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Scalar	top	partner2

Top	partners	play	a	central	role	in	regulating	
Higgs	mass	radiative	corrections (hierarchy	
problem).
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“Naturalness”	favours
“light”	top	partners.

In supersymmetry, top	partner	=	scalar	top.
Here,	“	𝒕𝟏/ ≡ 𝒕% ”.



Vector-like	top	partner3
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Pair	production	via
strong	interaction

Single	production	via
EW	interaction

Exotics	models	(Composite	Higgs, Little	Higgs)	
predict	vector-like	quarks,	with	L/R	chiral	
components	 transforming	 similarly	under	SU(2).

Heavy	quarks	can	be:
• SU(2)	singlets:	T,	B

• SU(2)	doublets:	 TB ,	 XT ,	 BY

Electric	charge:	T=+2/3,	B=-1/3,	X=+5/3,	Y=-4/3
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tt search	with	1	lepton5 ~~
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Backgrounds:	
• semileptonic tt and	Wt
• tt+Z(𝝂𝝂),	estimated	from	tt+𝜸
• W(ℓ𝝂)+jets

Tuesday July 24, 2012 E. Thompson - Jet Grooming at ATLAS 6

Jet grooming
“Trimming” http://arxiv.org/abs/0912.1342                                                                 
(D. Krohn, J. Thaler, L. Wang)

● uses kt algorithm to create subjets of size Rsub from the constituents of the large-R jet: 

any subjets failing pTi / pT < fcut are removed

“Pruning” http://arxiv.org/abs/0912.0033 (S. Ellis, C. Vermilion, J. Walsh)

● Recombine jet constituents with C/A or kt while vetoing wide angle (Rcut) and softer (zcut) 

constituents. Does not recreate subjets but prunes at each point in jet reconstruction

 Tuned parameters: 
 fcut and Rsub 

 Tuned parameters: 
 Rcut and zcut

5%

Large-R	jets	(R	=	1,	1.2)
built	from	small-R	jets.

Small	𝚫𝐦(𝒕%/𝒈/, 𝝌/𝟏𝟎): resolved	top.
Mass	of	3	small-R	jets	compatible	with	
hadronic	top	decay	(𝜒2)

Large	𝚫𝐦:	boosted	top.	
Mass	and	pT of	 large-R	jet	

-
-

-

𝐄𝐓𝐦𝐢𝐬𝐬,	≥4	jets,	≥1 b-jet,	1	e/𝝁
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Discriminants:		
• mT

• topness =𝜒2	compatibility	with	
tt→	ll’+X	with	a	lost	l

• mT2 (amT2)	=	generalization	of	
transverse	mass	where 2	“particles”	
are	not	detected.
Find kinematics	most	compatible	with
assumed	mass	of	invisible	particles.

tt search	with	1	lepton6 ~~

tt	→ ll’	+	X	with
one	lost	l

-
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Common	approach	to	all	searches:

• SR:	signal	region

• CR:	control	region	(signal	 free),	
to	normalize	background	to	data

• VR:	validation	region,	to	check
the extrapolation	from	CR	to	SR
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Alternative	interpretations:
• scalar	leptoquarks,	LQ	→ t 𝝂,	using

direct	tt,	massless	LSP,	unpolarized top

• vector-like	quark,T	→ t	Z,	tH, Wb
BR(T	→	tZ)	<	0.90	at	95%CL	for	mT=800	GeV

~~

2.3𝜎
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3	scenarios:
- both	𝒕% → 𝒕𝝌/𝟏𝟎
4	jets,	2	b-jets,	1l

- both	𝒕% → 𝒃𝝌/𝟏
±

little	sensitivity

- mixed	decay
2	b-jets,	1l

Backgrounds:

• dileptonic tt with	lost	lepton,	 from	2ℓ CR
discriminant:
o mJK

L (aka	amT2 )	for	large	Δm(�̃�, 𝜒%&')
o else	use	modified	 “topness”	

• semileptonic tt, W(ℓ𝜈)+jets
discriminant:	mT
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Signal	regions	binned	in	𝐄𝐓𝐦𝐢𝐬𝐬 .
Data	/	SM	agree	within	2𝜎.

Limits	derived	for	the	3	scenarios:	
both	𝒕% → 𝒕𝝌/𝟏𝟎,	both	𝒕% → 𝒃𝝌/𝟏

±,	mixed,
assuming	unpolarized top	quark.

Limits	also	computed	for	BR	≠ 100%.
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2	opposite-charge	
leptons,	2	jets,	𝐄𝐓𝐦𝐢𝐬𝐬

ee/𝝁𝝁 and	e𝝁

Control	regions	for	diboson and	tt.

Fake	l from	“matrix	method”	(loose/tight	 l).

Discriminant:
• mT2 ,	bounded	 by	mW for	tt and	WW.	

For	t	decay,	depends	on	Δ𝑚(𝜒&
±, 𝜒&')

• 𝐄𝐓𝐦𝐢𝐬𝐬/meff ratio
R1	=

• mll (Z	veto	in	ee/𝜇𝜇 SR)
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Events are selected using the leptonic stransverse mass [33, 34] mT2, defined as

mT2(pT,1, pT,2, p
miss
T ) = min

qT,1+qT,2=p

miss
T

�
max[ mT(pT,1, qT,1),mT(pT,2, qT,2) ]

 
, (1)

where mT indicates the transverse mass3, pT,1 and pT,2 are the transverse momentum vectors of the two
leptons (assumed to be massless), and qT,1 and qT,2 are unknown transverse momentum vectors of two
invisible particles, which satisfy qT,1 + qT,2 = p

miss
T . The minimisation is performed over all the possible

decompositions of p

miss
T . For tt̄ and WW decays, mT2 is bounded from above by the mass of the W boson.

In the t̃1 ! b+ �̃±1 decay, the upper bound is instead strongly correlated with the mass di�erence between
the chargino and the lightest neutralino. The SR candidates are required to have mT2 > 145 GeV.

The main change with respect to the Run 1 analysis targeting the same process [35] is the use of the event
kinematic variable R1, defined as

R1 =
Emiss

T
me�

=
Emiss

T
Emiss

T + pT(`1) + pT(`2) + pT(j1) + pT(j2)
, (2)

considering up to the two most energetic jets with pT > 50 GeV. The SR candidates are required to have
R1 > 0.3. This selection is useful to reject Z/�⇤+jets events with high mT2.

The p

``
Tb variable, defined as

p

``
Tb = p

miss
T + p

`1
T + p

`2
T (3)

with magnitude p``Tb, is used in the control regions (CR) defined in section 5 to discriminate between tt̄
and diboson production.

Table 1: Definition of the signal regions used in the analysis. The first three rows summarise the event preselection,
while the last three indicate the cuts that define the two signal regions.

Signal Region DF SF
leading lepton pT [GeV] > 25
sub-leading lepton pT [GeV] > 15
additional lepton (veto) pT [GeV] > 10
m`` [GeV] >20 (>20 and < 71) or > 111
mT2 [GeV] > 145
R1 > 0.3

4 Simulated event samples

Monte Carlo (MC) simulated event samples are used to model the SUSY signal and those SM backgrounds
with two or more real leptons in the final state. The MC samples are processed by an ATLAS detector
simulation [36], based on G����4 [37], or a fast simulation that uses a parameterisation of the calorimeter
response and G����4 for the other parts of the detector [38], and are reconstructed with the same
algorithms as used for the data.
3 The transverse mass of a massless particle is defined by the equation mT =

p
2|pT,1 | |pT,2 |(1 � cos(��)), where �� is the

angle between the particles with transverse momenta pT,1 and pT,2 in the plane perpendicular to the beam axis.

5

Diboson CR, ee, 𝝁𝝁

-

-
~ ~ ~

tt search	with	2	leptons
ATLAS-CONF-2016-009
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Large	𝚫𝐦(𝒕%, 𝝌/𝟏𝟎)

Top	tagging	uses R=0.4	jets.
3	jetswithin	ΔR=1.5,	m2j ~ mW , m3j ~ mtop ,
or	2	jets (merged	W),	or	1	jet (merged	top)

tt,	W(ℓ𝝂)+jets	with	lost	lepton:	1𝝁 CR
W(𝝉𝒉𝝂)+jets	from W(𝝁𝝂)+jets	with	𝝁 ↔ 𝝉
Z(𝝂𝝂)+jets from	Z(𝝁𝝁)+jets
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Small	𝚫𝐦(𝒕%, 𝝌/𝟏𝟎) and	mixed	decays:

Top	tagging:	R=0.8	jetswith	sub-jet	decomposition.	
≥3	sub-jets,	mjet ~ mtop ,	m2subjet ~ mW .

tt andW(ℓ𝝂)+jets	with	lost	lepton:	1ℓ CR.
Extrapolation	1ℓ → 0ℓ using	MC.
Discriminant:	min	mT(b1,2	,	𝐄𝐓𝐦𝐢𝐬𝐬).

Z(𝝂𝝂)+jets	scaled	with Z(𝝁𝝁)+jets,	and	𝐄𝐓𝐦𝐢𝐬𝐬 shape
correction from 𝜸+jets.

50	SRs	binned	 in:
Njet ,	Nb-jet	,	Ntop ,	mT(b1,2	,	EJWXYY ),	EJWXYY .
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Figure 1: Direct production of stops, in red, decaying into a b- and an s-quark through the RPV � 00 coupling,
indicated by the blue dots.

Background samples of multijet production are simulated with multiple 2 ! 2 matrix elements (ME) at86

leading order (LO) using the Pythia 8.186 generator. The A14 tune [37] of shower and multiple parton87

interactions parameters is used together with the NNPDF23LO PDF set [38].88

Top pair production events are simulated using the Powheg-Box v2 [39] generator with the CT10 [40]89

PDF set, as detailed in [41]. The top mass is set to 172.5 GeV. The hdamp parameter, which regulates the90

transverse momentum (pT) of the first extra emission beyond the Born configuration and thus controls the91

pT of the tt̄ system, is set to the mass of the top quark. The parton shower (PS), fragmentation, and the92

underlying event are simulated using Pythia 6.428 [42] with the CTEQ6L1 [43] PDF set and the corres-93

ponding Perugia 2012 tune (P2012) [44]. The sample is normalized to the next-to-next-to-leading order94

cross-section including the resummation of soft gluon emission at next-to-next-to-logarithmic accuracy95

using Top++2.0 [45].96

The stop signal samples are generated using MG5_aMC@NLO [46] v2.2.3 interfaced to Pythia 8.18697

with the A14 tune for the modeling of the parton showering, hadronization and underlying event. The98

ME calculation is performed at tree-level and includes the emission of up to two additional partons. The99

PDF set used for the generation is NNPDF23LO. The ME/PS matching is done using the CKKW-L [47]100

prescription, with a matching scale set to one quarter of the pair-produced stop mass. All non-SM particle101

masses are set to 5 TeV except for the stop mass (mt̃ ), which is scanned in steps of 25 GeV from mt̃ = 250102

GeV to mt̃ = 650 GeV. The two stops are then forced to decay promptly into a b- and an s-quark each.103

Signal cross-sections are calculated to next-to-leading order in the strong coupling constant, adding the104

resummation of soft gluon emission at next-to-leading-logarithmic accuracy [48–50]. The nominal cross-105

section and its uncertainty are taken from an envelope of cross-section predictions using di↵erent PDF106

sets and factorization and renormalization scales, as described in Ref. [51].107

4 Object reconstruction108

Each event is required to have a reconstructed primary vertex consistent in location with the beamspot109

envelope and with at least two associated tracks with pT > 400 MeV [52]. If more than one such vertex110
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R-parity	violating	term	in	superpotential .

t	→ bs expected	in	minimal	flavour-violation	 scenarios.

Search	for	2	heavy	pairs	of	close-by	jets,	with	1	b-jet	per	pair.
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1 Introduction16

Massive coloured particles decaying into quarks are predicted in several extensions of the Standard Model17

(SM). At hadron colliders, the search for new phenomena in fully hadronic final states, without missing18

transverse energy or leptons, is experimentally challenging because of the very large multijet production19

cross-section. This note presents a search for the pair production of resonances each decaying into two20

SM quarks using 3.2 fb�1 of
p

s = 13 TeV proton–proton (pp) collision data recorded by the ATLAS21

experiment at the Large Hadron Collider (LHC).22

Supersymmetry (SUSY) [1–6] is a generalization of the Poincaré symmetry group that fundamentally23

relates fermionic and bosonic degrees of freedom. In the generic superpotential, Yukawa couplings can24

lead to baryon- and lepton-number violation:25

WRPV = iLiHd + �i jk LiL j Ēk + �
0
i jk LiQ̄ j D̄k + �

00
i jkŪi D̄ j D̄k , (1)

where i, j, k are generation indices. While these terms in many scenarios are removed by imposing an26

additional Z2 symmetry (R-parity) [7], the possibility that at least some of these R-parity violating (RPV)27

couplings are not zero is not ruled out experimentally. This family of models leads to unique collider28

signatures which would elude conventional searches for R-parity conserving SUSY. Scenarios in which29

any of the � 00 couplings are not zero are often referred to as UDD scenarios.30

This search specifically targets pair production of the top squark1 (stop) which decays via the � 00323 coup-31

ling, thus resulting in the process t̃ ! b̄s̄ (assuming a 100% branching ratio), depicted in Fig. 1. The aim32

of the analysis is to achieve sensitivity for stop production at high masses, taking advantage of the increase33

in the signal cross-section at
p

s = 13 TeV. Naturalness arguments [8, 9] suggests higgsinos and stops to34

be light, with masses below a TeV [10, 11]. Third generation squarks in R-parity conserving scenarios,35

and stops in particular, have been the subject of a thorough programme of searches at the LHC [12–14].36

Current indirect experimental constraints [15] on the sizes of each of the UDD couplings � 00 from sources37

other than proton decay are primarily valid for low squark mass and for first- and second-generation coup-38

lings. In theories with minimal flavour violation [16], in which the flavour and CP-violating interactions39

of SUSY particles are governed by the SM Cabibbo-Kobayashi-Maskawa matrix, only the � 00323 coupling40

is significant [17] resulting in prompt decays of the stop into t̃ ! b̄s̄.41

Previous searches for pair produced resonances in hadronic final states have been performed at 7 and 842

TeV by both the ATLAS [18, 19] and CMS experiments [20, 21]. For stop decays including heavy-flavour43

jets in the final state exclusion limits at 95% confidence level (CL) between 100  mt̃  320 GeV and44

200  mt̃  385 GeV have been reported by ATLAS [19] and CMS [21], respectively. In addition two45

ATLAS searches [22, 23] have placed constraints on RPV stops that decay to bs when they are produced46

in the decays of light gluinos. Further searches targeting the production of gluinos decaying through47

UDD couplings have been performed by both the ATLAS [24] and CMS [25] collaborations.48

This note is organised as follows: Section 2 describes the data and simulated event samples. Section49

3 discuss the definitions of the objects used in the analysis, and Section 4 the event selections. The50

background estimate is presented in Section 5 with the systematic uncertainties discussed in Section 6.51

Finally the results of the analysis and the statistical interpretation are given in Section 7.52

1 The superpartners of the left- and right-handed top quarks, t̃L and t̃R , mix to form the two mass eigenstates t̃1 and t̃2, where
t̃1 is the lightest one. This analysis considers only the production of the t̃1, which thereafter is simply refererred to as t̃.
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Figure 2: Comparison of the shape of theA and | cos(✓⇤) | distributions for data and two signal point with mt̃ = 250
and 550 GeV. The distributions are normalised to unity and shown after the requirement of four jets paired into two
candidate resonances. The green arrow indicates the requirement applied for the signal region selection.

Since the two reconstructed resonances are expected to have equal mass, their mass di↵erence is a power-149

ful discriminant between signal and background. The mass asymmetry (A) is defined as:150

A = |m1 � m2 |
m1 + m2

(3)

where m1 and m2 are the invariant masses of the two reconstructed dijet pairs. A is expected to be close151

to zero for well-paired signal events and is relatively flat for background events.152

The distribution of A and | cos(✓⇤) | is shown for data and two signal samples with stop masses of mt̃ =153

250,450 GeV in Fig. 2(a) and 2(b) respectively. Given the very small amount of signal expected before154

additional selections are applied the data distribution can be viewed as representative of the background155

expectation. The signal region (SR) selection applies a requirement of ofA < 0.075 and | cos(✓⇤) | < 0.6,156

following an optimization procedure maximizing the discovery significance.157

Another quantity that is exploited for background discrimination is the number of b-tagged jets in the158

event. By requiring each of the reconstructed resonances to contain at least one b-tagged jet the multijet159

background can be significantly reduced.160

The final analysis discriminant is the average mass of the two reconstructed resonances:161

mavg =
1
2

(m1 + m2) . (4)

A peak in mavg at a mass of about that of the stop is expected for the signal, over a non-peaking background162

from multijet processes. For each stop mass hypothesis a counting experiment is then performed in a163

window of the mavg variable optimised to maximize the expected discovery significance. Fig. 3(a) shows164

the expected mavg distribution for signal samples with di↵erent mt̃ masses, while the acceptance times165

e�ciency of the SR selections is shown before and after applying the mavg mass window requirement in166

Fig. 3(b). The acceptance of the SR selection increases for large stop masses due to its decay products167
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ATLAS and CMS have already	released	many	
results for top	partner	searches	at	13	TeV.

• Scalar	top	in	SUSY:

�̃� → 𝑡𝜒%&'	,		𝑏𝜒%&
±		, 𝑐𝜒%&'		, 𝑏𝑠

Light	stealth	stop	scenario	still	viable.

• Vector-like	top	in	exotic	models:

T → 𝑊𝑏	, 𝑡𝑍	, 𝑡𝐻 and		𝑋x/y→ 𝑊z𝑡	

Light stealth	top	scenario	still	viable.

Run-1	exclusion	reach	exceeded.	

And	this	is	just	the	beginning…

Exciting	prospects	for	2016!	
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tt search	with	1	lepton29 ~~

Common event selection
Trigger Emiss

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

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

T2 < 80 GeV.
Variable SR1 TCR1 / WCR1 STCR1
�4 jets with pT > [GeV] (80 50 40 40) (80 50 40 40) (80 50 40 40)
Emiss

T [GeV] > 260 > 200 > 200
Hmiss

T,sig > 14 > 5 > 5
mT [GeV] > 170 [30,90] [30,120]
amT2 [GeV] > 175 [100, 200] / > 100 > 200
topness > 6.5 > 6.5 > 6.5
m�

top [GeV] < 270 < 270 < 270
�R(b, `) < 3.0 – –
�R(b1, b2) – – > 1.2
number of b-tags � 1 � 1 / = 0 � 2

SR2 TCR2 / WCR2 STCR2
�4 jets with pT > [GeV] (120 80 50 25) (120 80 50 25) (120 80 50 25)
Emiss

T [GeV] > 350 > 250 > 200
Hmiss

T,sig > 20 > 15 > 5
mT [GeV] > 200 [30,90] [30,120]
amT2 [GeV] > 175 [100, 200] / > 100 > 200
�R(b, `) < 2.5 – –
�R(b1, b2) – – > 1.2
number of b-tags � 1 � 1 / = 0 � 2
leading large-R jet pT [GeV] > 200 > 200 > 200
leading large-R jet mass [GeV] > 140 > 140 > 0
��(~pmiss

T , 2ndlarge-R jet) > 1.0 > 1.0 > 1.0
SR3 TCR3 / WCR3 STCR3

�4 jets with pT > [GeV] (120 80 50 25) (120 80 50 25) (120 80 50 25)
Emiss

T [GeV] > 480 > 280 > 200
Hmiss

T,sig > 14 > 8 > 5
mT [GeV] > 190 [30,90] [30,120]
amT2 [GeV] > 175 [100, 200] / > 100 > 200
topness [GeV] > 9.5 > 0 > 9.5
�R(b, `) < 2.8 – –
�R(b1, b2) – – > 1.2
number of b-tags � 1 � 1 / = 0 � 2
leading large-R jet pT [GeV] > 280 > 200 > 200
leading large-R jet mass [GeV] > 70 > 70 > 70

Table 3: Overview of the event selections for all SRs and the associated tt̄ (TCR), W+jets (WCR), and Wt (STCR)
control regions. Round brackets are used to describe lists of values and square brackets denote intervals.

11

Signal region SR1 SR2 SR3

Observed 12 1 1

Total bkg 5.50± 0.72 1.25± 0.26 1.03± 0.18

tt̄ 2.21± 0.60 0.29± 0.10 0.20± 0.07

Single top 0.46± 0.39 0.09± 0.08 0.10± 0.09

W+jets 0.71± 0.43 0.15+0.19
�0.15 0.20± 0.09

tt̄+W/Z 1.90± 0.42 0.61± 0.14 0.41± 0.10

Diboson 0.23± 0.15 0.11± 0.07 0.12± 0.07

tt̄ NF 1.10± 0.14 1.06± 0.14 0.80± 0.13

Single top NF 0.62± 0.46 0.65± 0.49 0.71± 0.42

W+jets NF 0.75± 0.12 0.78± 0.15 0.93± 0.12

tt̄+W/Z NF 1.42± 0.24 1.45± 0.24 1.46± 0.24

p
0

0.01(2.3�) 0.50 (0.0�) 0.50 (0.0�)

N limit

non�SM

exp. (95% CL) 6.4+3.2
�2.0 3.6+2.3

�1.3 3.5+2.2
�1.2

N limit

non�SM

obs. (95% CL) 13.3 3.4 3.4



tt search	with	1	lepton30 ~~

3.1 Lost lepton background 7

the leptons is not reconstructed or identified. These events are classified as “lost lepton” events
and they come primarily from tt ! 2`. We estimate this background by using a dilepton
control region and extrapolating into the signal regions.

A second class of background events comes from SM processes with a single leptonically de-
caying W boson. Preselection requirements of Emiss

T > 250 GeV and MT > 150 GeV strongly
suppress this background. The suppression is much stronger for events with W boson origi-
nating from the decay of a top quark than for direct W boson production, as the mass of the top
quark imposes a constraint on MW . As a result, the tail of the MT distribution in semi-leptonic
tt events is dominated by Emiss

T resolution effects, while for events where the W is produced
directly (W+jets) it is largely driven by the width of the W boson.

In the search regions where contribution from W+jets is significant, we estimate it using a
control region with zero b-tagged jets; simulation is used in the remaining regions. The sub-
leading semi-leptonic tt ! 1` background is modeled using simulation.

The third class of background events includes rare SM processes such as WZ and ttZ (where the
Z boson decays to neutrinos), with smaller contributions from ttW, tt g, and processes with two
or three electroweak vector bosons. These backgrounds are estimated using simulation. Mul-
tijet background is negligible in this search due to requirements of a high-pT isolated lepton,
large Emiss

T , and large MT.

3.1 Lost lepton background

The lost lepton background is estimated using “dilepton” control regions, where we require
the presence of a second lepton passing the veto requirements, an isolated track, or a hadronic
tau. The estimation is done by extrapolating the data yields in the dilepton control regions
to the signal regions using transfer factors computed using simulation corrected for lepton
identification and b-tagging efficiency effects.

The kinematic selection in the control regions is identical to the one in the corresponding signal
regions, with the exception of different jet multiplicity requirements and the absence of Emiss

T
binning. The latter is done to reduce the effects of signal contamination present in the tails of
Emiss

T distribution and to increase the number of events in the control regions. We end up using
three control regions with the following selections: exactly two jets and tmod > 6.4, at least three
jets and MW

T2 < 200 GeV, and at least three jets and MW
T2 > 200 GeV. Additional transfer factors

are therefore needed to acount for the extrapolation in jet multiplicity and Emiss
T requirements;

these are derived from simulation. The background estimate can then be written as follows:

NData
lost�` = NData

2` ⇥
NMC

lost�`

NMC
2`

⇥
NMC

lost�`(NJ, Emiss
T )

NMC
lost�`

(5)

where NData
2` is the number of events observed in data in the dilepton control region. The

transfer factor, NMC
lost�`/NMC

2` , is obtained from simulation and estimates how often a lepton
is not identified in the detector, accounting for the lepton acceptance and the efficiency of
the lepton reconstruction and identification. This factor is used to obtain an estimate of the
lost-lepton in an inclusive region, integrated over NJ and Emiss

T . The second transfer factor,
NMC

lost�`(NJ, Emiss
T )/NMC

lost�`, extrapolates the inclusive estimate to individual search region bins.
This transfer factor, also obtained from simulation, is validated by checking the modeling of
jets from initial- and final-state radiation and the modeling of the Emiss

T spectrum in dedicated
data control regions.

3.2 One lepton background 9

Table 2: Event yields in data control regions and transfer factors used for the lost lepton back-
ground estimation. The last column shows the final background estimate, including all sys-
tematic uncertainties for 2.3 fb�1.

Signal region NCR
Incl MSR

2` /MCR
Incl MSR

MET,nJets/MSR
2` NSR

2`,estimate
2 jets, tmod > 6.4, 250 < Emiss

T < 350 GeV 10 0.50 ± 0.04 0.88 ± 0.02 4.36 ± 1.44
2 jets, tmod > 6.4, Emiss

T > 350 GeV 10 0.50 ± 0.04 0.13 ± 0.02 0.62 ± 0.23
3 jets, MW

T2 > 200 GeV, 250 < Emiss
T < 350 GeV 17 0.49 ± 0.04 0.34 ± 0.03 2.83 ± 0.73

3 jets, MW
T2 > 200 GeV, Emiss

T > 350 GeV 17 0.49 ± 0.04 0.09 ± 0.01 0.74 ± 0.22
�4 jets, MW

T2 < 200 GeV, 250 < Emiss
T < 325 GeV 67 0.69 ± 0.03 0.50 ± 0.02 22.97 ± 3.21

�4 jets, MW
T2 < 200 GeV, Emiss

T > 325 GeV 67 0.69 ± 0.03 0.17 ± 0.02 7.85 ± 1.54
�4 jets, MW

T2 > 200 GeV, 250 < Emiss
T < 350 GeV 17 0.49 ± 0.04 0.39 ± 0.03 3.29 ± 0.91

�4 jets, MW
T2 > 200 GeV, 350 < Emiss

T < 450 GeV 17 0.49 ± 0.04 0.11 ± 0.02 0.94 ± 0.27
�4 jets, MW

T2 > 200 GeV, Emiss
T > 450 GeV 17 0.49 ± 0.04 0.07 ± 0.02 0.57 ± 0.21
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Figure 4: (left) The differences in the jet multiplicity distribution in the e-µ control region with
at least two b-tagged jets and at least 250 GeV Emiss

T are taken into account by additional scale
factors between data and simulation. (right) The disagreement in the Emiss

T distribution be-
tween data and simulation in the dilepton control region with at least 2 jets and 1 b-tagged jets
is used to correct the di-neutrino pT spectrum in the signal region. The statistical uncertainties
on the different Emiss

T bins are used to assign an uncertainty to the di-neutrino pT spectrum.

the background estimate: exactly 2 jets with tmod > 6.4, exactly 3 jets with MW
T2 > 200 GeV,

and at least 4 jets with MW
T2 > 200 GeV. We extrapolate the yield from the control regions to

the signal regions in Emiss
T and number of b-tagged jets by applying transfer factors taken from

simulation:
NW+jets

SR,�1 btag = (Ndata
CR,0 btag � Nnon�W JetsMC

CR,0 btag ) ⇥ TFEmiss
T

⇥ TFbtag (6)

with Ndata
CR,0 btag � Nnon�W JetsMC

CR,0 btag the yield in the control region with the other SM backgrounds
subtracted. For the large MT (> 150 GeV) region, roughly 25-35% of the control regions consist
of dileptonic tt and invisible Z backgrounds. A 50% uncertainty is assigned to the subtrac-
tion. The transfer factor TFEmiss

T
= (NMC,W Jets

0 btag (Emiss
T , NJ))/(NMC,W Jets

0 btag,Emiss
T >250(NJ)) extrapolates

the yields in the more inclusive control region with Emiss
T > 250 GeV to the exclusive Emiss

T bins.
The main uncertainties on this extrapolation factor are due to the modeling of the neutrino
pT spectrum, the W boson mass width and the Emiss

T resolution. The neutrino pT spectrum is

Lost-lepton	background from	dilepton CR:

transfer	factor
2l→ 1l

extrapolation
inclusive	→ bin(Njet	, EJWXYY)  [GeV]miss
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Corrections vs	Njet and	EJWXYY derived	in	e𝝁 CR.

e𝝁 CR

W+jets CR
0	b-jet

W+jets background	from	0	b-jet	CR:

with	2	transfer	factors	to	extrapolate	vs	𝐄𝐓𝐦𝐢𝐬𝐬 and	Nb-jet
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Figure 9: The observed mjet
avg spectrum in the signal region is shown as black points with statistical uncertainties.

Also shown is the total SM background estimate, and the separate contributions from the data-driven multijet and
MC tt̄ backgrounds. The red hatched band represents the combined statistical and systematic uncertainty on the
total SM background estimate. Signal mass spectra are shown with statistical uncertainties only. The bottom panel
shows the ratio of the data relative to the total SM background estimate.

22

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

DRAFT

8 Results and interpretation260

The mavg distribution in the two-tag signal region selection is shown in Fig. 6. The data are compared261

with the prediction obtained by projecting the background from the zero-tag plane. The observed number262

of events in each mass window, with the total background prediction and the expected signal yield is263

shown in Tab. 2. The contribution from top quark pair production amounts to less than 2% in any of the264

mass windows considered. The compatibility of the observed number of events with the background-only265

hypothesis is quantified in each mass window using p0-values.
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Figure 6: The observed mavg spectrum in the signal region (black points) compared to the total background predic-
tion (blue line). Also shown are the separate contributions of the multijet background, estimated with the projection
method, and the tt̄ obtained from simulation. All systematic uncertainties on the background estimate are included
in the grey hatched band. The expected signal distributions for a few representative signal points are overlaid.

266

In the absence of a statistically significant excess in data, exclusion limits can be derived on the signal267

models of interest. A profile likelihood ratio combining Poisson probabilities for signal and background268

is computed to determine the 95% CL for compatibility of the data with the signal-plus-background269

hypothesis (CLs+b) [61]. A similar calculation is performed for the background-only hypothesis (CLb).270

From the ratio of these two quantities, the confidence level for the presence of a signal (CLs) is determined271

[62]. Systematic uncertainties are treated as nuisance parameters and are assumed to follow Gaussian272

distributions. This procedure is implemented using a software framework for statistical data analysis,273

HistFitter [63]. The observed and expected 95% CL upper limits on the allowed cross-section are shown274

in Fig. 7. For stop decays into bs, the expected limit excludes stop masses up to 410 GeV, while the275

observed mass limit goes up to 345 GeV, improving on the previous ATLAS limit of 320 GeV4.276

4 Due to a change in the convention for reporting observed limits, where the nominal signal cross-section is now considered,
the value reported here is di↵erent from what quoted in [19].
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Figure 7: Expected and observed 95% CL upper limit on the � ⇥ BR for the signal regions, compared to the
theoretical cross-section for direct stop production with decays to a pair of jets. The dashed black and solid red lines
show the 95% CL expected and observed limits respectively. The solid green (yellow) band around the expected
limit show the one (two) sigma uncertainties around this limit. The dashed blue line indicates the nominal signal
production cross-section with the shaded bands representing the ±1� variations due to theoretical uncertainties
given by renormalization and factorization scale and PDF uncertainties. The observed exclusion limit from the
8 TeV ATLAS search [19] is also superimposed.
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Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

likelihood fit is used to extract the spin correlation from
the �� distribution in data. This is done by defining a
coefficient fSM that measures the degree of spin correla-
tion relative to the SM prediction. The fit includes a linear
superposition of the �� distribution from SM tt̄ MC sim-
ulation with coefficient fSM, and from the tt̄ simulation
without spin correlation with coefficient (1 � fSM). The
e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normaliza-
tion free with a fixed background normalization. The tt̄
normalization obtained by the fit agrees with the theoret-
ical prediction of the production cross section [71] within
the uncertainties. Negative values of fSM correspond to an
anti-correlation of the top and antitop quark spins. A value
of fSM = 0 implies that the spins are uncorrelated and val-
ues of fSM > 1 indicate a degree of tt̄ spin correlation
larger than predicted by the SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [102].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated un-
certainty is estimated by varying the relative normaliza-
tions of simulated b-jet, c-jet and light-jet samples. The
uncertainty due the choice of generator is determined by
comparing the default to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [71, 72] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1

= 1 GeV) normalized to
the NLO cross section including next-to-leading-logarithm cor-
rections [101] plus SM tt̄ production plus background is also
shown (solid green histogram). The lower plot shows those dis-
tributions (except for background only) divided by the SM tt̄ plus
background prediction.

The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant
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Source of uncertainty �fSM
Detector modeling

Lepton reconstruction ±0.01
Jet energy scale ±0.02

Jet reconstruction ±0.01
Emiss

T < 0.01
Fake leptons < 0.01
b-tagging < 0.01

Signal and background modeling
Renormalization/factorization scale ±0.05

MC generator ±0.03
Parton shower and fragmentation ±0.06

ISR/FSR ±0.06
Underlying event ±0.04

Color reconnection ±0.01
PDF uncertainty ±0.05

Background ±0.01
MC statistics ±0.04

Total systematic uncertainty ±0.13
Data statistics ±0.05

TABLE II. Summary of systematic uncertainties on fSM in the
combined dilepton final state.

impact on the results.
The sizes of the systematic uncertainties in terms of

�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is 1.20
± 0.05 (stat) ± 0.13 (syst). This agrees with previous re-
sults from ATLAS using data at a center-of-mass energy of
7 TeV [41, 42], and compares to the best previous mea-
surement using �� of fSM = 1.19 ± 0.09 (stat) ±
0.18 (syst) [42]. It also agrees with the SM prediction
to within two standard deviations.

This agrees with previous results from ATLAS using
data at a center-of-mass energy of 7 TeV [41, 42] and
agrees with the SM prediction to within two standard devi-
ations. An indirect extraction of Ahelicity can be achieved
by assuming that the tt̄ sample is composed of top quark
pairs as predicted by the SM, but with varying spin corre-
lation. In that case, a change in the fraction fSM leads to a
linear change of Ahelicity (see also Ref. [42]), and a value
of the spin correlation strength in the helicity basis Ahelicity

at a center-of-mass energy of 8 TeV is obtained by apply-
ing the measured value of fSM as a multiplicative factor to
the SM prediction of ASM

helicity = 0.318± 0.005 [36]. This
yields a measured value of Ahelicity = 0.38± 0.04.

The measurement of the variable �� is also used to
search for top squark pair production with t̃1 ! t�̃0

1 de-

cays. The present analysis is sensitive both to changes in
the yield and to changes in the shape of the �� distribu-
tion caused by a potential admixture of t̃1¯̃t1 with the SM
tt̄ sample. An example is shown in Fig. 1, where the ef-
fect of t̃1¯̃t1 production in addition to SM tt̄ production and
backgrounds is compared to data. No evidence for t̃1

¯̃t1
production was found.

Limits are set on the top squark pair-production cross
section by fitting each bin of the �� distribution to the dif-
ference between the data and the SM prediction, varying
the top squark signal strength µ. In contrast to the mea-
surement of fSM where the tt̄ cross section is varied in the
fit, here the tt̄ cross section is fixed to its SM value [71].
In addition, a systematic uncertainty of 7% is introduced,
composed of factorization and renormalization scale varia-
tion, top quark mass uncertainty, PDF uncertainty and un-
certainty in the measurement of the beam energy. All other
sources of systematic uncertainty are identical to ones in
the measurement of fSM. All shape-dependent modeling
uncertainties on the SUSY signal are found to be negligi-
ble. The limits are determined using a profile likelihood
ratio in the asymptotic limit [105], using nuisance parame-
ters to account for the theoretical and experimental uncer-
tainties.
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FIG. 2. Expected and observed limits at 95% CL on the top
squark pair-production cross section as a function of m

t̃1
, for

pair-produced top squarks t̃1 decaying with 100% branching ratio
via t̃1 ! t�̃0

1 to predominantly right-handed top quarks, assum-
ing m

�̃

0
1
= 1GeV. The black dotted line shows the expected limit

with ±1 (green) and ±2 (green+yellow) standard deviation con-
tours, taking into account all uncertainties. The red dashed line
shows the theoretical cross section with uncertainties. The solid
black line gives the observed limit.

The observed and expected limits on the top squark


