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Rejects	W+jets and	
top	pairs	decaying	
semi-leptonically

Transverse	mass

Object 1 e e µ ` � � ⌧

Object 2 µ j j j j e e
Matching
criteria shared track �R < 0.2 ghost-matched �R < min

✓
0.4, 0.04 + 10

p`
T/GeV

◆
�R < 0.2 �R < 0.1 �R < 0.1

Condition calo-tagged µ j not b-tagged
j not b-tagged and✓

n j
track < 3 or p

µ
T

p
j
T
> 0.7

◆ – – – –

Precedence e e µ j � e e

Table 2: Overlap removal procedure. The first two rows list the types of overlapping objects: electrons (e), muons
(µ), electron or muon (`), jets ( j), photons (�), and hadronically decaying ⌧ lepton (⌧). All objects refer to the
baseline definitions, except for � and ⌧ where no distinction between baseline and signal definition is made. The
third row specifies when an object pair is considered as overlapping, the fourth row describes an optional condition,
and the last row lists which label is given to the ambiguous object. More information is given in the text.

removed [100–103]. Electrons and muons are not included in the reclustering, since it was found that
including them increases the background acceptance more than the signal e�ciency. Large-radius jets
are not used in the overlap removal procedure; however, the signal jets that enter the reclustering have
passed the overlap removal procedure described above. The analysis uses a large-radius jet mass, where
the squared mass is defined as the square of the four-vector sum of the constituent (small-radius) jets’
momenta.

All events are required to have Emiss
T > 200 GeV, exactly one signal lepton, and no additional baseline

leptons. In addition, the transverse mass6 of the signal lepton and the missing transverse momentum
must satisfy mT > 30 GeV, and the azimuthal angle between leading or sub-leading jet and the missing
transverse momentum must be |��(jeti, ~pmiss

T ) | > 0.4 with i 2 {1, 2}. The events must further pass an
Hmiss

T,sig > 5 requirement, where Hmiss
T,sig = (Hmiss

T � 100 GeV)/�Hmiss
T

. The variable Hmiss
T is the magnitude

of the negative vector sum of the transverse momenta of signal jets and the signal lepton; the resolution
�Hmiss

T
is computed using the per-event jet energy resolution uncertainties (more details are given in

Refs. [24, 104]). The latter three event selection criteria suppress multijet processes with misidentified
or non-prompt leptons and mismeasured Emiss

T to a negligible level. With the above event selection,
the dominant backgrounds are tt̄ events with at least one leptonically decaying W boson, and W+jets
production. A powerful technique for suppressing these background processes is to require mT to be
greater than the W boson mass. For example, an mT > 120 GeV requirement removes more than 90% of
the remaining tt̄ and W+jets events.

One of the dominant contributions to the residual background is from tt̄ production where both W bosons
decay leptonically, or one W boson decays leptonically and the other via a hadronic ⌧ decay. A series of
additional variables, described in detail in Ref. [24], are used to discriminate between this background and
the signal processes. The m�

top variable is the invariant mass of the three jets in the event most compatible
with the hadronic decay products of a top quark, where the three jets are selected by a �2-minimization
including the jet momenta and energy resolutions. The asymmetric mT2 (amT2) [105–108] and m⌧

T2 are
both variants of the variable mT2 [109], a generalization of the transverse mass applied to signatures where
two particles are not directly detected. The amT2 variable targets dileptonic tt̄ events where one lepton is
not reconstructed, while the m⌧

T2 variable targets tt̄ events where one of the two W bosons decays via a
hadronically decaying ⌧ lepton. Events are removed if one of the selected jets is additionally identified as a
hadronic ⌧ candidate, with a corresponding m⌧

T2 < 80 GeV, where m⌧
T2 uses the signal lepton and hadronic

6 The transverse mass mT is defined as m2
T = 2plep

T Emiss
T [1� cos(��)], where �� is the azimuthal angle between the lepton and

the missing transverse momentum direction. The quantity plep
T is the transverse momentum of the charged lepton.
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Figure 1: Diagrams representing the three main signals targeted by the analyses: (a) the decay of a top squark
via chargino which is targeted by the hadronic mT2 search, (b) the 3-body decay mode of a top squark and (c) the
production of dark matter particles in association with a tt̄ pair.

electrons or muons and missing transverse momentum. Three di�erent selections, here referred as to
“hadronic mT2”, “three-body” and “dark matter”, are considered. The first targets the pair production
of top squarks, each of them decaying through the three-body mode into bW �̃0

1. This is expected to
be the dominant mode when m( �̃0

1) + m(W ) + m(b) < m(t̃1) < m( �̃0
1) + m(t) and the stop is lighter

than the lightest chargino �̃±1 . Results are interpreted in the (m( �̃0
1),m(t̃1)) plane. The second set of

selections targets the decay mode to the lightest chargino and a b quark, followed by the chargino decay
into the lightest neutralino, a lepton and a neutrino. The results are interpreted in the (m( �̃0

1),m(t̃1))
plane, assuming a 100% branching ratio for the decay mode considered, and a chargino mass either equal
to 106 GeV or to twice the lightest neutralino mass. The third set of selections targets the production of
DM in association with a leptonically decaying tt̄ pair. Results are interpreted in the plane formed by
the mediator mass and the Dark Matter particle mass, assuming either a scalar or pseudoscalar mediator.
Mass limits for a fixed g=3.5 coupling and coupling limits for a fixed mass are provided. Diagrams for the
di�erent signal processes are presented in Fig. 1. Previous ATLAS [31, 32] and CMS [33–39] analyses
have placed exclusion limits at 95% confidence level (CL) on the signal scenarios considered here.

2 ATLAS detector

The ATLAS detector [40] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and it covers nearly the entire solid angle around the collision point.1
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadron calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel detector, which
covers the vertex region and typically provides three measurements per track, a silicon microstrip tracker,
which usually provides four two-dimensional measurement points per track, and a transition radiation

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 pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Figure 1: Diagrams representing the three main signals targeted by the analyses: (a) the decay of a top squark
via chargino which is targeted by the hadronic mT2 search, (b) the 3-body decay mode of a top squark and (c) the
production of dark matter particles in association with a tt̄ pair.

electrons or muons and missing transverse momentum. Three di�erent selections, here referred as to
“hadronic mT2”, “three-body” and “dark matter”, are considered. The first targets the pair production
of top squarks, each of them decaying through the three-body mode into bW �̃0

1. This is expected to
be the dominant mode when m( �̃0

1) + m(W ) + m(b) < m(t̃1) < m( �̃0
1) + m(t) and the stop is lighter

than the lightest chargino �̃±1 . Results are interpreted in the (m( �̃0
1),m(t̃1)) plane. The second set of

selections targets the decay mode to the lightest chargino and a b quark, followed by the chargino decay
into the lightest neutralino, a lepton and a neutrino. The results are interpreted in the (m( �̃0

1),m(t̃1))
plane, assuming a 100% branching ratio for the decay mode considered, and a chargino mass either equal
to 106 GeV or to twice the lightest neutralino mass. The third set of selections targets the production of
DM in association with a leptonically decaying tt̄ pair. Results are interpreted in the plane formed by
the mediator mass and the Dark Matter particle mass, assuming either a scalar or pseudoscalar mediator.
Mass limits for a fixed g=3.5 coupling and coupling limits for a fixed mass are provided. Diagrams for the
di�erent signal processes are presented in Fig. 1. Previous ATLAS [31, 32] and CMS [33–39] analyses
have placed exclusion limits at 95% confidence level (CL) on the signal scenarios considered here.

2 ATLAS detector

The ATLAS detector [40] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and it covers nearly the entire solid angle around the collision point.1
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadron calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel detector, which
covers the vertex region and typically provides three measurements per track, a silicon microstrip tracker,
which usually provides four two-dimensional measurement points per track, and a transition radiation

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 pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Figure 1: Diagrams representing the three main signals targeted by the analyses: (a) the decay of a top squark
via chargino which is targeted by the hadronic mT2 search, (b) the 3-body decay mode of a top squark and (c) the
production of dark matter particles in association with a tt̄ pair.

electrons or muons and missing transverse momentum. Three di�erent selections, here referred as to
“hadronic mT2”, “three-body” and “dark matter”, are considered. The first targets the pair production
of top squarks, each of them decaying through the three-body mode into bW �̃0

1. This is expected to
be the dominant mode when m( �̃0

1) + m(W ) + m(b) < m(t̃1) < m( �̃0
1) + m(t) and the stop is lighter

than the lightest chargino �̃±1 . Results are interpreted in the (m( �̃0
1),m(t̃1)) plane. The second set of

selections targets the decay mode to the lightest chargino and a b quark, followed by the chargino decay
into the lightest neutralino, a lepton and a neutrino. The results are interpreted in the (m( �̃0

1),m(t̃1))
plane, assuming a 100% branching ratio for the decay mode considered, and a chargino mass either equal
to 106 GeV or to twice the lightest neutralino mass. The third set of selections targets the production of
DM in association with a leptonically decaying tt̄ pair. Results are interpreted in the plane formed by
the mediator mass and the Dark Matter particle mass, assuming either a scalar or pseudoscalar mediator.
Mass limits for a fixed g=3.5 coupling and coupling limits for a fixed mass are provided. Diagrams for the
di�erent signal processes are presented in Fig. 1. Previous ATLAS [31, 32] and CMS [33–39] analyses
have placed exclusion limits at 95% confidence level (CL) on the signal scenarios considered here.

2 ATLAS detector

The ATLAS detector [40] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and it covers nearly the entire solid angle around the collision point.1
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadron calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel detector, which
covers the vertex region and typically provides three measurements per track, a silicon microstrip tracker,
which usually provides four two-dimensional measurement points per track, and a transition radiation

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 pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

3

From	ttg to	ttZ
bosons is highly suppressed at LHC energies, while there is a large contribution to the tt̄ + � cross-section
from photons radiated from the top quark or its decay products. Both of these di�erences are mitigated
if the boson pT is larger than the Z boson mass. In this limit, the impact of the mass di�erence on the
available phase space is reduced and the rate of photon radiation from bremsstrahlung is suppressed [76].
The small contribution of photon radiations is fully accounted for in the simulation and any uncertainty
in their modeling is subdominant compared to the uncertainties described in Section 7. In high-Emiss

T
tt̄ + Z (! ⌫⌫̄) events, the Z boson pT is the dominant source of Emiss

T . Hence most of tt̄ + Z events in the
SRs have large Z boson pT.

The event selection for the di�erent TZCRs requires at least one signal photon, exactly one signal lepton
and no additional baseline leptons, and at least four signal jets, of which at least one must be b-tagged.
Furthermore the TZCRs are required to have the same jet pT thresholds as the corresponding SRs. To
mimic the Z ! ⌫⌫̄ decay, the highest-pT photon is vectorially added to ~pmiss

T and this sum is used
to construct Ẽmiss

T = |~pmiss
T + ~p�T |, m̃T, and H̃miss

T,sig. Events entering the TZCRs are required to satisfy
Ẽmiss

T > 120 GeV, m̃T > 100 GeV, and H̃miss
T,sig > 5 in order to bring the region kinematically closer to the

SRs. Finally, Emiss
T < 200 GeV is imposed to ensure orthogonality between the TZCR and the other CRs

and SRs. The resulting regions have over 90% tt̄ + � purity, with the main background being W + � + jets.
Without scaling, the total number of events in data is about 30-47% higher than in simulation, but there is
no significant evidence of mismodeling of the shapes of the various distributions within uncertainties.

6.2 Validation Regions

The background estimates are tested using VRs, which are disjoint from both the CRs and SRs. Background
normalizations determined in the CRs are extrapolated to the VRs and compared with the observed data.
Each SR has associated VRs for the tt̄ (TVR) and W+jets (WVR) processes, and these are constructed with
the same selection as the TCR/WCR except that mT is between 90 and 120 GeV.8 The VRs are not used
to constrain parameters in the fit, but provide a statistically independent test of the background estimates
made using the CRs. The potential signal contamination in the VRs is studied for all considered signal
models and mass ranges, and found to be negligible.

A second set of VRs, not associated with any of the SRs, is used for further study of the main backgrounds.
Two of the more significant backgrounds are dileptonic tt̄ and lepton+hadronic ⌧ tt̄ events. The modeling
of these backgrounds is validated in dedicated VRs that require either two signal leptons (electron or
muon) or one signal lepton and one hadronic ⌧ candidate. In Figure 5 the mT and amT2 distributions
are shown for event selections requiring four jets, an electron-muon pair (left) and one lepton plus one
⌧ candidate (right), respectively. The mT is constructed using the leading lepton. Additional VRs are
constructed by considering (1) events with high Emiss

T , high mT, and low amT2 for dilepton tt̄ events with
a lost lepton or (2) high mT and a b-jet veto to probe the modeling of the resolution-induced mT tail in
W+jets events (denoted WVR-tail region in Figure 3). There are no significant indications of mismodeling
in any of the VRs.

8 A Wt VR is not defined since the mT range in the STCR is extended upward to 120 GeV to accept more events.
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Signal region SR1 tN_high bC2x_diag bC2x_med bCbv DM_low DM_high
Observed 37 5 37 14 7 35 21
Total background 24 ± 3 3.8 ± 0.8 22 ± 3 13 ± 2 7.4 ± 1.8 17 ± 2 15 ± 2
t t̄ 8.4 ± 1.9 0.60 ± 0.27 6.5 ± 1.5 4.3 ± 1.0 0.26 ± 0.18 4.2 ± 1.3 3.3 ± 0.8
W+jets 2.5 ± 1.1 0.15 ± 0.38 1.2 ± 0.5 0.63 ± 0.29 5.4 ± 1.8 3.1 ± 1.5 3.4 ± 1.4
Single top 3.1 ± 1.5 0.57 ± 0.44 5.3 ± 1.8 5.1 ± 1.6 0.24 ± 0.23 1.9 ± 0.9 1.3 ± 0.8
t t̄ +V 7.9 ± 1.6 1.6 ± 0.4 8.3 ± 1.7 2.7 ± 0.7 0.12 ± 0.03 6.4 ± 1.4 5.5 ± 1.1
Diboson 1.2 ± 0.4 0.61 ± 0.26 0.45 ± 0.17 0.42 ± 0.20 1.1 ± 0.4 1.5 ± 0.6 1.4 ± 0.5
Z+jets 0.59 ± 0.54 0.03 ± 0.03 0.32 ± 0.29 0.08 ± 0.08 0.22 ± 0.20 0.16 ± 0.14 0.47 ± 0.44
t t̄ NF 1.03 ± 0.07 1.06 ± 0.15 0.89 ± 0.10 0.95 ± 0.12 0.73 ± 0.22 0.90 ± 0.17 1.01 ± 0.13
W+jets NF 0.76 ± 0.08 0.78 ± 0.08 0.87 ± 0.07 0.85 ± 0.06 0.97 ± 0.12 0.94 ± 0.13 0.91 ± 0.07
Single top NF 1.07 ± 0.30 1.30 ± 0.45 1.26 ± 0.31 0.97 ± 0.28 � 1.36 ± 0.36 1.02 ± 0.32
t t̄ +W /Z NF 1.43 ± 0.21 1.39 ± 0.22 1.40 ± 0.21 1.30 ± 0.23 � 1.47 ± 0.22 1.42 ± 0.21
p0 (�) 0.012 (2.2) 0.26 (0.6) 0.004 (2.6) 0.40 (0.3) 0.50 (0) 0.0004 (3.3) 0.09 (1.3)
N limit

non�SM exp. (95% CL) 12.9+5.5
�3.8 5.5+2.8

�1.1 12.4+5.4
�3.7 9.0+4.2

�2.7 7.3+3.5
�2.2 11.5+5.0

�3.4 9.9+4.6
�2.9

N limit
non�SM obs. (95% CL) 26.0 7.2 27.5 9.9 7.2 28.3 15.6

Table 7: The numbers of observed events in the three SRs together with the expected numbers of background events
and their uncertainties as predicted by the background-only fits, the scaling factors for the background predictions in
the fit (NF), and the probabilities (represented by the p0 values) that the observed numbers of events are compatible
with the background-only hypothesis.

Figure 11 and 12 show the expected and observed exclusion contours for both decay modes of direct pair
production of stops decaying in top plus neutralino (t �̃0

1) and in b plus chargino (b �̃±1 ) final states. The
±1�exp (yellow) uncertainty band indicates the impact on the expected limit of all uncertainties included
in the fit. For the direct stop pair production models the results extend previous exclusion limits by
excluding the stop mass region up to 830 GeV for a massless lightest neutralino under the assumption
of BR (t̃1 ! t + �̃0

1) = 100%. Exclusion limits are also extended in stop pair production models with
BR (t̃1 ! b + �̃±1 ) = 100% under di�erent hypotheses of the mass splitting. Considering m �̃±1

= 2m �̃0
1
,

stops with a mass of 750 GeV are excluded for a 150 GeV neutralino mass. Stop masses up to 750 GeV for
a massless lightest neutralino are also excluded under the assumption of m �̃±1

= mt̃1 � 10 GeV. Previous
exclusion limits are obtained under the hypothesis of mostly right-handed (left-handed) stops in the case
of t̃1 ! t + �̃0

1 (t̃1 ! b + �̃±1 ) decays. The assumption of unpolarized stops yields slightly weaker limits
in both planes than the corresponding polarized assumption. Limits are also placed in scenarios where
both the t̃1 ! t + �̃0

1 and t̃1 ! b + �̃±1 decay modes are allowed under the assumption of m �̃±1
= 2m �̃0

1
.

Five di�erent BR assumptions are tested with 0, 25, 50, 75 and 100 % BR to t̃1 ! t + �̃0
1. The results

are shown in Figure 13.

Results for simplified dark matter models are also obtained. Figure 14 shows the values of the common
coupling, g = gq = g� , that are excluded for dark matter associated production with top quarks under
the assumption of a scalar or pseudo-scalar mediator. The maximal coupling of g = gq = g� = 3.5 is
excluded at 95% confidence level in a wide range of mediator masses, up to 350 GeV for a 1 GeV dark
matter particle mass.

23

40

t̃

t̃

�̃±1

W

�̃⌥1

Wp

p

b

�̃0
1

`
⌫

b

�̃0
1

`

⌫

(a)

t̃

t̃

W

Wp

p

�̃0
1

b `

⌫

�̃0
1

b `

⌫

(b)

�/a

g

g

t

�

�̄

t

1

(c)

Figure 1: Diagrams representing the three main signals targeted by the analyses: (a) the decay of a top squark
via chargino which is targeted by the hadronic mT2 search, (b) the 3-body decay mode of a top squark and (c) the
production of dark matter particles in association with a tt̄ pair.

electrons or muons and missing transverse momentum. Three di�erent selections, here referred as to
“hadronic mT2”, “three-body” and “dark matter”, are considered. The first targets the pair production
of top squarks, each of them decaying through the three-body mode into bW �̃0

1. This is expected to
be the dominant mode when m( �̃0

1) + m(W ) + m(b) < m(t̃1) < m( �̃0
1) + m(t) and the stop is lighter

than the lightest chargino �̃±1 . Results are interpreted in the (m( �̃0
1),m(t̃1)) plane. The second set of

selections targets the decay mode to the lightest chargino and a b quark, followed by the chargino decay
into the lightest neutralino, a lepton and a neutrino. The results are interpreted in the (m( �̃0

1),m(t̃1))
plane, assuming a 100% branching ratio for the decay mode considered, and a chargino mass either equal
to 106 GeV or to twice the lightest neutralino mass. The third set of selections targets the production of
DM in association with a leptonically decaying tt̄ pair. Results are interpreted in the plane formed by
the mediator mass and the Dark Matter particle mass, assuming either a scalar or pseudoscalar mediator.
Mass limits for a fixed g=3.5 coupling and coupling limits for a fixed mass are provided. Diagrams for the
di�erent signal processes are presented in Fig. 1. Previous ATLAS [31, 32] and CMS [33–39] analyses
have placed exclusion limits at 95% confidence level (CL) on the signal scenarios considered here.

2 ATLAS detector

The ATLAS detector [40] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and it covers nearly the entire solid angle around the collision point.1
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadron calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel detector, which
covers the vertex region and typically provides three measurements per track, a silicon microstrip tracker,
which usually provides four two-dimensional measurement points per track, and a transition radiation

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 pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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be excluded in data for the x = 50% scenario.
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Figure 14: The observed upper limit on the couplings in the plane of mMed versus m� for dark matter associated
production with top quarks for a scalar mediator (left) and pseudo-scalar mediator (right). The observed and
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signal grid.
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Figure 1: Diagrams representing the three main signals targeted by the analyses: (a) the decay of a top squark
via chargino which is targeted by the hadronic mT2 search, (b) the 3-body decay mode of a top squark and (c) the
production of dark matter particles in association with a tt̄ pair.

electrons or muons and missing transverse momentum. Three di�erent selections, here referred as to
“hadronic mT2”, “three-body” and “dark matter”, are considered. The first targets the pair production
of top squarks, each of them decaying through the three-body mode into bW �̃0

1. This is expected to
be the dominant mode when m( �̃0

1) + m(W ) + m(b) < m(t̃1) < m( �̃0
1) + m(t) and the stop is lighter

than the lightest chargino �̃±1 . Results are interpreted in the (m( �̃0
1),m(t̃1)) plane. The second set of

selections targets the decay mode to the lightest chargino and a b quark, followed by the chargino decay
into the lightest neutralino, a lepton and a neutrino. The results are interpreted in the (m( �̃0

1),m(t̃1))
plane, assuming a 100% branching ratio for the decay mode considered, and a chargino mass either equal
to 106 GeV or to twice the lightest neutralino mass. The third set of selections targets the production of
DM in association with a leptonically decaying tt̄ pair. Results are interpreted in the plane formed by
the mediator mass and the Dark Matter particle mass, assuming either a scalar or pseudoscalar mediator.
Mass limits for a fixed g=3.5 coupling and coupling limits for a fixed mass are provided. Diagrams for the
di�erent signal processes are presented in Fig. 1. Previous ATLAS [31, 32] and CMS [33–39] analyses
have placed exclusion limits at 95% confidence level (CL) on the signal scenarios considered here.

2 ATLAS detector

The ATLAS detector [40] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and it covers nearly the entire solid angle around the collision point.1
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadron calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel detector, which
covers the vertex region and typically provides three measurements per track, a silicon microstrip tracker,
which usually provides four two-dimensional measurement points per track, and a transition radiation

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 pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

3
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Summary	of	ATLAS	results
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...	and	CMS
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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While	dark	matter	searches	are	still	far	away	from	being	able	to	probe	the	
nominal	parameters	of	their	theory,	we	might	be	soon	hitting	the	bottom	of	
the	natural	SUSY	spectrum	at	the	LHC.

• Gluinos and stops (and	sbottoms)	
around	the	TeV

Could	be	out	of	the	LHC	reach!	

A	new	hunt	is	starting:
• Two	higgsinos,	i.e.	one	chargino

and	two	neutralinos of	a	few	
hundred	GeV



Summary
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The	analysis	of	13	TeV data	of	ATLAS	and	CMS	continues	
to	constrain	Beyond	Standard	Model	physics:
• 95%	CL	exclusion	limits	are	set	within	various	phenomenological	

assumptions	

Even	if	the	results	have	been	found	consistent	with	Standard	Model	
expectations,	the	search	continues:
• Exciting	results	ahead	with	the	full	2015+2016	dataset

• Discovering something	new	is	an	important	step
• Finding	out	what we	have	discovered	is	

even	more	interesting!
Perhaps	not
what	we	think!



THANKS	FOR	YOUR	ATTENTION!
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Figure 1: Diagrams representing the three main signals targeted by the analyses: (a) the decay of a top squark
via chargino which is targeted by the hadronic mT2 search, (b) the 3-body decay mode of a top squark and (c) the
production of dark matter particles in association with a tt̄ pair.

electrons or muons and missing transverse momentum. Three di�erent selections, here referred as to
“hadronic mT2”, “three-body” and “dark matter”, are considered. The first targets the pair production
of top squarks, each of them decaying through the three-body mode into bW �̃0

1. This is expected to
be the dominant mode when m( �̃0

1) + m(W ) + m(b) < m(t̃1) < m( �̃0
1) + m(t) and the stop is lighter

than the lightest chargino �̃±1 . Results are interpreted in the (m( �̃0
1),m(t̃1)) plane. The second set of

selections targets the decay mode to the lightest chargino and a b quark, followed by the chargino decay
into the lightest neutralino, a lepton and a neutrino. The results are interpreted in the (m( �̃0

1),m(t̃1))
plane, assuming a 100% branching ratio for the decay mode considered, and a chargino mass either equal
to 106 GeV or to twice the lightest neutralino mass. The third set of selections targets the production of
DM in association with a leptonically decaying tt̄ pair. Results are interpreted in the plane formed by
the mediator mass and the Dark Matter particle mass, assuming either a scalar or pseudoscalar mediator.
Mass limits for a fixed g=3.5 coupling and coupling limits for a fixed mass are provided. Diagrams for the
di�erent signal processes are presented in Fig. 1. Previous ATLAS [31, 32] and CMS [33–39] analyses
have placed exclusion limits at 95% confidence level (CL) on the signal scenarios considered here.

2 ATLAS detector

The ATLAS detector [40] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and it covers nearly the entire solid angle around the collision point.1
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadron calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel detector, which
covers the vertex region and typically provides three measurements per track, a silicon microstrip tracker,
which usually provides four two-dimensional measurement points per track, and a transition radiation

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 pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Dark	Matter

Atoms	~4-5%	of	total	energy	in	the	universe

Evidence	for	Dark	Matter	from:
• Rotation	curves	of	galaxies
• Galaxy	cluster	collisions
• Microwave	background	radiation

We	don't	know	anything	about	it	except	it	interacts	gravitationally	and	is	stable.

Invisible	mass

Visible	mass

48



Candidates
New	particles	by	a	
symmetry:

– Supersymmetry
• Relationship	between	
particles	with	spins	
differing	by	½

– Spatial	symmetry
• With	extra	dimensions

– Gauge	symmetry
• Extra	force	interactions	

(and	often	matter	particles)

electron

quarks

exotic
partners?

Force-carriers

neutrino

x3x2

…?

…?

…?

Already
observed

Symmetry
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

Natural	SUSY
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Naturalness	provides	a	useful	criterion	to	address	the	
status	of	SUSY	at	the	electroweak	scale.
• The	naturalness	requirement	is	summarized	by	

the	following	relation	in	the	Minimal	
Supersymmetric Standard	Model	(MSSM)

If	the	superpartners are	too	heavy,	contributions	to	
the	right-hand	side	must	be	tuned	against	each	other	
to	achieve	electroweak	symmetry	breaking	at	the	
observed	energy	scale.	

−
mZ
2

2
= µ

2
+mH

2

In	a	natural	theory	we	expect:

¨ Two	higgsinos,	i.e. one	chargino and	two	
neutralinos of	a	few	hundred	GeV
(µ≅mZ at	tree	level)

¨ stop and	sbottoms up	to	several	hundred	GeV
(1-loop	radiative corrections)

¨ Gluinos up	to	a	few	TeV
(2-loop	radiative corrections)
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R-Parity
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¨ R-parity	R	=	(-1)3B+L+2S is	a	discrete	multiplicative	symmetry.	
¤ SUSY	particles	must	be	produced	in	pairs
¤ The	Lightest	Supersymmetric Particle	(LSP)	is	stable	(dark	matter	candidate)

Supersymmetry

SUSY searches with ATLAS Tina Potter – LHC Seminar 7

B, L, S: baryon, lepton, spin
+1 for SM particles, -1 for SUSY particles

PR = (−1)3 (B−L)+ 2S
R-Parity No reason to assume conservation of R-parity 

Can constrain proton decay with lepton or baryon 
   violating SUSY, but not both
LSP decays → no dark matter candidate

RPV

couplings
λ ,λ ' , λ ' '

RPV can be at the production vertex
 and/or at decay vertices

Long-lived SUSY particles can also arise from 
 - Heavy mediator sparticles e.g. Split SUSY
 - Mass degeneracy
 - Weak couplings

RPV also lead to 
non-prompt decays
if λ couplings are small 

The 
MSSM 
potential

¨ No	reason	to	assume	conservation	of	R-parity
¤ Can	constrain	proton	decay	with	lepton	or	baryon	violating	SUSY,	but	not	both
¤ LSP	decays	→	no	dark	matter	candidate
¤ non-prompt	decays	if	λ couplings	are	small	



Supersymmetry
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SUSY searches with ATLAS Tina Potter – LHC Seminar 3

Supersymmetry

Standard Model SUSY

Superpartner for 
every SM particle

+ Spin differs by one half

+ Mostly heavier than SM 

   partners→ broken symmetry

+ Rich array of signatures 

   to search for at the LHC

New superpartner loop 
roughly cancels the SM loop

So what's the problem?

– Need high-levels of fine tuning to avoid 

quadratic divergences in Higgs mass corrections

– No explanation for Dark Matter

– No unification of the forces

   ...
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SUSY	fixes	gauge	unification

• Predicts gauge unification
– Modifies RGE’s
– Step towards deeper 

understanding of the 
universe

53



Concept
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Building	the	decay	system:
• determine	the	mass	of	the	invisible	system,	

mI:	the	smallest	Lorentz-invariant	mass	
consistent	with	the	inputs	that	will	
accommodate	the	subsequent	boosts	and	
also	prevent	the	states	Ii	from	becoming	
tachyonic.	

• boost	from	the	lab	to	the	PP	frame:	rapidity	
of	the	visible	and	invisible	systems	
are	 equal.	This	choice	results	in	our	choice	
of	the	PP,	or	COM,	frame	being	a	
longitudinally	boost	invariant	(also	forces	
the	mass	of	the	PP	system,	mV	+I	,	to	take	
its minimum	value)

• the	boosts	to	each	of	their	individual	
reference	frames:	assumption	that	mVa =	
mVb,	be	equal	in	magnitude	and	anti-
parallel (observables	subsequently	defined	are	
contra-boost	invariant	which	means,	as	in	the case	
for	the	longitudinal	boost	invariance,	that	they	are	
effectively	insensitive	(on	average)	to	the	fact	that this	
boost	from	PP	(COM)	to	Pi	is	not	the	true	boost.	

LAB

PP

aP

aV aI
bP

bV bI

Lab State

Decay States

Visible States

Invisible States
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In the same-flavour (SF) channels, the invariant mass m`` of the two-lepton system is required to be outside
of the 81–101 window3. No requirement is applied on the di�erent-flavour (DF) channels instead.

Two orthogonal signal regions, SR3�body
W and SR3�body

t , are defined as summarised in Table 2. Both regions
make use of a common set of requirements on RpT , 1/�R+1, and in the two-dimensional (cos ✓b , ��R� )
plane, to reject background while retaining as much signal as possible regardless of the exact stop decay
topology. In addition, SR3�body

W requires exactly zero b-jets and MR
� > 95 GeV. It targets the region where

�m(t̃, �̃0
1) ⇠ mW by exploiting the fact that in such a scenario the b-jets in the stop decay chain have soft

pT spectra and hence are often not reconstructed. The large MR
� requirement suppresses the top-quark and

diboson production processes and enhances the signal sensitivity. A requirement of at least one b-jet and
MR
� > 110 GeV is instead applied in SR3�body

t . It targets the region where �m(t̃, �̃0
1) ⇠ mt by selecting

b-jets. This requirement allows it to be disjoint to SR3�body
W but a slightly tighter MR

� requirement is
necessary to eliminate the additional background that originates from top-quark production processes.

Table 2: Signal region definitions for the three-body search. The trigger, trigger-related cuts on lepton pT, and
invariant mass cuts described in the text are always applied. The criteria on |m`` � mZ | are applied only to
same-flavour events.

Common selection

Lepton flavour SF, DF
|m`` � mZ | [GeV] (SF only) >10
RpT >0.5
1/�R+1 >0.8
��R� > 0.85 |cos ✓b | + 1.8

Region specific SR3�body
W SR3�body

t

b-jet multiplicity = 0 > 0
MR
� [GeV] > 95 > 110

4.4 Dark Matter Selection

The search for dark matter targets the process shown in Fig. 1c. Since this produces two top quarks
and two invisible particles, the final state contains the same objects of the signals targeted by the other
searches when the W bosons produced by both top quarks decay leptonically. The kinematic depends
on the value of the mediator mass, so di�erent selections are developed to target low and high mediator
mass scenarios, called DM-SRL and DM-SRH respectively. The di�erences between the pseudoscalar
and scalar mediator kinematics are comparatively minor and do not require a separate optimisation (there
is, however, a significant di�erence in the production cross section).

The selection criteria for the dark matter signal regions are shown in Table 3. Events with same-flavour
leptons compatible with the decay of a Z boson are vetoed if 71 < m`` < 111 GeV. At least one jet is
required to be identified as a b-jet, and the angle between the missing transverse momentum and p``

Tboost
has to be smaller than 1.0 radians. This requirement is especially helpful in reducing the Z/�⇤+jets
background. The mll

T2 is required to be larger than 120 GeV, and Emiss
T must be larger than 180 GeV and

260 GeV for SRL and SRH, respectively.
3 The range of the m`` window has been separately optimised in the three-body search.

9

Table 10: Sources of systematic uncertainty on the SM background estimates, evaluated after the background fit.
The values are given as relative uncertainties on the expected background event yields in the SRs. Entries marked
“–” indicate either a negligible contribution or an uncertainty that does not apply (for example the normalisation
uncertainty for a background whose normalisation is not fitted for that specific signal region). MC statistics refer
to the statistical uncertainty from the simulated event samples. The individual components can be correlated and
therefore do not necessarily add up in quadrature to the total systematic uncertainty. The total number of expected
background events is also shown.

Signal Region SRhadMT2
Low SRhadMT2

High SR3�body
W -SF SR3�body

W -DF SR3�body
t -SF SR3�body

t -DF DM-SRL DM-SRH

Total background expectation 13.6 6.8 12 5.3 4.7 3.7 6.4 2.27

Total background systematic 50% 58% 34% 41% 41% 41% 36% 26%

Jet energy scale – – 16% 23% 17% 9% 6% 4%
Jet energy resolution – – 2% 10% 2% 11% 3% 5%
Emiss

T modelling 1% 1% – – – – 2% 1%
MC statistical uncertainties 3% 5% 13% 20% 13% 25% 5% –
Diboson theoretical uncertainties – – 10% 12% 2% <1% – 1%
top theoretical uncertainties 30% 29% 17% 22% 34% 30% 10% 23%
t t̄- Wt interference 22% 27% – – – – – –
Diboson fitted normalisation – – 15% 3% 2% <1% – –
t t̄ fitted normalisation 1% 1% 1% 1% 2% 2% 1% –
Wt fitted normalisation 26% 26% – – – – – –
t t̄ V fitted normalisation – – – – – – 14% 18%
Fake and non-prompt lepton 4% 6% 3% 6% <1% 15% – –
Luminosity 1% 1% 1% 1% 1% 1% 1% 1%

8 Results

The data is compared to background predictions in the signal regions of the di�erent analyses. As
discussed below, good agreement is observed between data and background predictions in all cases. Two
di�erent sets of exclusion limits are then derived on models for new physics beyond the SM. A model
independent upper limit on the visible cross section, defined as cross section times acceptance times
e�ciency, for new physics is derived in each SR by performing a fit which includes the observed yield
in the SR as a constraint, and a free signal yield in the SR as an additional process. The possible signal
contamination in the CRs, and the uncertainties on the signal are neglected, since these depend on the
model. Model dependent limits are derived on the specific signal scenarios targeted by each analysis. The
profile likelihood fit is performed including the expected signal yield and its associated uncertainties in the
CRs and SRs, and deriving the exclusion confidence level with the CLs method [99]. Correlation between
the shared experimental uncertainties between background and signal uncertainties are accounted for in
the fit. All limits are quoted at 95% confidence level.

8.1 Hadronic mT2 search

The distribution of mbb
T2 after all the selections of SRhadMT2

Low and the distribution of Ebl
T,min after all the

selections of SRhadMT2
High , except the selection on the variable which is shown, are reported in Fig. 5. The

background fit in the SRs is reported in Table 11. Data has been found to be compatible, within about one
standard deviation, with the background predictions.

22
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Common event selection
Trigger Emiss

T trigger
Lepton exactly one signal lepton (e, µ), no additional baseline leptons
Jets at least two signal jets, and |��(jeti, ~pmiss

T ) | > 0.4 for i 2 {1, 2}
Hadronic ⌧ veto⇤ veto events with a hadronic ⌧ decay and m⌧

T2 < 80 GeV
Variable SR1 tN_high

Number of (jets, b-tags) (� 4, � 1) (� 4, � 1)
Jet pT > [GeV] (80 50 40 40) (120 80 50 25)
Emiss

T [GeV] > 260 > 450
Emiss
T ,? [GeV] – > 180

Hmiss
T,sig > 14 > 22

mT [GeV] > 170 > 210
amT2 [GeV] > 175 > 175
topness > 6.5 –
m�

top [GeV] < 270 –
�R(b, `) < 3.0 < 2.4
Leading large-R jet pT [GeV] – > 290
Leading large-R jet mass [GeV] – > 70
��(~pmiss

T , 2ndlarge-R jet) – > 0.6
Variable bC2x_diag bC2x_med bCbv

Number of (jets, b-tags) (� 4, � 2) (� 4, � 2) (� 2, = 0)
Jet pT > [GeV] (70 60 55 25) (170 110 25 25) (120 80)
b-tagged jet pT > [GeV] (25 25) (105 100) –
Emiss

T [GeV] > 230 > 210 > 360
Hmiss

T,sig > 14 > 7 > 16
mT [GeV] > 170 > 140 > 200
amT2 [GeV] > 170 > 210 –
|��(jeti, ~pmiss

T ) |(i = 1) > 1.2 > 1.0 > 2.0
|��(jeti, ~pmiss

T ) |(i = 2) > 0.8 > 0.8 > 0.8
Leading large-R jet mass [GeV] – – [70, 100]
��(~pmiss

T , `) – – > 1.2
Variable DM_low DM_high

Number of (jets, b-tags) (� 4, � 1) (� 4, � 1)
Jet pT > [GeV] (60 60 40 25) (50 50 50 25)
Emiss

T [GeV] > 300 > 330
Hmiss

T,sig > 14 > 9.5
mT [GeV] > 120 > 220
amT2 [GeV] > 140 > 170
min(��(~pmiss

T , jeti ))(i 2 {1 � 4}) > 1.4 > 0.8
��(~pmiss

T , `) > 0.8 –

Table 3: Overview of the event selections for the seven SRs considered in the analysis. Round brackets are used to
describe lists of values and square brackets denote intervals. ⇤The hadronic tau veto is not applied to the bCbv SR,
since the tt̄ background is negligible.
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Figure 16: Illustration of the best expected signal region per signal grid point in the plane of mt̃1 versus m �̃0
1

for direct

stop pair production assuming x = BR (t̃1 ! t + �̃0
1) = 1�BR (t̃1 ! b+ �̃±1 ). The chargino mass is assumed to be

twice the neutralino mass and x varies from 0% to 100% in steps of 25%. The top left is forBR (t̃1 ! t+ �̃0
1) = 25%,

the top right for BR (t̃1 ! t + �̃0
1) = 50%, and the bottom for BR (t̃1 ! t + �̃0

1) = 75%.
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Figure 17: Illustration of the best expected signal region per signal grid point in the plane of m� (mA) versus m� for
dark matter production associated production with top quarks for a scalar mediator (left) and pseudo-scalar mediator
(right).
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