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Dark	Matter	and	colliders

Cosmological	observations	point	to	
the	existence	of	Dark	Matter	(DM)

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

• Particle	physicists	hunt	for:
Weakly	Interacting,	Stable,	
Massive	Particles

• Colliders	provide	complementary	
sensitivity	to	direct	searches
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Dark	Matter	and	colliders
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If	exotics	can	be	
produced	singly they	
can	decay
• Not	a	good	Dark	Matter	

candidate

If	they	can	only	be	pair-
produced	they	are	
stable
• Only	disappear	on	

collision	(rare)

Producing	Dark	Matter	candidates
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Modelling	guidance

Various	approaches	available	for	DM	
(and	in	general	Beyond	Standard	
Model)	searches.

Need	to	balance	between	generality	
and	completeness.

• Simplified	models	are	always	
theoretically	valid	(hence	a	good	
proxy	for	phenomenology)

• Up	to	the	theorists	to	re-connect	
them	back	to	the	complete	models
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Dark	Matter	simplified	models

Simplified	Models	are	used	as	guidance

• Reduce	a	complex	model	to	a	simple	
one	with	DM,	a	mediator	between	the	
SM	and	the	Dark	Sector,	one	interaction	
channel	

• Few	free	parameters:	mmed,	mDM,	gSM,	
gDM,	Γmed +	nature	of	mediator,	DM	and	
their	interaction	
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SUSY	can	extend	the	SM	with	new	physics	at	the	TeV scale
• Relates	each	SM	particle	to	another
• Known	as	superpartner,	differs	by	half	unit	of	spin

• Partners	not	yet	observed, must	be	heavier!
• A	broken	symmetry!

Supersymmetry



• Higgs	mass2

– Quadratic	loop	corrections

– In	SM	natural	scale
• Λcutoff ~	Mplanck

– Need	m(h)	at	125	GeV
• Fine	tuning
• Many	orders	of	
magnitude

• The	SUSY	solution
– 2	x	top	squarks
– Factor	of	-1	from	Feynman	

rules
– Same	coupling,	λ
– Quadratic	corrections	cancel

• Predicts	gauge	unification!

top

Δm2(h)	µ Λ2
cutoff

higgs higgs

stop

higgs higgs

λλ λ λ
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Why	SUSY?
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This	talk

LHC	at	CERN	is	the	largest	collider	in	world
• pp collisions	at	√s	=	7	TeV (2010-2011)
• pp collisions	at	√s	=	8	TeV (2012)
• pp collisions	at	√s	=	13	TeV (2015-2016)

Today:	data collected	until	ICHEP	2016



ATLAS	and	CMS

Hermetic	detectors	with	
different	implementations	of	the	
same	concept:
• A	tracking	detector
• EM	and	hadronic	calorimeters
• Muon	spectrometer

• Largest	LHC	
collaborations

• General	purpose	
experiments
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Impressive	performances	
• Precision	attained	in	LHC	run	1	

surpassed,	even	in	a	harsher	
environment



Heavy	flavour +	ETmiss
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At	the	LHC,	extracting	signals	from	the	large	QCD	background	can	be	challenging.
• Final	states	with	rich	phenomenology	have	multiple	handles	to	reject	backgrounds.

• Today,	I	will	be	focusing	on	models	where	DM	is	produced	in	the	decay	of	coloured
scalars	(top	squarks)	or	neutral	scalars	(higgs-like	mediators),	in	events	with:
– Top	pairs	
– Momentum	imbalance	(ETmiss,	in	the	transverse	plane)
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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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Useful	links	to	dig	deeper
CMS	SUSY	results ATLAS	SUSY	results
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A	precise	determination	of	SM	
backgrounds:	the	problem

• SM	backgrounds	are	
not	small

• There	are	
uncertainties	in
– Cross	sections
– Kinematical	
distributions

– Detector	response

Best	approach:
• Keep	it	simple
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Common	analysis	strategies
1. Define	a	signal	region	(SR)	

based	on	signal	kinematic	
features

2. Estimate	the	Standard	Model	
processes	in	the	SR:
1. Data-driven	reducible	

backgrounds	(‘fakes’)
2. Define	a	control	region	(CR)	for	

each	of	the	major	irreducible		
backgrounds	to	normalise MC	
yields	to	data	

3. Minor	backgrounds	are	taken	
from	MC	simulation	only

3. Check	background	estimation	
against	data	in	validation	
regions	(VR)
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Table 3: Expected background composition and comparison of the predicted total SM event yield to the
observed number of events in the top quark control regions described in the text. The expected Z/�?+jets
rate in the DF channel is negligible. The quoted uncertainties include the systematic uncertainties de-
scribed in Section 7.

tt̄ CR tt̄ CR
Process DF SF
tt̄ 68 ± 11 39 ± 11
tt̄W + tt̄Z 0.37 ± 0.07 0.20 ± 0.05
Wt 2.7 ± 1.0 1.8 ± 0.6
Z/�?+jets - 3.5 ± 1.4
Fake leptons 0.4 ± 0.3 0.5 ± 1.6
Diboson 0.49 ± 0.14 0.10 ± 0.05
Total non-tt̄ 4.0 ± 1.5 6.1 ± 3.7
Total expected 72 ± 11 45 ± 12
Data 79 53

signal are then similar to those of tt̄ background event, and it increases with increasing �m. For equal
masses, the spin-1/2 top quark partner signals have a slightly lower e�ciency than scalar top signals,
because of polarization e↵ects in the decay.

6 Background estimation

The dominant SM background contributions to the SRs are top quark pair production and Z/�?+jets.
They are extracted by defining a control region (CR) populated mostly by the targeted background, and
using MC to extrapolate from the rate measured in the CR to the expected background yield in the SR:

N(SR) =
�

NData(CR) � Nothers(CR)
� NMC(SR)

NMC(CR)

where NData(CR) is the number of data events observed in the CR, NMC(CR) and NMC(SR) are the number
of events of the targeted background expected from MC in the CR and SR respectively, and the term
Nothers(CR) is the contribution from the other background sources in the CR which is estimated from MC
(except for the fake lepton background which is estimated using the data driven technique described
below). The ratio between number of MC events in the SR and number of MC events in the CR for a
given background source is referred to as transfer factor in the following.

The tt̄ CR is defined akin to the SR, except for mT2, which is required to be between 85 GeV and
100 GeV. The expected background composition of the tt̄ CR is reported in Table 3. The contamination
due to fake leptons is evaluated from data with the technique described below, while all the other pro-
cesses are obtained from the MC prediction. The tt̄ background is expected to account for 86% and 94%
of the SM rate in the SF and DF CRs, respectively. The number of observed events is in good agreement
with the expected event yields.

The systematic uncertainties on the modelling of the tt̄ background transfer factor due to the choice
of the MC generator are assessed by comparing the baseline sample simulated with mc@nlo with the
alternative samples described in Section 3.

The background from Z/�?+jets is only relevant for the SF selection in the case of the decay channels
Z ! ee or µµ. For Z ! ⌧⌧ decays, which would contribute both to the SF and the DF samples, the
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Common	analysis	strategies
1. Define	a	signal	region	(SR)	

based	on	signal	kinematic	
features

2. Estimate	the	Standard	Model	
processes	in	the	SR:
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3.2 The low Dm analysis 9
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Figure 3: pT(b12) distribution after the low Dm baseline selection in the two b tag category
for simulated events, normalized to an integrated luminosity of 12.9 fb�1. The expected signal
yields are scaled by a factor of ten to facilitate a comparison with the expected SM backgrounds.
Events entering the two b tag category of the low Dm analysis are subdivided into categories
defined by pT(b12) 2 [40, 100), [100, 160) GeV.

Compressed	spectrum
• Select	t1 pairs	recoiling	against	

initial-state	radiation	(ISR)

Selects	events	with	no	identified,	
isolated	lepton
• ETmiss>	250	GeV	
• pTISR>	250	GeV	

Statistically	combine	multiple	
independent	selections	to	
maximise sensitivity
Consider:	pTISR,	ETmiss,	Njet,	Nb-jet

CMS:	multi-jet
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Measure	the	normalization	
• Good	match	(same	process)
• Statistics	limited

nnµµ

Measure	in	
Z	à l+l-

Use	in	
Z	à νν
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Predicting	Zànn + jets
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Measure	the	kinematic	distributions
• Add g to	ETmiss

• Plenty of	statistics
• Valid for	pT(g)	>	130	GeV

Measure	in	
g +	jets

Use	in	
Z+jets
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Observation
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Data	has	been	found	in	
agreement	with	SM	
predictions.
• All	SR	bins	are	fit	

simultaneously	in	order	to	
evaluate	the	cross	section	
excluded	at	95%	CL.

• If	the	95%	upper	limit	on	
the	production	cross	
section	is	below	the	
theoretical	cross	section,	
the	signal	models	are	
considered	to	be	excluded	
by	the	analysis.	
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Search	aimed	at	scenarios	
m(W) <	∆m(t1,	χ01)	<	m(t)

• Doesn’t	use	ISR	to	boost	objects
• b-jets	often	too	soft	to	be	reconstructed	or	identified
– Consider	only	the	two	leptons	and	the	ETmiss

Selection	based	on	“recursive	jigsaw”	(RJR)	variables
• A	special	technique	to	reconstruct	the	decay	chain	of	a	

system	with	multiple	invisible	particles
• First	implementation	in	ATLAS	for	ICHEP

ATLAS:	two	leptons
AT
LA
S-
CO

N
F-
20

16
-0
76
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The	Recursive	Jigsaw	Reconstruction	
provides	an	approximate	way	to	
solve	kinematic	ambiguities,	
assuming	a	known	decay	tree.

• unknown	longitudinal	momenta
• combinatorial	ambiguities
• kinematic	ambiguities	(from	

multiple	invisible	objects)

LAB
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bV bI

Lab State

Decay States
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• Each	decay	step	is	solved	by	
simultaneously	minimizing	the	
masses	of	two	daughter	
systems

• Boost	into	the	new	reference	
frame

• Split	the	invisible	momentum	
between	the	two

Kinematic	variables	are	built	to	
be	invariant	for	longitudinal	
boosts
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• Each	decay	step	is	solved	by	
simultaneously	minimizing	the	
masses	of	two	daughter	
systems

• Boost	into	the	new	reference	
frame

• Split	the	invisible	momentum	
between	the	two

Kinematic	variables	are	built	to	
be	invariant	for	longitudinal	
boosts
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• Each	decay	step	is	solved	by	
simultaneously	minimizing	the	
masses	of	two	daughter	
systems

• Boost	into	the	new	reference	
frame

• Split	the	invisible	momentum	
between	the	two

Kinematic	variables	are	built	to	
be	invariant	for	longitudinal	
boosts
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RpT:	ratio	of	J (vector	sum	of	the	momenta	of	all	
visible	particles	and	ETmiss)	and	J	+	sR
(approximate	centre of	mass	energy	in	the	PP
frame)
• Since	only	the	leptons	are	considered	in	the	visible	

system	the	J will	be	over-estimated	in	events	with	
additional	activity,	i.e.	signal	and	top-quark	production.

Inverse	of	the	Lorentz	factor	associated	with	the	
boosts	from	the	PP frame	to	the	two	decay	
frames	of	the	parent	particles.	
• Tending	towards	unity	when	visible	particles	

are	equal	in	momenta	and	collinear

This	variable	has	a	kinematic	end-point	
proportional	to	the	mass-splitting between	the	
parent	particle	and	the	invisible	particle.	

di�erences in the signal lepton trigger, reconstruction and identification e�ciencies between data and
simulation.

4.1 Discriminators and Kinematic Variables

Di�erent discriminators and kinematic variables are used in the analyses to separate the signal from the
SM background.

The three-body search uses a number of “super-razor” variables that are defined in [56]. They are designed
to identify events with two massive parent particles (i.e. top-squarks) that each decay into a set of visible
(i.e. leptons) and invisible particles (i.e. neutrinos and neutralinos). These variables are:

- RpT : The quantity RpT is defined as:

RpT =
| ~JT |

| ~JT | +
p

ŝR/4
(1)

where ~JT is the vector sum of the momenta of all visible particles and the missing transverse
momentum, and

p
ŝR is the approximate centre of mass energy in the razor frame R (the pair

production centre-of-mass frame). Since only the leptons are considered in the visible system the
| ~JT | will be over-estimated in events with additional activity, i.e. signal and top-quark production,
which biases RpT towards unity and provides rejection power against diboson production which
tends towards zero.

- 1/�R+1: This quantity is the inverse of the Lorentz factor, �R+1, associated with the boosts from the
razor frame R to the approximations of the two decay frames of the parent particles. It is a measure
of how the two visible systems are distributed, tending towards unity when visible particles are
equal in momenta and collinear, while preferring lower values when they are back-to-back or having
di�erent momenta. It is observed to provide rejection power against both top-quark and diboson
production processes.

- MR
� : The quantity MR

� is defined as:

MR
� =

p
ŝR
�R+1

(2)

This variable has a kinematic end-point that is proportional to the mass-splitting between the parent
particle and the invisible particle. Therefore, it provides rejection against both top-quark and
diboson production processes when it is required to be greater than the pole-mass of the W -boson,
in which regime it also helps to reject the residual Z/�⇤+jets background.

- ��R� : The azimuthal angle between the razor boost from the laboratory to the R frame and the sum
of the visible momenta as evaluated in the R frame. For systems where the invisible particle has a
mass that is comparable to the pair-produced massive particle, this variable has a pronounced peak
near ⇡, making it, in general, a good discriminator in searches in a compressed spectra scenario.

Other kinematic variables considered in some of the analyses include:
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ŝR
�R+1

(2)

This variable has a kinematic end-point that is proportional to the mass-splitting between the parent
particle and the invisible particle. Therefore, it provides rejection against both top-quark and
diboson production processes when it is required to be greater than the pole-mass of the W -boson,
in which regime it also helps to reject the residual Z/�⇤+jets background.

- ��R� : The azimuthal angle between the razor boost from the laboratory to the R frame and the sum
of the visible momenta as evaluated in the R frame. For systems where the invisible particle has a
mass that is comparable to the pair-produced massive particle, this variable has a pronounced peak
near ⇡, making it, in general, a good discriminator in searches in a compressed spectra scenario.

Other kinematic variables considered in some of the analyses include:

6

Discriminating	Variables
t̃

t̃

W

Wp

p

�̃0
1

b `

⌫

�̃0
1

b `

⌫



8.2 Three-body results

In Figure 7 the distribution of MR
� is presented in each of the signal regions, split between the same and

di�erent flavour channels, omitting the cut on MR
� itself. No excess over the SM prediction is visible,

and this is reflected in the background-only fit results which are shown for SR3�body
W in Table 13 and for

SR3�body
t in Table 14. The model independent upper limits are presented in Table 15. Observed yields

are within one standard deviation of the background prediction in all SRs. Limits on models with pair
production of top squarks, each of them decaying through the three-body mode into bW �̃0

1 are shown in
Fig. 8. For a mass di�erence of �m(t̃1 � �̃0

1) = 150 GeV, SR3�body
t is the most sensitive SR, and stop

mass between 250 and 335 GeV are excluded. For a mass di�erence of �m(t̃1 � �̃0
1) = 90 GeV, SR3�body

W
is used and the limits extend up to 365 GeV.

Table 13: Background fit results for the signal region SR3�body
W in the three-body search for an integrated luminosity

of 13.3 fb�1. The nominal expectations from MC simulation are given for each background process in the lower
portion of the table. Combined statistical and systematic uncertainties are shown. Uncertainties on the predicted
background event yields are quoted as symmetric except where the negative error reaches down to zero predicted
events, in which case the negative error is truncated. The expected yields for two signal models are also shown.

Region SR3�body
W -SF SR3�body

W -DF

Observed events 13 6

Total Standard Model 12 ± 4 5.3 ± 2.2

Fitted tt̄ 3.9 ± 2.2 2.3 ± 1.4
Wt 0.38 ± 0.16 0.21 ± 0.08
tt̄ V 0.11 ± 0.03 0.10 ± 0.03
Fitted VVDF — 2.1 ± 1.1
Fitted VVSF 5.8 ± 2.6 —
Z/�⇤+jets 0.79 ± 0.35 —
Fake and non-prompt 0.98 ± 0.13 0.58 ± 0.12

MC exp. Standard Model 11 4.9

MC exp. tt̄ 3.9 2.3
MC exp. VVDF — 1.6
MC exp. VVSF 4.8 —

t̃1 t̃1 m(t̃1, �̃
0
1) = (250, 160) GeV 21.8 ± 1.8 18.1 ± 2.0

t̃1 t̃1 m(t̃1, �̃
0
1) = (300, 150) GeV 5.3 ± 0.8 5.1 ± 0.6
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Two	Signal	Regions	for:
• ∆m(t1,	χ01)	~	m(W)
• ∆m(t1,	χ01)	~	m(t)
MC	driven	control	regions	for	
top	and	vector	bosons	pairs.

No	discrepancy	with	respect	
to	SM	predictions	found.
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Figure 7: Distributions of the MR
� variable in the same flavour (left column) and di�erent flavour (right column)

channels of the SR3�body
W (upper row) and SR3�body

t (lower row) signal regions, and for an integrated luminosity of
13.3 fb�1. The SR selections on MR

� (SR3�body
W requires MR

� > 95 GeV and SR3�body
t requires MR

� > 110 GeV) are
not applied for these plots. The hashed regions represent the total uncertainties on the background estimates. The
rightmost bin of each plot includes overflow events. The lower panel of each plot shows the ratio of the data to the
SM background prediction. The normalisations of the tt̄ and VV processes come from the likelihood fit described
in the text. Three reference top squark pair production signal models are overlayed for comparison.
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Two	leptons	results
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The	same	RJR	technique	can	be	applied	to	the	very	
challenging	scenario	∆m(t1,	χ01)	∼	m(t).
• signal	topology	extremely	similar	to	SM	tt	̄	

production	
• ISR-jet	based	approach	to	improve	

discrimination.

The	RJR	recovers	efficiency	in	events	with	multiple	
ISR	jets.

• NS	≥5	jet	
• MT

S	>	300	GeV
• ∆φISR	>	3	radians

32

Compressed Kinematics with the Recursive Jigsaw Reconstruction 

CM

ISR S
V I

Decay States

Visible States

Invisible States

•  Rather than relying on a clean mono-ISR signal we would like to be able 

to separate “ISR objects” from “sparticle objects” 

•  Accomplished with a simple decay 

view of the event 

•  CM: centre-of-mass system – 

including all visible objects and 

MET 

•  ISR: radiation not coming from 

sparticle decays 

•  S: sparticle system 

–  V: visible decay products 

–  I: weakly interacting particles 

Paul Jackson 

See talks by L. Lee (parallel) and  

C. Rogan (plenary) for details on RJR 
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• pTISR >	400	GeV
• pTb-tag,S >	40	GeV
• pTjet4,S >	50	GeV
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The	final	discriminant,	RISR is	sensitive	to	the	
mass	scale	of	the	invisible	particle.
• Multiple	signal	regions	to	target	different	

models

Signal Region Sets D

SRD is optimized for direct top squark pair production where �m(t̃, �̃0
1) ⇠ mt , a regime in which the

signal topology is extremely similar to SM tt̄ production. However, in the presence of high-momentum
ISR, the di-top-squark system is boosted in the transverse plane. The ratio of the Emiss

T to the pT of the ISR
system in the CM frame (pISR

T ), defined as RISR, is proportional to the ratio of the �̃0
1 and t̃ masses [64,

65]:

RISR ⌘
Emiss

T

pISR
T
⇠

m�̃0
1

mt̃
. (2)

A recursive jigsaw reconstruction technique, as described in Ref. [66], is used to divide each event into an
ISR hemisphere and a sparticle hemisphere, where the latter consists of the pair of candidate top squarks,
each of which decays via a top quark and �̃0

1. Objects are grouped together based on their proximity in
the lab frame’s transverse plane by minimizing the reconstructed transverse masses of the ISR system
and sparticle system simultaneously over all choices of object assignment. Kinematic variables are then
defined based on this assignment of objects to either the ISR system or the sparticle system.

The selection criteria for this signal region are summarized in Table 3. The events are divided into
eight windows defined by overlapping ranges of the reconstructed RISR, and target di�erent top squark
and �̃0

1 masses: e.g., SRD1 is optimized for mt̃ = 250 GeV,m�̃0 = 77 GeV and SRD5 is optimized for
mt̃ = 450 GeV,m�̃0 = 277 GeV. Five jets or more are required to be assigned to the sparticle hemisphere
of the event, and at least one (two) of those jets must be b-tagged in SRD1-4 (SRD5-8). Transverse
momentum requirements on pISR

T , the highest-pT b-jet in the sparticle hemisphere (pb-tag,S
T ), and the

fourth-highest-pT jet in the sparticle hemisphere (pjet 4,S
T ) are applied. The transverse mass between the

sparticle system and the Emiss
T , defined as MS

T , is required to be > 300 GeV. The ISR system is also
required to be separated in azimuth from the Emiss

T in the CM frame; this variable is defined as ��ISR.

Table 3: Selection criteria for SRD, in addition to the common preselection requirements described in the text. The
signal regions are separated into windows based on ranges of RISR.

Variable SRD1 SRD2 SRD3 SRD4 SRD5 SRD6 SRD7 SRD8

min RISR 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

max RISR 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75

b-tagged jets � 2 � 1

NS
jet � 5

pISR
T > 400 GeV

pb-tag,S
T > 40 GeV

pjet 4,S
T > 50 GeV

MS
T > 300 GeV

��ISR > 3.0 radians

11

ISRR
0 0.5 1

E
ve

n
ts

 /
 0

.1

0

5

10

Data

SM Total

tt

Single Top

+Vtt

W

Z

)=(250,77) GeV
1

0
χ
∼,

1
t
~
(

)=(350,177) GeV
1

0
χ
∼,

1
t
~
(

)=(450,277) GeV
1

0
χ
∼,

1
t
~
(

ATLAS Preliminary
-1=13 TeV, 13.3 fbs

SRD1-4

ISRR
0 0.5 1

E
ve

n
ts

 /
 0

.1

0

5

10

Data

SM Total

tt

Single Top

+Vtt

W

Z

Diboson

)=(250,77) GeV
1

0
χ
∼,

1
t
~
(

)=(350,177) GeV
1

0
χ
∼,

1
t
~
(

)=(450,277) GeV
1

0
χ
∼,

1
t
~
(

ATLAS Preliminary
-1=13 TeV, 13.3 fbs

SRD5-8

Figure 8: Distributions of RISR for SRD1-SRD4 and SRD5-SRD8. The stacked histograms show the SM expectation
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ATLAS:	multi-jet
t̃

t̃

W

Wp

p

�̃0
1

b `

⌫

�̃0
1

b `

⌫

t̃

t̃
p

p

�̃0
1

t

�̃0
1

t

Table 10: Expected and observed yields for SRD for
R
L dt = 13.3 fb�1.

SRD1 SRD2 SRD3 SRD4
Observed 4 5 9 9
Total SM 4.3 ± 1.9 7.1 ± 3.2 8.8 ± 3.4 9.4 ± 3.7

tt̄ 3.9 ± 1.9 6.5 ± 3.3 8.0 ± 3.4 8.5 ± 3.8
W + jets 0.14 + 0.25

� 0.14 0.18 + 0.27
� 0.18 0.24 + 0.31

� 0.24 0.26 ± 0.20
Z + jets 0.04 ± 0.02 0.06 ± 0.03 0.08 ± 0.06 0.08 + 0.28

� 0.08
tt̄+W /Z 0.11 ± 0.08 0.16 ± 0.12 0.20 ± 0.10 0.15 ± 0.13

Single top 0.09 + 0.14
� 0.09 0.19 + 0.29

� 0.19 0.29 + 0.57
� 0.29 0.42 + 0.54

� 0.42
Dibosons �� �� �� ��
Multijets 0.04 + 0.08

� 0.04 0.04 + 0.08
� 0.04 0.03 + 0.06

� 0.03 0.02 + 0.04
� 0.02

Table 11: Expected and observed yields for SRD for
R
L dt = 13.3 fb�1.

SRD5 SRD6 SRD7 SRD8
Observed 11 6 5 1
Total SM 11.6 ± 3.6 8.6 ± 3.5 5.2 ± 2.1 2.56 ± 0.86

tt̄ 9.7 ± 3.7 6.8 ± 3.5 4.0 ± 2.0 1.77 ± 0.67
W + jets 0.68 ± 0.40 0.68 ± 0.23 0.37 ± 0.22 0.25 ± 0.18
Z + jets 0.27 + 0.52

� 0.27 0.23 + 0.43
� 0.23 0.36 ± 0.13 0.30 ± 0.13

tt̄+W /Z 0.26 ± 0.06 0.16 ± 0.11 0.08 + 0.09
� 0.08 0.02 + 0.02

� 0.02
Single top 0.54 + 0.64

� 0.54 0.48 + 0.56
� 0.48 0.31 + 0.35

� 0.31 0.22 + 0.25
� 0.22

Dibosons 0.16 ± 0.13 0.16 ± 0.11 0.16 ± 0.14 ��
Multijets 0.03 + 0.06

� 0.03 0.02 + 0.03
� 0.02 0.01 + 0.01

� 0.01 ��
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Data	has	been	found	in	agreement	with	SM	predictions.
• Limits at	95%	CL are	derived	using	the	best	expected	performing	SR	for	each	signal	

model
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Figure 10: Expected (blue dashed line) and observed (red solid line) exclusion limits at 95% CL as a function of t̃
and �̃0

1 masses in the scenario where both top squarks decay via t̃ ! t �̃0
1 and the top quark decays hadronically.

Uncertainty bands corresponding to the ±1� variation on the expected limit (yellow band) and the sensitivity of
the observed limit to ±1� variations of the signal theoretical uncertainties (red dotted lines) are also indicated.
Observed limits from the Run 1 search [19, 72, 73] are overlaid for comparison.
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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.
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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.
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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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Search	targeting	DM,	heavy	stop	(direct	and	1-
step	decays)
• Baseline	selection	requires	1	lepton,	4	jets,	b-
jets,	high	mT

ATLAS:	single	lepton
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Figure 3: A schematic diagram for the various event selections used to estimate and validate the background
normalizations. Solid lines indicate kinematic boundaries while dashed lines indicate that the events can extend
beyond the boundary. CR, VR, and SR stand for control region, validation region, and signal region, respectively.
T, ST, TZ, and W stand for tt̄, single top, tt̄ + Z , and W+jets, respectively.

6 Background Estimates

The dominant background processes are tt̄, single top Wt, tt̄ + Z (! ⌫⌫̄), and W+jets. Most of the tt̄ and
Wt events in the signal regions (SR) have both W bosons decaying leptonically (where one of the two
leptons is ‘lost’, meaning it is either not reconstructed, not identified, or removed by the overlap removal
procedure) or one W boson decaying leptonically and the other via a hadronically decaying ⌧ lepton.
Other background processes considered are dibosons, tt̄ +W , Z+jets, and multijet events. The combined
tt̄ +W and tt̄ +Z background is referred to as tt̄ +V .

The main background processes are estimated by isolating each of them in a dedicated control region
(CR), described in Section 6.1, normalizing simulation to match data in a simultaneous fit. The fit is
performed separately for each SR with the associated CRs. The background modeling as predicted by
the fits is tested in a series of validation regions (VR), discussed in Section 6.2. Figure 3 schematically
illustrates the setup for one example SR and its associated CRs and VRs.

The contribution of multijet background is estimated and found to be negligible. All other small back-
grounds are determined from simulation and normalized to the most accurate theoretical cross-section
available.
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Dedicated	CRs	for:
• W+jets
• Ttbar
• single	top
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