5 jets || 4jets(1b) Emiss

T || 1 lepton (no τ)
Jet multiplicity nj 1–2 3–4 ≥5 ≥4
b-jet multiplicity nb >0 (60% eff.) >0 (60% eff.) >1 (70% eff.) >0 (70% eff.)
Lepton multiplicity n` 0 0 0 1 ` (` = e, µ)
Emiss

T >300 GeV >300 GeV >200 GeV >270 GeV

Jet kinematics pb1T > 100 GeV
pb1T > 100 GeV

pjT > 25 GeV
pb1T > 60 GeV

pj2T > 100 (60) GeV p1-4T > 80, 70, 50, 25 GeV
Three-jet invariant mass mjjj < 360 GeV
∆φ

(
ji, E

miss
T

)
> 1.0, i = 1, 2 > 1.0, i = 1− 4 - > 0.6, i = 1, 2

Angular selections - - ∆φ
(
b1, Emiss

T

)
≥ 1.6

∆φ
(
`, Emiss

T

)
> 0.6

∆R (`, j1) < 2.75
∆R (`, b) < 3.0

Event shape - - Razor R >0.75 topness >2
amT2 - - - >190 GeV

m
`+Emiss

T

T - - - >130 GeV

Emiss
T /

√
H4j

T - - - >9
√

GeV

each other, then the electron is discarded and the jet is

retained.

Photon candidates must satisfy the tight quality cri-

teria and |η| < 2.37 [38].

Jet candidates are reconstructed using the anti-kt
clustering algorithm [39] with a radius parameter of

0.4. The inputs to this algorithm are three-dimensional

topological clusters [40]. The four-momentum of the jet

is defined as the vector sum of the four-momenta of the

topological clusters, assuming that each cluster orig-

inates from a particle defined to be massless and to

come from the interaction point.

To calibrate the reconstructed energy, jets are cor-

rected for the effects of calorimeter response and inho-

mogeneities using energy- and η-dependent calibration

factors based on simulation and validated with exten-

sive test-beam and collision-data studies [41]. In the

simulation, this procedure calibrates the jet energies to

those of the corresponding jets constructed from stable

simulated particles. In-situ measurements are used to

further correct the data to match the energy scale in

simulated events. Effects due to additional pp interac-

tions in the same and preceding bunch crossings (pile-

up effects) are corrected [42]. Only jets with pT >20

(25) GeV and |η| <4.5 (2.5) are considered in this anal-

ysis for final states involving b (t) quarks.

Jets containing particles from the hadronisation of

a b-quark (b-jets) are tagged using a multivariate al-

gorithm [43,44]. The b-tagging algorithm combines the

measurement of several quantities distinguishing heavy

quarks from light quarks based on their longer lifetime

and heavier mass. These quantities include the distance

of closest approach of tracks in the jet to the primary

event vertex, the number and position of secondary ver-

tices formed by tracks within the jet, as well as the

invariant mass associated with such vertices. The al-

gorithm is trained on Monte Carlo (MC) simulations

and its performance is calibrated using data. To opti-

mize the sensitivity of this analysis, a requirement on

the output of the b-tagging algorithm which provides

a 60% (70%) b-jet efficiency operating point is used in

signal regions (SR) 1 and 2 (3 and 4) defined below.

The corresponding misidentification probability is 15%

(20%) for c-jets, and less than 1% for light-quark jets.

The aforementioned b-tagging efficiencies and misiden-

tification probabilities were derived in a simulated tt̄

sample with jet transverse momenta of pT > 20 GeV

and |η| < 2.5.

The missing transverse momentum, with magnitude

Emiss
T , is defined as the negative vector sum of the trans-

verse momenta of jets, muons, electrons, photons, and

topological clusters not assigned to any reconstructed

objects [45].

3 Event selection

Candidate signal events containing at least one high-pT
jet and large Emiss

T are assigned to one of four orthog-

onal signal regions. The first two signal regions focus

on events with DM produced in conjunction with one

(SR1) or two (SR2) b-quarks in the final state. SR3 and

SR4 target events in which DM is produced in conjunc-

tion with a tt pair, where either both top quarks decay

hadronically (SR3) or one top quark decays hadroni-

cally and the other semileptonically (SR4). SR4 was
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Table 2 Expected background and signal yields for mχ=10 GeV compared with observed yields in data for the various signal
regions. For the b-FDM model, mφ is 600 GeV. The row labeled “Total expected background” shows the sum of all background
components. The quoted uncertainties include all statistical and systematic effects added in quadrature. The effective mass
scale, M∗, is set to be 100/40/600 GeV for the D1/C1/D9 operators, approximately corresponding to the expected limit. The
probabilities of the background-only hypothesis, p-values, are also given. The last two lines show the observed and expected
95% CL upper limits on the number of beyond-the-SM events.

Background source SR1 SR2 SR3 SR4

Z(νν)+jets 190 ± 26 90 ± 25
1+6
−1

–
W (`ν)+jets 133 ± 23 75 ± 13 1.3 ± 0.3
tt̄

39 ± 5 71 ± 9
87 ± 11 2.9 ± 0.6

Single top 8 ± 3 0.7 ± 0.3
tt̄+Z/W – – – 1.4 ± 0.4
Diboson 22 ± 4 8 ± 1 – 0.8 ± 0.4
Total expected background 385 ± 35 245 ± 30 96 ± 13 7 ± 1
Data 440 264 107 10

Expected signal – D1 10 ± 2 49 ± 8 28 ± 2 35 ± 5
Expected signal – C1 17 ± 2 61 ± 9 45 ± 4 51 ± 12
Expected signal – D9 147 ± 25 69 ± 12 2 ± 1 2 ± 1
Expected signal – b-FDM 192 ± 24 61 ± 8 1.0 ± 0.2 –

p-Value 0.09 0.29 0.24 0.18
Allowed non SM events - Obs. 124 79 41 10
Allowed non SM events - Exp. 81 67 33 7

developed for a top squark search by the ATLAS Col-

laboration and coincides with the “tNbC mix” signal

region described in Ref. [24]. The four signal regions

provide the complementary information needed in case

of observation of a signal.

Events assigned to SR1 and SR2 are required to pass

a calorimeter-based Emiss
T trigger with a threshold of

80 GeV. To enrich the sample in pp→ χχ̄+b(b̄), events

are required to have a low jet multiplicity (njets <5),

Emiss
T > 300 GeV, and the most energetic b-tagged jet

must have a pT> 100 GeV. The azimuthal separation

between the directions of the jets and the missing trans-

verse momentum is required to be more than 1.0 radian.

Events with at least one identified muon or electron are

discarded to reject leptonic decays of W and Z bosons.

Events satisfying these selection criteria are assigned to

SR1 provided that the jet multiplicity does not exceed

two. Events are assigned to SR2 when at least three

jets are reconstructed in the event and the second most

energetic jet has pT > 100 GeV. If there is a second

b-tagged jet it has to satisfy pT > 60 GeV.

Events assigned to SR3 are required to pass trig-

gers specifically designed to select hadronic decays of

top quark pairs. Such triggers require either five jets

with pT ≥ 55 GeV each or four jets with pT ≥ 45 GeV,

of which one is tagged as a b-jet. To select pp → χχ̄ +

tt̄ events, at least five reconstructed jets are required,

of which at least two are b-tagged, and Emiss
T > 200

GeV. Furthermore, the azimuthal separation between

the most energetic b-jet and the missing transverse mo-

mentum is required to be at least 1.6 radians. To reduce

W/Z leptonic decays and leptonic top quark decays,

events with at least one identified muon or electron are

discarded. To maximize the rejection of the abundant

tt̄ background, the Razor variable R [33] is used. This

variable utilizes both transverse and longitudinal infor-

mation about the event to fully exploit the kinematics

of the decay. To separate signal and background, R >

0.75 is required.

To enrich the sample in pp → χχ̄ + tt̄ with one

semileptonic decay of the t quark, events assigned to

SR4 use single-lepton or Emiss
T triggers, and require

exactly one isolated lepton (electron or muon) with

pT > 25 GeV, at least four high-pT jets, where one jet

is b-tagged with pT > 60 GeV. Events with Emiss
T > 270

GeV are selected when the transverse mass2 formed by

the lepton and Emiss
T , mT(`, Emiss

T ), exceeds 130 GeV

and Emiss
T /

√
H4j

T > 9
√

GeV, withH4j
T =

∑4
i=1 pT(jeti)

and where the jets are ordered by decreasing pT. The

azimuthal angle between the missing transverse mo-

mentum and the two most energetic jets is required

to be greater than 0.6 radians.

Special variables, such as the asymmetric transverse

mass amT2 [29–31] and the topness variable [32], are

2 Since the longitudinal component of the momen-
tum of the neutrinos is not measured, the measured
properties of the W boson candidates are limited to
their transverse momentum and transverse mass, defined

as mT =
√

(Emiss
T + p`T)2 − (Emiss

x + p`x)2 − (Emiss
y + p`y)2

where Emiss
T is the magnitude of the missing transverse mo-

mentum vector, p`T is the transverse momentum of the lepton
and p`x and p`y (Emiss

x and Emiss
y ) are the magnitude of the x

and y components of the lepton momentum (missing trans-
verse momentum) respectively.
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Fig. 3 Comparison between data and expected SM background. (a), (b): Emiss
T variable for SR1 and SR2 and for an example

signal with the operator D9. (c): R variable for SR3 excluding the selection on R and for an example signal with the operator
D1. (d): Emiss

T variable for SR4 excluding the selection on Emiss
T and for an example signal with the operator D1. Other

backgrounds are composed of diboson and multijet production. The expected signal for χχ̄ + b(b̄) (SR1, 2) and for χχ̄ + tt̄

(SR3, 4) production for mχ = 10 GeV is given by the red line assuming M∗ = 100/40/600 GeV for the D1/C1/D9 operators,
respectively. The final selection requirements are indicated by an arrow. The error bars represent the statistical uncertainty.
The dashed area shows the systematic uncertainty on the background estimation. Events with values exceeding the range
presented are included in the highest bin.

used to reject the dileptonic tt̄ component of the back-

ground. Details can be found in Ref. [24]. The dibo-

son background is suppressed by a requirement on the

three-jet invariant mass (mjjj < 360 GeV) [24]. A τ

veto rejects tt̄ events with hadronically decaying τ lep-

tons in the final state. Additional selection criteria [24]

on the angles between the lepton and the various jets

are imposed to further reduce the tt̄ background. Ta-

ble 1 provides an overview of the selections applied in

all four signal regions.

The product of the detector acceptance A and the

reconstruction efficiency ε for the selections described

above varies between 0.1% and 8% depending on the

signal region, operator, and specific channel considered.

SR1 and SR2 have the highest efficiencies (A × ε >

2%) for the D9 operator, while SR3 and SR4 are most

efficient for the D1 and C1 operators (A× ε > 1%).

The dominant background for SR1 and SR2 is due

to Z → νν events produced in conjunction with one

or more jets. This irreducible background is estimated

from data using two control regions (CRs). The first

CR exploits Z+jets events with Z → µ+µ−, while the

second uses γ+jets events for which the production at

high transverse momentum (pγT > MZ) mimics that of

Z+jets [46]. The γ+jets control region substantially in-

creases the number of events at large missing transverse

momentum. The transverse momentum of the dimuon

pair or photon is added vectorially to the Emiss
T of the

event to simulate the Z → νν̄ background. Corrections

to compensate for the differences in efficiency and ac-

ceptance between the Z(νν)+jets and Z(µ+µ−)+jets

or γ+jets are derived from data using control regions

without b-tagged jets before applying any requirements

on the missing transverse momentum. Remaining kine-

matic selections correspond to the ones described in
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Tab. 1. A muon control region is chosen because the

energy loss of muons in the detector is comparatively

small. The systematic uncertainties introduced by this

data-driven procedure on the Z(νν̄)+jets background

are approximately 10%, mainly from the flavour com-

position of background processes, kinematic differences

between the control and signal regions and relative nor-

malizations of backgrounds.

Production of W/Z+jets with subsequent leptonic

decays of W and to a much smaller degree Z is also a

substantial source of background for SR1 and SR2 when

the resulting charged leptons fail to be identified or if

the W or Z bosons decay to τ leptons. These contribu-

tions are estimated from Z(`+`−)+jets and W (`ν)+jets

MC samples generated using ALPGEN2.3 [47] with the

CTEQ6L1 [48] parton distribution function (PDF) set.

The procedure used for the normalization of this sample

is described in reference [49]. These samples are gene-

rated with up to five light partons (u, d, s) and one

c quark or two heavy quarks (c, b) per event. W + b

production is highly suppressed and therefore negligi-

ble. A control region enriched in W (`ν)+jets events is

selected by adding a lepton requirement to the selec-

tion and is used to validate the estimate of this back-

ground. The purity of W (`ν)+jets in the control region

for SR1 (SR2) is 67% (47%). After full selection the con-

tribution of b(c)-quarks to the dominant W (`ν)+jets

background is approximately 39% (38%) for SR1 and

52% (37%) for SR2. The systematic uncertainty on this

background is approximately 20%. Finally, the small

contribution from tt̄ is estimated using MC samples and

validated in data control regions before applying signal

selection requirements. The tt̄ process is selected with

very high purity by requiring events with one lepton

and large jet multiplicities.

The dominant source of background for SR3 and

SR4 is tt̄ events. In SR3, this contribution is estimated

from data using a control region not overlapping with

SR4 and largely dominated by tt̄ events with one of

the two top quarks decaying semileptonically. The five-

jets requirement is relaxed to three jets. Additionally,

the event is required to contain exactly one lepton with

p
e(µ)
T > 30 (25) GeV and must fullfil Emiss

T + mT >

25 (30) GeV for the electron (muon) channel. The po-

tential signal contribution to this selection is less than

0.1%. The uncertainties are small because the SR3 data

control region uses a kinematic region similar to the sig-

nal region with the lepton veto and jet multiplicity be-

ing the main difference. These effects were studied and

considered as systematic uncertainties. Dominant un-

certainties are related to jets and the top quark momen-

tum distribution. Corrections to compensate for the dif-

ferences in efficiency and acceptance between hadronic

and semileptonic top decays are derived from MC sam-

ples generated using the POWHEG BOX generator [50]

interfaced with JIMMY4.31 [51] with the next-to-leading-

order (NLO) PDF set CT10 [52]. The systematic un-

certainty on the tt̄ background in SR3 of approximately

7% is derived by studying corrections for the top quark

momentum distribution, and shower modelling by in-

terfacing the same generator with PYTHIA6 [53,54].

In SR4, the tt̄ background is estimated from data

using a control region obtained by requiring 60 GeV <

mT < 90 GeV and loosening the selection criteria on

Emiss
T , amT2, and Emiss

T /
√
H4j

T . A similar selection, but

applying an inverted b-tagging requirement, is used to

estimate the W (`ν)+jets background. The uncertainty

on the tt̄ background is estimated to be approximately

20% [24], which is larger than the uncertainty in SR3

due to the limited statistics. These uncertainties are

evaluated by varying the renormalisation and factori-

sation scale of the simulations, comparing alternative

PDF sets, and studying the effects of different shower

generators and of ISR and final-state radiation.

Additional sources of background, which include single-

top, tt̄+Z/W , and diboson production, are estimated in

all signal regions using simulations and NLO cross sec-

tions [55, 56]. The single-top (s-channel) and Wt back-

ground is generated using the POWHEG generator.

The single-top t-channel is generated with ACERMC3.8 [57]

interfaced with PYTHIA6. Associated production of tt̄

and a vector boson (W , Z) are generated with MAD-

GRAPH5 [58] with up to two additional partons in-

terfaced with PYTHIA6. The cross-sections for tt̄ pro-

duction in association with a W (Z) boson are deter-

mined using the MSTW2008 NLO (CTEQ6.6M) PDF

sets. The diboson samples are generated using HER-

WIG6.520 [59,60] and JIMMY4.31 with the CTEQ6L1

PDF set. The multijet background is estimated using

data-driven methods [61] and is found to be negligible

in all signal regions after full selection.

Object reconstruction efficiencies in simulated events

are corrected to reproduce the performance measured

in data. The systematic uncertainty of the background

estimates derived from simulation combines the uncer-

tainties on the efficiency of the b-tagging algorithm, the

uncertainties on the determination of the energy scale

and resolution of the jet energy and Emiss
T , the theore-

tical uncertainty on the various cross-sections, changes

in the shapes of distributions used to extrapolate event

counts from control regions to the signal region, data

driven corrections and the PDF uncertainties. Over-

all, the systematic uncertainty on the background es-

timated from simulation is calculated to be between

12% and 18%, depending on the signal region.
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Fig. 4 Lower limits on M∗ at 90% CL for the SR1 (red), SR2 (black), SR3 (green), and SR4 (blue) as a function of mχ for the
operators (a) D1, (b) C1, and (c) D9. Solid lines and markers indicate the validity range of the effective field theory assuming
couplings gqgχ < 4π, the dashed lines and hollow makers represent the full collider constraints.

The simulation of the signal samples of pp→ χχ+

b(b), pp → χχ + tt, and b-FDM employs the MAD-

GRAPH5 generator interfaced with PYTHIA6 using

the CTEQ6L1 PDF. Samples are generated for oper-

ators D1, C1, and D9, assuming M∗ = 1 TeV and

mχ between 10 GeV and 1300 GeV. Samples for the

b-FDM model are generated for mχ values between

1 GeV and 1300 GeV and mediator masses, mφ, be-

tween 5 GeV and 3000 GeV. The instrumental uncer-

tainties on the simulated signal yields for D1, C1, and

D9 operators are between 11% and 15%, depending

on the signal region. The equivalent uncertainties for

the b-FDM model range between 6%-16% depending

on mχ and the mediator mass. The uncertainties from

the PDF are computed by comparing the rates obtained

with the default PDF set (CTEQ6L1) with those ob-

tained with two alternative sets (MSTW2008LO and

NNPDF21LO [62, 63]). The uncertainties on the sig-

nal acceptance from PDF and scale variations are es-

timated to be approximately 10% for the D1, C1, and

D9 operators for mχ=10 GeV and approximately 6%

for b-FDM models.

The validity of the effective field theory assumption

depends on the momentum transfer of the process mo-

delled, which should be below the energy scale of the

underlying interactions [64]. To account for this, the

momentum transfer m(χχ) = Qtr in the events is re-

quired to be less than the energy scale probed. Specif-

ically, Qtr must be smaller than the mass M of the

heavy mediator. For an ultraviolet completion this im-

plies M∗ = M/
√
gqgχ. Along with perturbativity of the

couplings gqgχ < 4π this leads to the following validity

requirements on MC truth level: Qtr < 4π
(
M3

∗/mq

)1/2
(D1), Qtr < 4πM∗ (D9), Qtr < (4π)2M2

∗/mq (C1).

4 Results

Table 2 shows the expected background from various

sources in the four signal regions as well as the observed

yields in data. The expected signal yields for the oper-

ators D1, C1, and D9, as well as for the b-FDM model

are also shown. The probabilities of the background-

only hypothesis, p-values, for the signal regions SR1,

SR2, SR3, and SR4 are 0.09, 0.29, 0.24, and 0.18, re-

spectively. As no significant excess is observed, limits

on the signal yield are set using a profile likelihood ra-

tio test following the CLs prescription [65]. Also given

is the 95% confidence level (CL) upper limit on the

number of beyond-the-SM events. The yields for the b-

FDM model are obtained assuming mχ=10 GeV and a

mediator mass mφ = 600 GeV. The limit on M∗ for a

given assumption on mχ is determined by varying M∗
and scaling the number of signal events predicted by the

corresponding sample generated with M∗ = 1 TeV until

it is equal to the observed upper limit on beyond-the-

SM events. The corresponding production cross-section

for DM produced via the D1 operator in association

with b(t)-quarks and mχ = 10 GeV is 38 (221) fb. The

cross-section for b-FDM models with mφ = 600 GeV

and mχ = 10 GeV is 134 fb. The signal efficiency is

independent of M∗.

Figure 3 shows the Emiss
T distributions for (a) SR1,

(b) SR2, and (d) SR4 and (c) the R variable for SR3.

Figure 4 shows the 90% CL exclusion curves for the

effective mass scale M∗ as a function of mχ. The re-

sults for the operators D1, C1, and D9 are presented

individually for all four signal regions. The best limits

on the D1 and C1 operators are obtained using SR4,

while SR1 provides the best limits on the D9 opera-

tor, as shown in Fig. 4. These limits are then converted

into limits on the χ–nucleon cross-section [12]. Figures 5
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Fig. 5 Upper limits at 90% CL on the spin-independent χ–
nucleon cross-section (σSI

χ-N) for the scalar operator D1 (red)
as a function of mχ. The yellow and green curves represent the
exclusion limits recently set by the LUX and Super-CDMS
collaborations [6,7,66]. The coupling is assumed to be gqgχ =
g = 4π.

and 6 show the corresponding 90% CL exclusion curves

for the spin-independent and spin-dependent χ–nucleon

cross-section for the scalar (D1) and tensor (D9) oper-

ators as a function of mχ for the strongest results ob-

tained in any signal region. The most stringent limits

set by direct detection experiments [6–9] are also shown.

Only mχ where more then 90% of the events fulfill the

effective field theory validity constraints are shown in

Figs. 5 and 6.

The limits shown are especially strong in the low-

mass region where several collaborations [28,67–69] have

recently claimed possible observations of DM. The re-

sults reported in this article represent the first ATLAS

limits on the scalar operator C1 and they significantly

improve the sensitivity to χ–nucleon interactions medi-

ated by the scalar operator D1 compared to previous

ATLAS results [14,16,18,19].

Figure 7 shows the exclusion curves observed and

expected for the b-FDM model as a function of the me-

diator and DM masses. For each point in (mχ, mφ),

the signal region with the best expected sensitivity is

used, with SR1 dominating over the other signal re-

gions. For a DM particle of approximately 35 GeV, as

suggested by the interpretation of data recorded by the

Fermi-LAT collaboration, mediator masses between ap-

proximately 300 GeV and 500 GeV are excluded at 95%

CL.
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curve indicating the observed limit is excluded.

5 Conclusions

In summary, this article reports a search for dark-matter

pair production in association with bottom or top quarks.

The analysis is performed using 20.3 fb−1 of pp col-

lisions collected at
√
s = 8 TeV by the ATLAS de-
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tector at the LHC. The results are interpreted in the

framework of an effective field theory to set stringent

limits on scalar and tensor interactions between Stan-

dard Model and DM particles. The data are found to

be consistent with the Standard Model expectations,

and limits are set on the mass scale of effective field

theories that describe scalar and tensor interactions be-

tween DM and Standard Model particles. The exclusion

limits are strongest at low DM masses. The limit on

the χ–nucleon cross-section mediated by the D1 opera-

tor is improved significantly with respect to previously

published ATLAS results by obtaining sensitivities of

approximately σSI
χ-N = 10−42 cm2 for mχ = 10 GeV.

Constraints on b-Flavoured Dark Matter models, suit-

able to explain a possible signal of annihilating DM,

are also presented. The excluded regions depend on mχ

and mφ. For mχ = 35 GeV, mediator particles with

mφ = 300–500 GeV are excluded.
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A Auxiliary Material
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AUX FIG. 1 Lower limits on M∗ at 95% CL for the SR1 (red), SR2 (black), SR3 (green), and SR4 (blue) as a function of mχ for
the operators (a) D1, (b) C1, and (c) D9. Solid lines and markers indicate the validity range of the effective field theory assuming
couplings gqgχ < 4π, the dashed lines and hollow markers represent the full collider constraints.

Table 3 Expected number of signal events for selected signal samples as a function of mχ and mφ, if applicable. The uncertainties
correspond to statistical and systematic uncertainties added in quadrature. The mass scale M∗ is set to be 100/40/600 GeV for the
D1/C1/D9 operators, corresponding to approximately the expected limit.

Signal sample mχ [GeV] SR1 SR2 SR3 SR4

Expected signal – D1 100 8± 1 32± 6 24± 2 28± 4
Expected signal – D1 200 6± 1 18± 3 12± 1 17± 2
Expected signal – D1 700 0.12± 0.02 0.6± 0.1 0.42± 0.03 0.7± 0.1
Expected signal – C1 100 9± 1 45± 7 25± 2 24± 6
Expected signal – C1 200 2.8± 0.5 15± 3 9± 1 11± 2
Expected signal – C1 700 0.04± 0.01 0.19± 0.03 0.12± 0.01 0.18± 0.02
Expected signal – D9 100 107± 17 57± 10 1.8± 0.2 1.5± 0.4
Expected signal – D9 200 72± 11 44± 7 1.3± 0.1 1.0± 0.2
Expected signal – D9 700 7± 1 5± 1 0.16± 0.01 0.12± 0.01

mχ [GeV] mφ [GeV] SR1 SR2 SR3 SR4
Expected signal – b-FDM 35 300 168± 23 95± 14 – –
Expected signal – b-FDM 35 600 83± 10 44± 5 – –
Expected signal – b-FDM 200 600 36± 4 31± 4 – –
Expected signal – b-FDM 1 600 964± 122 288± 40 – –
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AUX FIG. 2 Lower limits on M∗ for the scalar operators C1 (blue) and D1 (red) and the tensor coupling D9 (black) as a function
of mχ for (a) SR1, (b) SR2, (c) SR3, and d) SR4. The solid lines represent the observed limits. The green (yellow) areas show the 1σ
(2σ) regions around the expected limits (dotted lines).

Table 4 Product of detector acceptance A and reconstruction efficiency ε (A×ε) for selected signal samples. Acceptances and effi-
ciencies are independent of the mass scale M∗.

Signal sample mχ [GeV] SR1 SR2 SR3 SR4

D1 100 0.26% 1.0% 0.91% 1.1%
D1 200 0.26% 1.1% 0.83% 1.1%
D1 700 0.26% 1.4% 1.0% 1.7%
C1 100 0.19% 0.90% 0.60% 0.60%
C1 200 0.20% 1.1% 0.78% 0.90%
C1 700 0.28% 1.5% 0.99% 1.6%
D9 100 3.7% 2.0% 2.0% 1.8%
D9 200 5.5% 3.3% 2.2% 1.9%
D9 700 10.0% 7.6% 2.7% 2.2%

mχ [GeV] mφ [GeV] SR1 SR2 SR3 SR4
b-FDM 35 300 1.6% 0.90% – –
b-FDM 35 600 11.0% 5.7% – –
b-FDM 200 600 15.0% 14.0% – –
b-FDM 1 600 4.1% 1.2% – –
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Table 5 Production cross sections σ for selected samples. The cross sections for the effective field theory operators correspond to the
coupling strengths probed.

Signal sample mχ [GeV] σ(pp→ χχ̄+ b(b̄)) [pb] σ(pp→ χχ̄+ tt̄) [pb]

D1 100 0.022 0.13
D1 200 0.009 0.073
D1 700 0.00010 0.002
C1 100 0.048 0.20
C1 200 0.011 0.060
C1 700 0.000042 0.00057
D9 100 0.14 0.0044
D9 200 0.063 0.0028
D9 700 0.003 0.00028

mχ [GeV] mφ [GeV] σ [pb]
b-FDM 35 300 0.53
b-FDM 35 600 0.039
b-FDM 200 600 0.012
b-FDM 1 600 1.2
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F. Barreiro82, J. Barreiro Guimarães da Costa57, R. Bartoldus144, A.E. Barton72, P. Bartos145a, V. Bartsch150,
A. Bassalat117, A. Basye166, R.L. Bates53, S.J. Batista159, J.R. Batley28, M. Battaglia138, M. Battistin30, F. Bauer137,
H.S. Bawa144,f , J.B. Beacham110, M.D. Beattie72, T. Beau80, P.H. Beauchemin162, R. Beccherle124a,124b, P. Bechtle21,
H.P. Beck17,g, K. Becker120, S. Becker100, M. Beckingham171, C. Becot117, A.J. Beddall19c, A. Beddall19c, S. Bedikian177,
V.A. Bednyakov65, C.P. Bee149, L.J. Beemster107, T.A. Beermann176, M. Begel25, K. Behr120, C. Belanger-Champagne87,
P.J. Bell49, W.H. Bell49, G. Bella154, L. Bellagamba20a, A. Bellerive29, M. Bellomo86, K. Belotskiy98, O. Beltramello30,
O. Benary154, D. Benchekroun136a, K. Bendtz147a,147b, N. Benekos166, Y. Benhammou154, E. Benhar Noccioli49,
J.A. Benitez Garcia160b, D.P. Benjamin45, J.R. Bensinger23, S. Bentvelsen107, D. Berge107, E. Bergeaas Kuutmann167,
N. Berger5, F. Berghaus170, J. Beringer15, C. Bernard22, P. Bernat78, C. Bernius110, F.U. Bernlochner21, T. Berry77,
P. Berta129, C. Bertella83, G. Bertoli147a,147b, F. Bertolucci124a,124b, C. Bertsche113, D. Bertsche113, M.I. Besana91a,
G.J. Besjes106, O. Bessidskaia Bylund147a,147b, M. Bessner42, N. Besson137, C. Betancourt48, S. Bethke101, W. Bhimji46,
R.M. Bianchi125, L. Bianchini23, M. Bianco30, O. Biebel100, S.P. Bieniek78, K. Bierwagen54, J. Biesiada15, M. Biglietti135a,
J. Bilbao De Mendizabal49, H. Bilokon47, M. Bindi54, S. Binet117, A. Bingul19c, C. Bini133a,133b, C.W. Black151,
J.E. Black144, K.M. Black22, D. Blackburn139, R.E. Blair6, J.-B. Blanchard137, T. Blazek145a, I. Bloch42, C. Blocker23,
W. Blum83,∗, U. Blumenschein54, G.J. Bobbink107, V.S. Bobrovnikov109,c, S.S. Bocchetta81, A. Bocci45, C. Bock100,
C.R. Boddy120, M. Boehler48, T.T. Boek176, J.A. Bogaerts30, A.G. Bogdanchikov109, A. Bogouch92,∗, C. Bohm147a,
V. Boisvert77, T. Bold38a, V. Boldea26a, A.S. Boldyrev99, M. Bomben80, M. Bona76, M. Boonekamp137, A. Borisov130,
G. Borissov72, M. Borri84, S. Borroni42, J. Bortfeldt100, V. Bortolotto60a, K. Bos107, D. Boscherini20a, M. Bosman12,
H. Boterenbrood107, J. Boudreau125, J. Bouffard2, E.V. Bouhova-Thacker72, D. Boumediene34, C. Bourdarios117,
N. Bousson114, S. Boutouil136d, A. Boveia31, J. Boyd30, I.R. Boyko65, I. Bozic13a, J. Bracinik18, A. Brandt8, G. Brandt15,
O. Brandt58a, U. Bratzler157, B. Brau86, J.E. Brau116, H.M. Braun176,∗, S.F. Brazzale165a,165c, B. Brelier159,
K. Brendlinger122, A.J. Brennan88, R. Brenner167, S. Bressler173, K. Bristow146c, T.M. Bristow46, D. Britton53,
F.M. Brochu28, I. Brock21, R. Brock90, J. Bronner101, G. Brooijmans35, T. Brooks77, W.K. Brooks32b, J. Brosamer15,
E. Brost116, J. Brown55, P.A. Bruckman de Renstrom39, D. Bruncko145b, R. Bruneliere48, S. Brunet61, A. Bruni20a,
G. Bruni20a, M. Bruschi20a, L. Bryngemark81, T. Buanes14, Q. Buat143, F. Bucci49, P. Buchholz142, A.G. Buckley53,
S.I. Buda26a, I.A. Budagov65, F. Buehrer48, L. Bugge119, M.K. Bugge119, O. Bulekov98, A.C. Bundock74, H. Burckhart30,
S. Burdin74, B. Burghgrave108, S. Burke131, I. Burmeister43, E. Busato34, D. Büscher48, V. Büscher83, P. Bussey53,
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S. Crépé-Renaudin55, F. Crescioli80, W.A. Cribbs147a,147b, M. Crispin Ortuzar120, M. Cristinziani21, V. Croft106,
G. Crosetti37a,37b, T. Cuhadar Donszelmann140, J. Cummings177, M. Curatolo47, C. Cuthbert151, H. Czirr142,
P. Czodrowski3, S. D’Auria53, M. D’Onofrio74, M.J. Da Cunha Sargedas De Sousa126a,126b, C. Da Via84, W. Dabrowski38a,
A. Dafinca120, T. Dai89, O. Dale14, F. Dallaire95, C. Dallapiccola86, M. Dam36, A.C. Daniells18, M. Danninger169,
M. Dano Hoffmann137, V. Dao48, G. Darbo50a, S. Darmora8, J. Dassoulas74, A. Dattagupta61, W. Davey21, C. David170,
T. Davidek129, E. Davies120,d, M. Davies154, O. Davignon80, A.R. Davison78, P. Davison78, Y. Davygora58a, E. Dawe143,
I. Dawson140, R.K. Daya-Ishmukhametova86, K. De8, R. de Asmundis104a, S. De Castro20a,20b, S. De Cecco80,
N. De Groot106, P. de Jong107, H. De la Torre82, F. De Lorenzi64, L. De Nooij107, D. De Pedis133a, A. De Salvo133a,
U. De Sanctis150, A. De Santo150, J.B. De Vivie De Regie117, W.J. Dearnaley72, R. Debbe25, C. Debenedetti138,
B. Dechenaux55, D.V. Dedovich65, I. Deigaard107, J. Del Peso82, T. Del Prete124a,124b, F. Deliot137, C.M. Delitzsch49,
M. Deliyergiyev75, A. Dell’Acqua30, L. Dell’Asta22, M. Dell’Orso124a,124b, M. Della Pietra104a,j , D. della Volpe49,
M. Delmastro5, P.A. Delsart55, C. Deluca107, D.A. DeMarco159, S. Demers177, M. Demichev65, A. Demilly80,
S.P. Denisov130, D. Derendarz39, J.E. Derkaoui136d, F. Derue80, P. Dervan74, K. Desch21, C. Deterre42, P.O. Deviveiros30,
A. Dewhurst131, S. Dhaliwal107, A. Di Ciaccio134a,134b, L. Di Ciaccio5, A. Di Domenico133a,133b, C. Di Donato104a,104b,
A. Di Girolamo30, B. Di Girolamo30, A. Di Mattia153, B. Di Micco135a,135b, R. Di Nardo47, A. Di Simone48,
R. Di Sipio20a,20b, D. Di Valentino29, F.A. Dias46, M.A. Diaz32a, E.B. Diehl89, J. Dietrich16, T.A. Dietzsch58a, S. Diglio85,
A. Dimitrievska13a, J. Dingfelder21, P. Dita26a, S. Dita26a, F. Dittus30, F. Djama85, T. Djobava51b, J.I. Djuvsland58a,
M.A.B. do Vale24c, D. Dobos30, C. Doglioni49, T. Doherty53, T. Dohmae156, J. Dolejsi129, Z. Dolezal129,
B.A. Dolgoshein98,∗, M. Donadelli24d, S. Donati124a,124b, P. Dondero121a,121b, J. Donini34, J. Dopke131, A. Doria104a,
M.T. Dova71, A.T. Doyle53, M. Dris10, J. Dubbert89, S. Dube15, E. Dubreuil34, E. Duchovni173, G. Duckeck100,
O.A. Ducu26a, D. Duda176, A. Dudarev30, F. Dudziak64, L. Duflot117, L. Duguid77, M. Dührssen30, M. Dunford58a,
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A. Gorǐsek75, E. Gornicki39, A.T. Goshaw45, C. Gössling43, M.I. Gostkin65, M. Gouighri136a, D. Goujdami136c,
M.P. Goulette49, A.G. Goussiou139, C. Goy5, E. Gozani153, H.M.X. Grabas138, L. Graber54, I. Grabowska-Bold38a,



Search for DM with Heavy Quarks and Emiss
T with ATLAS 19

P. Grafström20a,20b, K-J. Grahn42, J. Gramling49, E. Gramstad119, S. Grancagnolo16, V. Grassi149, V. Gratchev123,
H.M. Gray30, E. Graziani135a, O.G. Grebenyuk123, Z.D. Greenwood79,m, K. Gregersen78, I.M. Gregor42, P. Grenier144,
J. Griffiths8, A.A. Grillo138, K. Grimm72, S. Grinstein12,n, Ph. Gris34, Y.V. Grishkevich99, J.-F. Grivaz117, J.P. Grohs44,
A. Grohsjean42, E. Gross173, J. Grosse-Knetter54, G.C. Grossi134a,134b, Z.J. Grout150, L. Guan33b, J. Guenther128,
F. Guescini49, D. Guest177, O. Gueta154, C. Guicheney34, E. Guido50a,50b, T. Guillemin117, S. Guindon2, U. Gul53,
C. Gumpert44, J. Guo35, S. Gupta120, P. Gutierrez113, N.G. Gutierrez Ortiz53, C. Gutschow78, N. Guttman154,
C. Guyot137, C. Gwenlan120, C.B. Gwilliam74, A. Haas110, C. Haber15, H.K. Hadavand8, N. Haddad136e, P. Haefner21,
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U. Landgraf48, M.P.J. Landon76, V.S. Lang58a, A.J. Lankford164, F. Lanni25, K. Lantzsch30, S. Laplace80, C. Lapoire21,
J.F. Laporte137, T. Lari91a, F. Lasagni Manghi20a,20b, M. Lassnig30, P. Laurelli47, W. Lavrijsen15, A.T. Law138,



20 The ATLAS Collaboration

P. Laycock74, O. Le Dortz80, E. Le Guirriec85, E. Le Menedeu12, T. LeCompte6, F. Ledroit-Guillon55, C.A. Lee146b,
H. Lee107, S.C. Lee152, L. Lee1, G. Lefebvre80, M. Lefebvre170, F. Legger100, C. Leggett15, A. Lehan74,
G. Lehmann Miotto30, X. Lei7, W.A. Leight29, A. Leisos155, A.G. Leister177, M.A.L. Leite24d, R. Leitner129,
D. Lellouch173, B. Lemmer54, K.J.C. Leney78, T. Lenz21, G. Lenzen176, B. Lenzi30, R. Leone7, S. Leone124a,124b,
C. Leonidopoulos46, S. Leontsinis10, C. Leroy95, C.G. Lester28, C.M. Lester122, M. Levchenko123, J. Levêque5, D. Levin89,
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ab Also at International School for Advanced Studies (SISSA), Trieste, Italy
ac Also at Department of Physics and Astronomy, University of South Carolina, Columbia SC, United States of America
ad Also at School of Physics and Engineering, Sun Yat-sen University, Guangzhou, China
ae Also at Faculty of Physics, M.V.Lomonosov Moscow State University, Moscow, Russia
af Also at National Research Nuclear University MEPhI, Moscow, Russia
ag Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest, Hungary
ah Also at Department of Physics, Oxford University, Oxford, United Kingdom
ai Also at Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany
aj Also at Department of Physics, The University of Michigan, Ann Arbor MI, United States of America
ak Also at Discipline of Physics, University of KwaZulu-Natal, Durban, South Africa
al Also at University of Malaya, Department of Physics, Kuala Lumpur, Malaysia
∗ Deceased


	1 Introduction
	2 Detector description and physics objects
	3 Event selection
	4 Results
	5 Conclusions
	A Auxiliary Material

