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Introduction
The top quark plays an essential role in understanding the structure of 
the Standard Model and its extensions (e.g., Supersymmetry)

“Classic” SM top measurements have played a key role in 
understanding tt backgrounds to SUSY searches : e.g., radiation in  
tt events, differential cross-sections wrt tt pT, jet multiplicity

Naturalness continues to motivate direct searches for top partners, such 
as the stop in Supersymmetry  
 
 
 

➡ Close interplay between top measurements and searches enable 
exploration of the “stealth” stop region - has it been excluded?
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Direct Stop Searches
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LHC SUSY Cross Section Working Group

~950 events produced in Run 2

A.2. Additional figures
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Figure 16: The true �R between the W and the b-quark vs. the true top pT in (a) simulated top squark pair
production with (t̃, �̃0

1) = (800, 1) GeV and (b) simulated top squark production through gluino decays with
(g̃, t̃, �̃0

1) = (1400, 400, 395) GeV. The common preselection criteria are applied with the exception of the b-jet
requirement. The histograms are normalized to unity to illustrate the increased boost of the top quarks in the
gluino-mediated top squark decays compared to direct top squark production.
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Cross-section for direct pair production determined  
by stop mass (other SUSY particles decoupled)

Nominal experimental signature: tt + MET

First results based on the full Run 2 dataset (137-139 fb-1) appearing

A.2. Additional figures
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production with (t̃, �̃0

1) = (800, 1) GeV and (b) simulated top squark production through gluino decays with
(g̃, t̃, �̃0
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requirement. The histograms are normalized to unity to illustrate the increased boost of the top quarks in the
gluino-mediated top squark decays compared to direct top squark production.
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Cross-section for direct pair production determined  
by stop mass (other SUSY particles decoupled)

Nominal experimental signature: tt + MET

First results based on the full Run 2 dataset (137-139 fb-1) appearing
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Direct Stop Searches
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CMS-PAS-SUS-19-009CMS 1-lepton analysis sensitive to heavy stops,  
based on 137 fb-1

Resolved and “merged” (boosted) top tagging

“Lost lepton”: tt + single top, dominant in many 
signal regions, validated using control regions
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Direct Stop Searches

Detailed analysis of 39 signal regions

Modified “topness” (tmod) and Mℓb 
discriminate between tt and signal

Stop masses excluded up to 1.2 TeV
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CMS-PAS-SUS-19-009
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Figure 3: Distributions of tmod (top left), M`b (top right), the merged top tagging discriminant
(bottom left), and the resolved top tagging discriminant (bottom right) are shown after the
preselection requirements. The stacked histograms showing the SM background contributions
are from the simulation. Distribution of observed events are shown as points with errors bars
corresponding to the statistical uncertainty. Events outside the range of the distributions shown
are included in the first or last bins. The expectations for three signal hypotheses are overlaid.
The corresponding numbers in parentheses in the legends refer to the masses of the top squark
and neutralino, respectively.
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Direct Stop Searches

Detailed analysis of 39 signal regions

Modified “topness” (tmod) and Mℓb 
discriminate between tt and signal

Stop masses excluded up to 1.2 TeV
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Direct Stop Searches
Additional interpretation: 1 TeV exclusion for 50%/50% BFs,  
‘natural’ compressed higgsino-like χ1 sector

!10

CMS-PAS-SUS-19-009
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Direct Stop Searches
Improved understanding of radiation in top events opened door to 
exploiting ISR for access to compressed stop region

ATLAS 0- and 1-lepton searches  
use recursive jigsaw technique to  
exploit events where tt system  
recoils against ISR
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Figure 1: The decay topologies of the signal models considered with experimental signatures of four or more jets
plus missing transverse momentum. Decay products that have transverse momenta below detector thresholds are
designated by the term “soft".

All-hadronic final states with at least four jets and large missing transverse momentum1 (pmiss
T , whose

magnitude is referred to as Emiss
T ) are considered, and the results are interpreted according to a variety of

signal models as described above. Signal regions are defined to maximize the experimental sensitivity
over a large region of kinematic phase space. Sensitivity to high top-squark masses ⇠ 1000 GeV (as in
Figure 1(a)) and top squarks produced through gluino decays (as in Figure 1(d)) is achieved by exploiting
techniques designed to reconstruct top quarks that are Lorentz-boosted in the lab frame. The dominant
SM background process for this kinematic region is Z ! ⌫⌫̄ produced in association with jets initiated
by heavy-flavour quarks (heavy-flavour jets). The sensitivity to the decay into b�̃±1 is enhanced by veto-
ing events containing hadronically decaying top-quark candidates to reduce the tt̄ background, leaving
Z ! ⌫⌫̄ as the largest SM background. Sensitivity to the region where mt̃1 � m�̃0

1
⇠ mt, which typically

has relatively low-pT final-state jets and low Emiss
T , is achieved by exploiting events in which high-pT jets

from initial-state radiation (ISR) boosts the di-top-squark system in the transverse plane. For this regime,
tt̄ production gives the dominant background contribution. Similar searches based on

p
s = 8 TeV andp

s = 13 TeV data collected at the LHC have been performed by both the ATLAS [25–28] and CMS [29–
33] collaborations.

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). Angular distance is measured in units of
�R ⌘

p
(�⌘)2 + (��)2. The transverse momentum is the momentum component in the transverse plane.

3

JHEP 12 (2017) 085 
JHEP 06 (2018) 108
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Figure 11. Distribution of MW , as a function of MH , for
simulatedH

0 ! W
+(`⌫)W�(`⌫) events withmH = 500 GeV.

Each mass estimator is normalized by the true value.

worthy that these observables are measured largely inde-
pendently of each other, as demonstrated in Fig. 12(c,d)
when comparing the reconstructed decay angles with
their corresponding mass estimators. While the resolu-
tion of the decay angles can vary with estimated mass,
no significant biases are observed.
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Figure 12. Distributions of (a) Higgs decay angle, ✓H and
(b) W decay angle, ✓W , estimated using the RJR scheme for
simulated H

0 ! W
+(`⌫)W�(`⌫) events and various values

for mH . Figures (c,d) show these estimators as a function of
their corresponding mass estimators, MH and MW , respec-
tively. Each observable is normalized appropriately by the
true value of the quantity it is estimating, with angles in units
radian.

The kinematic observables resulting from the RJR ap-
proximate reconstruction of these events are also known
as super-razor variables, with a thorough discussion of
their phenomenology in the corresponding reference [46].

B. t̃t̃ ! (t�0
1)(t�

0
1) at a hadron collider

To further generalize the JR’s for final states with two
invisible particles, we consider the example process of
stop quark pair production at a hadron collider, with
each stop decaying to a top quark and undetected neu-
tralino. We assume that the top quarks decay hadroni-
cally, and that each is identified and reconstructed in the
detector, with measured four vectors p lab

ta
and p

lab
tb

. In
a real experiment, there can be significant kinematic de-
pendencies on the e�ciency for reconstructing and iden-
tifying hadronically decaying top quarks, along with im-
perfect resolution in estimating the top’s momentum and
mass. We neglect these e↵ects in this example, focusing
only on shortcomings in event reconstruction due to miss-
ing information associated with the escaping neutralinos.
Similarly, we assume that the ~E

miss
T

provides a reliable
estimate of the transverse mass of the di-neutralino sys-
tem, I = {�̃a, �̃b}, with ~p

lab
I,T = ~E

miss
T

. The decay tree
used in analyzing this final state is shown in Fig. 13.

LAB

t~ t~

at
~

a
hadt

a
0χ∼

bt
~

b
hadt

b
0χ∼

Lab State

Decay States

Visible States

Invisible States

Figure 13. The decay tree for analyzing t̃t̃ ! (t�0
1)(t�

0
1)

events. The two sides of the event are labelled “a” and “b”,
each including a hadronic top and neutralino from their re-
spective stop decays.

This decay topology is nearly identical to the H
0 !

W
+(`⌫)W�(`⌫) process studied in Section VIA, with the

two intermediate stop quarks playing the role of the W

bosons. and the di-stop system the neutral Higgs bo-
son. One important di↵erence is that the stop quarks are
produced non-resonantly, with m

t̃t̃
having a much larger

variance than m
H
. But this distinction does nothing to

prohibit the use of the same event analysis approach de-
scribed in the previous example. The more pernicious
complications follow from the masses of the individual
visible tops and neutralinos, which now can have non-
negligible values relative to the scale of the process.
These masses have notable implications for the appli-

cation of a contra-boost invariant JR, like that described
in Section VIA. Taking the same approach, we constrain
M

t̃a
= M

t̃b
, and use the visible particle four vectors, eval-

uated in the putative di-stop rest frame, to make guesses
for the momentum and energy of the two neutralinos. In

j

~~

Jackson et al,  
PRD 95 (2017) 035031 
PRD 96 (2017) 112007
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ATLAS search for 3-body stop decays,  
1-lepton channel, based on 139 fb-1

Recurrent Neural Network used to 
compensate for variable #jets in signal; 
output fed to shallow neural network 

!12

ATLAS-CONF-2019-017
Direct Stop Searches
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ATLAS-CONF-2019-017
Direct Stop Searches

Dominant systematic uncertainties:

tt hadronisation/fragmentation 
uncertainties evaluated by 
comparing Powheg-Box+Pythia8 
with Powheg-Box+Herwig7

Table 7: Summary of the dominant experimental and theoretical systematic uncertainties on the total predicted SM
background yield for the VR and the SR. The uncertainties are obtained using the background-only fit and are given
in percentages of the total background uncertainty.

Systematic uncertainty [%] VR SR

Total background uncertainty 7.4 20

tt̄ hadronisation/fragmentation 3.0 16.3
JER 2.0 6.1
JES 1.4 4.6
tt̄ hard-scattering 0.9 1.7
tt̄ additional radiation 0.7 3.9
Flavour-tagging e�ciency 0.5 1.7
Emiss

T 0.5 1.3

To evaluate the size of the systematic uncertainties on the tt̄ modelling, alternative tt̄ samples are compared
to the nominal sample (Powheg-Box interfaced to Pythia8). The systematic uncertainty due to the
hard-scattering process is evaluated using a comparison of the nominal tt̄ sample with a sample generated
with MG5_aMC@NLO interfaced to Pythia8. Fragmentation and hadronisation uncertainties are assessed
using a comparison of the nominal tt̄ sample with a sample generated with Powheg-Box interfaced to
H�����7 [80] package for parton showering. Initial- and final-state radiation uncertainties are based on the
variation of internal event weights in the nominal tt̄ sample. Variation of factorisation and renormalisation
scales as well as variable shower radiation are encapsulated in the dedicated internal event weights.

The residual events from Wt, W+ jets, tt̄ +V and multi-boson processes are small, with a total contribution
of less than 15% in the signal regions. Theoretical uncertainties on these processes are found to have a
negligible impact on the final result.

The cross section uncertainty for each signal model is taken from an envelope of cross section predictions
using di�erent PDF sets as well as factorisation and renormalisation scales, as described in Ref. [128].
Additionally, the uncertainty on the acceptance of the signal in the SR is determined from the variation of
the factorisation and renormalisation scales.

In order to determine the SM background yields in the SR, a likelihood fit is performed. The background-
only fit is configured to use only the CR to constrain the fit parameter corresponding to the tt̄ normalisation.
The systematic uncertainties are obtained using the background-only fit. The contributions of the dominant
systematic uncertainties are listed in Table 7 for the VR and the SR.

9 Results and interpretation

The number of observed events and the predicted number of SM background events from the background-
only fit in the VR as well as the single-bin SR are shown in Figure 6. The bottom panel shows the
significance of the observed data given the predicted SM background. The observed data agree with
the SM background prediction. Table 8 lists the number of observed events together with the predicted
number of SM background events in the SR. Moreover, the breakdown of the various backgrounds that

15
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Greatly expanded sensitivity 
compared to previous analyses
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Direct Stop Searches
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Stop Summary Plots
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Stop Summary Plots

So-called 
“stealth” stop 

region

May 2018
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Stealth Stop Searches

Czakon, et al 
PRL 113 (2014) 201803

Important considerations in the 
stealth stop region:

3-body effects near 2-body 
threshold (total width)

spin correlations

stop decays via RH vs LH tops

impact of top mass Figure 13: The left panel shows the 95% CL limit as a function of the tt̄ uncer-
tainty reduction for four points in the (m(t̃1),m(�̃0

1)) parameter space. The right
panel shows how the limit in the m(�̃0

1) versus m(t̃1) plane could be improved if the
uncertainty on the tt̄ cross section were reduced by factors of 2 (dashed) and 10
(dotted).

stop events are still not excluded. Measuring the mass of the top quark to better
accuracy using unrelated kinematic measurements, as well as improving the pdf and
scale uncertainties, could reduce this systematic, thereby yielding a stronger limit.
To illustrate the potential impact this could have, the left panel of Fig. 13 shows the
value of the signal strength that could be excluded at the 95% CL for a few different
mass points in our parameter scan as a function of the improvement factor for the
tt̄ cross-section uncertainty. For the massless neutralino parameter points (blue and
green), the value of the signal strength which is excluded drops very quickly as the
tt̄ cross-section uncertainty is reduced. The green line, with m(t̃1) = 190 GeV, goes
from being allowed to excluded by reducing the uncertainty by less than a factor of
2. However, the exclusion on the signal strength for the m(t̃1) = 230 GeV parameter
point never gets below 1, so it cannot be ruled out by reducing the tt̄ cross-section
uncertainty alone simply due to the lack of raw signal events.

The red and cyan lines are for a heavier neutralino m(�̃0
1) = 60 GeV. The

improvement on the excluded value of the signal strength does not change as dra-
matically when the tt̄ cross-section uncertainty is reduced. This occurs because the
b-jets are much softer when the neutralinos are heavier, and as such do not pass the
selection cuts as often. Intuitively, the size of the tt̄ cross-section uncertainty does
not have a large impact when so few stop events pass the selection cuts.

The right panel of Fig. 13 shows the exclusion computed here overlaid on the
stop splinter region. The blue shaded region is the same as in Fig. 11. The dashed
line shows how the excluded region would change if the uncertainty on the tt̄ cross

– 23 –

Cohen, et al  
JHEP 07 (2018) 042
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Figure 1: Diagrams representing the four main signals targeted by the analyses: (a) the decay of the top squark
via the lightest chargino (t̃ → bχ̃±1 ), (b) the two-body decay into an on-shell top quark and the lightest neutralino
(t̃ → tχ̃01), (c) the three-body decay mode into an on-shellW boson, a b-quark and the lightest neutralino (t̃ → bWχ̃01)
and (d) the four-body decay mode (t̃ → b f f ′χ̃01) where the two fermions f and f ′ are a lepton with its neutrino in
this article.

the lightest neutralino mass, if the t̃ → bχ̃±1 decay is dominant, top squark masses up to about 500 GeV
have been excluded.
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Figure 1: Diagrams representing the four main signals targeted by the analyses: (a) the decay of the top squark
via the lightest chargino (t̃ → bχ̃±1 ), (b) the two-body decay into an on-shell top quark and the lightest neutralino
(t̃ → tχ̃01), (c) the three-body decay mode into an on-shellW boson, a b-quark and the lightest neutralino (t̃ → bWχ̃01)
and (d) the four-body decay mode (t̃ → b f f ′χ̃01) where the two fermions f and f ′ are a lepton with its neutrino in
this article.

the lightest neutralino mass, if the t̃ → bχ̃±1 decay is dominant, top squark masses up to about 500 GeV
have been excluded.
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Figure 2. The left diagram illustrates the MGFull scheme and the right diagram illustrates the PNWA

scheme for the parameter space where m(t̃1) −m(χ̃0
1) < mt (see table 1 for an explanation of the

naming conventions). The green circles represent the full tree-level stop pair production matrix
element. The gray circles represent decays that do not include any matrix element information,
i.e., the particles are decayed using phase space alone. The superscripts (∗) denote particles that
can go off shell. This figure was adapted from the diagrams in [14].

distribution functions [34], and Pythia 8.2 [35] is always used for the parton shower and

hadronization. The stop pair production cross section is calculated using NLLFast [36–38];

we additionally correct for the numerical impact of the NWA (see section 2.2) when using

the NLLFast cross section to compute our final constraints. Detector effects are approx-

imated using Delphes 3.4.1 [39]. We use the default delphes card ATLAS.tcl card,

modified so that the jet radius is 0.4, in accordance with ATLAS. Jets are clustered with

the anti-kt algorithm [40, 41] within the FastJet 3.2.1 [42] framework. More information

regarding the event generation is given in section A.

The differences come into what approximation is assumed when decaying the stops.

The relevant Feynman diagrams for stop production1 and decay are given in figure 2. In

both the left and right diagrams, the circle connecting the proton lines represents all of the

possible diagrams that contribute to stop pair production, assuming the only particles be-

yond the Standard Model are the lightest stop and lightest neutralino. In the left diagram,

the stops decay to a neutralino and a top quark, which can be off shell. The top quark

then decays to a bottom quark and a W boson, which further decays leptonically (so as to

populate the signal region). This is the diagram for the most complete calculation (which

we use for computing the recasted limits below), implemented using MadGraph to compute

the full parton-level final state (before showering), and is referred to as MGFull. It can also

be interpreted as the calculation performed by MadSpin [43] (the approach currently taken

by ATLAS), which computes spin correlations taking all intermediate particles exactly on-

shell; we refer to this approach as MS. Previous ATLAS results, including the stop pair

production limit derived from σtt̄ [16], use Herwig++ [44] for their signal generation; how-

ever, Herwig++ is not considered here. The final approach (PNWA) is to allow Pythia to

decay the stops, which is equivalent to assuming a flat matrix element i.e. neglecting any

1Here we will follow the ATLAS conventions and express stop pair production as p p → t̃1 t̃1 instead of

p p → t̃1 t̃
∗
1.
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Figure 1: Diagrams representing the four main signals targeted by the analyses: (a) the decay of the top squark
via the lightest chargino (t̃ → bχ̃±1 ), (b) the two-body decay into an on-shell top quark and the lightest neutralino
(t̃ → tχ̃01), (c) the three-body decay mode into an on-shellW boson, a b-quark and the lightest neutralino (t̃ → bWχ̃01)
and (d) the four-body decay mode (t̃ → b f f ′χ̃01) where the two fermions f and f ′ are a lepton with its neutrino in
this article.

the lightest neutralino mass, if the t̃ → bχ̃±1 decay is dominant, top squark masses up to about 500 GeV
have been excluded.
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Figure 1: Diagrams representing the four main signals targeted by the analyses: (a) the decay of the top squark
via the lightest chargino (t̃ → bχ̃±1 ), (b) the two-body decay into an on-shell top quark and the lightest neutralino
(t̃ → tχ̃01), (c) the three-body decay mode into an on-shellW boson, a b-quark and the lightest neutralino (t̃ → bWχ̃01)
and (d) the four-body decay mode (t̃ → b f f ′χ̃01) where the two fermions f and f ′ are a lepton with its neutrino in
this article.

the lightest neutralino mass, if the t̃ → bχ̃±1 decay is dominant, top squark masses up to about 500 GeV
have been excluded.
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Figure 2. The left diagram illustrates the MGFull scheme and the right diagram illustrates the PNWA

scheme for the parameter space where m(t̃1) −m(χ̃0
1) < mt (see table 1 for an explanation of the

naming conventions). The green circles represent the full tree-level stop pair production matrix
element. The gray circles represent decays that do not include any matrix element information,
i.e., the particles are decayed using phase space alone. The superscripts (∗) denote particles that
can go off shell. This figure was adapted from the diagrams in [14].

distribution functions [34], and Pythia 8.2 [35] is always used for the parton shower and

hadronization. The stop pair production cross section is calculated using NLLFast [36–38];

we additionally correct for the numerical impact of the NWA (see section 2.2) when using

the NLLFast cross section to compute our final constraints. Detector effects are approx-

imated using Delphes 3.4.1 [39]. We use the default delphes card ATLAS.tcl card,

modified so that the jet radius is 0.4, in accordance with ATLAS. Jets are clustered with

the anti-kt algorithm [40, 41] within the FastJet 3.2.1 [42] framework. More information

regarding the event generation is given in section A.

The differences come into what approximation is assumed when decaying the stops.

The relevant Feynman diagrams for stop production1 and decay are given in figure 2. In

both the left and right diagrams, the circle connecting the proton lines represents all of the

possible diagrams that contribute to stop pair production, assuming the only particles be-

yond the Standard Model are the lightest stop and lightest neutralino. In the left diagram,

the stops decay to a neutralino and a top quark, which can be off shell. The top quark

then decays to a bottom quark and a W boson, which further decays leptonically (so as to

populate the signal region). This is the diagram for the most complete calculation (which

we use for computing the recasted limits below), implemented using MadGraph to compute

the full parton-level final state (before showering), and is referred to as MGFull. It can also

be interpreted as the calculation performed by MadSpin [43] (the approach currently taken

by ATLAS), which computes spin correlations taking all intermediate particles exactly on-

shell; we refer to this approach as MS. Previous ATLAS results, including the stop pair

production limit derived from σtt̄ [16], use Herwig++ [44] for their signal generation; how-

ever, Herwig++ is not considered here. The final approach (PNWA) is to allow Pythia to

decay the stops, which is equivalent to assuming a flat matrix element i.e. neglecting any

1Here we will follow the ATLAS conventions and express stop pair production as p p → t̃1 t̃1 instead of

p p → t̃1 t̃
∗
1.
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FIG. 3: Left: two dimensional 95% C.L. exclusion limits in the neutralino-stop mass plane. Our derived limits are shown in
red (with expected limits shown as a dashed line), LEP limits [63] in gray while the CMS direct stop search in the light stop
region [25] is shown in blue. Right: excluded regions for massless neutralino in the stop-top mass plane. Excluded region from
our analysis derived using the top cross section alone (i.e. without assuming prior knowledge of the top mass) are shaded in
red, while the LEP limits are shown in gray. The e↵ect of combining the �tt̄ measurement with current mt measurements
(assuming no stop contamination) is shown as a blue line. Expected limits are shown as dashed lines. For both plots we assume
right-handed stop, t̃R.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 � 100GeV, due to the less e�cient t ! t̃�0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (m

t̃
, m�

0
1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, m�

0
1
. 20GeV, while

it is not e↵ective for higher masses because signal rates
rapidily become too low with increasing m�

0
1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of �tt̄ presented in [59]. We show the
limits of this scenario in the (m

t̃
,mt) plane for massless

bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce �tt̄, thus compensating the e↵ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di↵erent analysis techniques and given
the O(2GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-
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Figure 2: Normalized MT2 distributions for various mass hypotheses for the top squark and
for the neutralino. Variables at the generator level are used for tt and signal events with two
generated leptons with pT of at least 20 GeV and |h|  2.4. The last bin includes the overflow.

6 Background estimation

The tt process accounts for approximately 94% of the total background yields in the selected
region, and is modelled from MC simulation using the sample described in Section 3. For
this modelling, a top quark mass of 172.5 GeV is assumed. The accurate knowledge of the tt
production process has been previously demonstrated in several cross section measurements
by the CMS Collaboration [31]. Moreover, its differential cross section as a function of different
variables has been measured [72] and MC parameters have been tuned using an independent
data sample [39]. The MC tuning does not produce a significant modification of the MT2 shape.
The main parameters affecting the tt modelling and their associated uncertainties are discussed
in Section 7. The tW background gives the second-largest contribution, approximately 4%, and
is also modelled using MC simulation.

The number of events with nonprompt leptons, including the contribution of events with jets
misidentified as leptons or with leptons coming from the decay of a bottom quark mistakenly
identified as coming from the hard process, is estimated from an observed control region in
which the electron and muon are required to have the same sign of the electric charge (referred
to as same-sign), while all other requirements for the event selection are the same as for the
signal region. This background is estimated using the observed events in the control region
after subtraction of the contribution from the backgrounds that produce prompt leptons. This
contribution is estimated from MC simulation and comes mainly from ttW and ttZ events or
dileptonic tt with a mismeasurement of the electron charge. The events in this control region are
weighted by the expected ratio of opposite-sign to same-sign events with nonprompt leptons
after the full event selection, which is estimated in MC simulation to be 1.2 ± 0.1 (syst).

Other background contributions are estimated using MC simulation and come from DY, VV
(WW, WZ, and ZZ), ttW, and ttZ events, for a total contribution of about 1%.

A good agreement between data and SM predictions after the full event selection and after
the corrections described in Section 4 is observed, within the uncertainties, and is shown in
Fig. 3 for the leading and subleading lepton pT, p

miss
T , and the angle between the momentum

of the leptons in the transverse plane (Df(e, µ)). The considered uncertainties are described in
Section 7.

~ ~

CMS eμ search, based on 36 fb-1

MT2 main discriminating variable; 
endpoint @ mW for tt events, changes 
with ∆m(stop-neutralino) and MET

Results interpreted for stop masses 
between 170 and 250 GeV;  
t → tχ0 decay mode considered

5

than 20 GeV, to avoid selecting low mass resonances, are selected. The transverse momentum
of the highest-pT (leading) lepton must be at least 25 GeV. In case more than two leptons are
present in the event, the dilepton pair is formed using the two highest pT leptons, and the
event is selected if that pair satisfies the aforementioned requirements. Selected events are also
required to contain at least two jets, at least one of which must be a b-tagged jet.

5 Search strategy

After the event selection, the vast majority of events (⇡98%) come from top quark production
processes (tt, tW). For a top squark mass similar to that of the top quark, the production cross
section of the signal process is expected to amount to up to 125 pb, corresponding to about 15%
of the SM tt production cross section. However, the kinematics of the final-state particles are
very similar in both processes, so a control region for the tt background with small signal con-
tamination is impossible to define. The sensitivity of the analysis comes from a precise estimate
of the tt background, using MC simulation and exploiting the 6% [54] theoretical uncertainties
on the predicted cross section and the even smaller [31, 69] experimental uncertainties on the
measurement. Additional sensitivity comes from the small kinematic differences between the
target signal and the tt background, which become more important with increasing top squark
mass and increasing mass difference between the top squark and neutralino.

For a top squark mass of 245 GeV, the cross section decreases to ⇡24 pb, but the presence of
massive neutralinos (mec0

1
> 50 GeV) in the event can result in additional p

miss
T . To account

for this, following previous top squark searches [26], the sensitivity of the analysis is further
increased by using the shape of the MT2 variable, defined as

MT2 = min
~pmiss

T,1 +~pmiss
T,2 =~p miss

T

⇣
max

h
mT(~p

`1
T ,~pmiss

T,1 ), mT(~p
`2
T ,~pmiss

T,2 )
i⌘

, (1)

where mT is the transverse mass and ~pmiss
T1 , ~pmiss

T2 correspond to the estimated transverse mo-
menta of two neutrinos that are presumed to determine the total ~pmiss

T of the event. The trans-
verse mass is calculated for each lepton-neutrino pair, for different assumptions of the neutrino
pT. The computation of MT2 is done using the algorithm discussed in Ref. [70]. The MT2 dis-
tribution has a kinematic endpoint at the mass of the W boson in the case of tt events [71],
while this is not true if extra invisible particles are present in the event. For models where
met1

⇡ mt, the discriminating power of MT2 is limited but the signal cross section is high enough
to have sensitivity to the presence of a signal over the background expectation. Since events
with MT2 = 0 GeV do not provide any discrimination between signal and tt background, only
events with MT2 > 0 GeV are used for hypothesis testing.

Figure 2 shows the MT2 distributions for signal and background for different mass hypotheses
for the stop squark and neutralino. The MT2 distributions of the simulated signal models are
characterized by a slightly different shape for MT2 values smaller than 80 GeV and a large dif-
ference for MT2 > 80 GeV, because of the presence of the endpoint in the MT2 distribution for
tt events. This difference increases significantly when Dm = met1

� mec0
1

is different from the top
quark mass (Fig. 2 left). Furthermore, the differences in MT2 are large for signal points charac-
terized by large neutralino masses, which have additional p

miss
T to the event (keeping Dm ⇡ mt,

Fig. 2 right).
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Figure 4: MT2 distribution (prefit) for data and predicted background. The MT2 distribution
for a signal corresponding to a top squark mass of 205 GeV and a neutralino mass of 30 GeV
is also shown, stacked on top of the background estimate. The hatched bands correspond to
the combined systematic and statistical uncertainties on background rates. The last bin of the
histogram includes the overflow events. The lower pane shows the ratio between the observed
data and the predicted SM background.

pothesis. A binned profile likelihood fit of the MT2 distribution is performed, where the nui-
sance parameters are modelled using log-normal distributions. All the systematic uncertain-
ties described in Section 7.2 and 7.1 are assigned to each MT2 bin individually, and treated as
correlated among all MT2 bins and all processes. The statistical uncertainties are treated as
uncorrelated nuisance parameters in each bin of the MT2 distribution.

Upper limits on the top squark pair production cross section are calculated at 95% confidence
level (CL) using a modified frequentist approach and the CLs criterion, implemented through
an asymptotic approximation [80–83]. All the uncertainties in the background and signal pre-
dictions described in Section 7 are modelled as nuisance parameters and profiled in the fit.

We interpret the results for different signals characterized by top squark masses from 170 to
250 GeV and by three different mass differences between the top squark and the neutralino:
Dm(et1, ec0

1) = 167.5, 175.0, and 182.5 GeV. The sensitivity of the analysis to SUSY models with
low neutralino masses and Dm(et1, ec0

1) = mt comes mostly from the signal normalization, while
the differences on MT2 shape become important for top squark masses greater than 210 GeV.
For the difference in masses of Dm(et1, ec0

1) = 167.5 and 182.5 GeV, the sensitivity of the analysis
is mostly driven by the differences between the signal and tt distributions for high MT2 values
(MT2 & 80 GeV). The expected and observed upper limits on the signal strength, defined as the
ratio between the excluded and the predicted cross sections, are shown in Fig. 5.

We exclude the presence of a signal up to a top squark mass of 208 GeV for Dm(et1, ec0
1)� 175 =

0 GeV and up to top squark masses of 235 (242) GeV for Dm(et1, ec0
1)� 175 = +(�)7.5 GeV.
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Figure 5: Expected and observed upper limits at 95% CL on the signal strength as a function of
the top squark mass for met1

� mec0
1
= 175 GeV (upper left), met1

� mec0
1
= 167.5 GeV (upper right)

and met1
� mec0

1
= 182.5 GeV (lower). The green dark and yellow light bands correspond to the

68 and 95% CL ranges of the expected upper limits.

9 Summary

A search is presented for a top squark with a mass difference from the neutralino mass close to
the top quark mass, met1

� mec0
1
⇡ mt, using events with one opposite-sign electron-muon pair,

at least two jets, and at least one b jet. The et1 ! tec0
1 decay mode is considered, and different

top squark masses are explored up to 240 GeV with neutralino masses of mec0
1
⇡ met1

� mt. The
MT2 variable is used in a binned profile likelihood fit to increase the sensitivity, owing to the
different kinematic distributions between the signal and the tt background. Further sensitivity
is gained from the absence of a kinematic endpoint in this variable for the signal.

No excess is observed and upper limits are set at 95% confidence level on the top squark pro-
duction cross section for top squark masses up to 208 GeV in models with met1

� mec0
1
⇡ mt and

masses up to 235 (242) GeV in models with a mass difference of +(�)7.5 GeV. This result sig-
nificantly extends the exclusion limits of top squark searches at the LHC to higher top squark
masses in the region where met1

� mec0
1
⇡ mt, that was previously unexplored.
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Figure 2: Normalized MT2 distributions for various mass hypotheses for the top squark and
for the neutralino. Variables at the generator level are used for tt and signal events with two
generated leptons with pT of at least 20 GeV and |h|  2.4. The last bin includes the overflow.

6 Background estimation

The tt process accounts for approximately 94% of the total background yields in the selected
region, and is modelled from MC simulation using the sample described in Section 3. For
this modelling, a top quark mass of 172.5 GeV is assumed. The accurate knowledge of the tt
production process has been previously demonstrated in several cross section measurements
by the CMS Collaboration [31]. Moreover, its differential cross section as a function of different
variables has been measured [72] and MC parameters have been tuned using an independent
data sample [39]. The MC tuning does not produce a significant modification of the MT2 shape.
The main parameters affecting the tt modelling and their associated uncertainties are discussed
in Section 7. The tW background gives the second-largest contribution, approximately 4%, and
is also modelled using MC simulation.

The number of events with nonprompt leptons, including the contribution of events with jets
misidentified as leptons or with leptons coming from the decay of a bottom quark mistakenly
identified as coming from the hard process, is estimated from an observed control region in
which the electron and muon are required to have the same sign of the electric charge (referred
to as same-sign), while all other requirements for the event selection are the same as for the
signal region. This background is estimated using the observed events in the control region
after subtraction of the contribution from the backgrounds that produce prompt leptons. This
contribution is estimated from MC simulation and comes mainly from ttW and ttZ events or
dileptonic tt with a mismeasurement of the electron charge. The events in this control region are
weighted by the expected ratio of opposite-sign to same-sign events with nonprompt leptons
after the full event selection, which is estimated in MC simulation to be 1.2 ± 0.1 (syst).

Other background contributions are estimated using MC simulation and come from DY, VV
(WW, WZ, and ZZ), ttW, and ttZ events, for a total contribution of about 1%.

A good agreement between data and SM predictions after the full event selection and after
the corrections described in Section 4 is observed, within the uncertainties, and is shown in
Fig. 3 for the leading and subleading lepton pT, p

miss
T , and the angle between the momentum

of the leptons in the transverse plane (Df(e, µ)). The considered uncertainties are described in
Section 7.
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Figure 14: The inclusive (a) �� and (b) �⌘ distributions compared to the sum of the SM and SUSY predictions,
for mt̃1 = 170 GeV and 210 GeV, and m�̃0

1
= 0.5 GeV as well as the �� in regions of �⌘: (c) |�⌘ | < 1.5, (d)

1.5 < |�⌘ | < 2.5, and (e) 2.5 < |�⌘ | < 4.5. The dark uncertainty bands in the ratio plots represent the statistical
uncertainties while the light uncertainty bands represent the statistical and systematic uncertainties added in quadrature.
The systematic uncertainties include contributions from leptons, jets, missing transverse momentum, background
modelling, pile-up modelling and luminosity, but not PDF or tt̄ modelling uncertainties.
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ATLAS SUSY interpretation of spin correlation 
measurement, eμ events, based on 36 fb-1

left-handed stops considered; signal events  
simulated with MadSpin & tops allowed to be off-shell

arXiv:1903.07570, submitted to EPJC

Analysis sensitive 
to changes in yield 

and shape
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ATLAS SUSY interpretation of spin correlation 
measurement, eμ events, based on 36 fb-1

left-handed stops considered; signal events  
simulated with MadSpin & tops allowed to be off-shell

arXiv:1903.07570, submitted to EPJC
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Figure 16: Expected and observed limits at 95% CL on the top squark pair-production cross-section as a function
of m�̃0

1
and mt̃1 assuming a 100% branching ratio for t̃1 ! t �̃0

1 decays. The dashed line shows the expected limit
with ±1 standard deviation band. The solid line shows the observed limit with the ±1� (dotted) SUSY cross-section
theoretical uncertainties.
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tt cross-section ratio allows unique testing 
ground for new physics

Demonstrates  
potential impact  
of top mass on  
stop limits
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Figure 16: Expected and observed 95% CL limits on the signal strength µ (defined as the ratio of the obtained stop
cross section to the theoretical prediction) for the production of t̃1 pairs as a function of mt̃1

. The stop is assumed to
decay as t̃1 ! t�̃0

1 or through its three-body decay depending on its mass. The neutralino is assumed to have a mass
of 1 GeV. The black dotted line shows the expected limit with ±1� uncertainty band shaded in yellow, taking into
account all uncertainties except the theoretical cross-section uncertainties on the signal. The red solid line shows
the observed limit, with dotted lines indicating the changes as the nominal signal cross section is scaled up and
down by its theoretical uncertainty. The short blue and purple dashed lines indicate how the observed limits with
the signal cross section reduced by one standard deviation of its theoretical uncertainty for mt̃1

< mt when the top
quark mass is assumed instead to be 173.5 ± 1.0 and 175.0 ± 1.0 GeV.

B.2.1. Final states with two leptons at intermediate values of mT2(WW)

The measurement of the production cross section of nonresonant WW pairs in the two-lepton channel
at the LHC [113–115] has given rise to theoretical speculations [116–118] which interpret the possible
excess as due to the production of a light stop. The mass hierarchy favoured by these speculations includes
a t̃1 with mass around 200 GeV, a �̃±1 degenerate with it, and m�̃±1

� m�̃0
1

of a few tens of GeV: possible
hadronic decay products of the t̃1 ! b�̃±1 transition would have low pT and would allow the events
to survive the tight jet-veto selections applied in the SM cross-section measurement. Dedicated signal
regions, defined by requiring two di↵erent-flavour opposite-sign leptons in the final states, are designed
to have maximum sensitivity to such scenarios. The approach is also sensitive to scenarios where the stop
decays predominantly through the three-body t̃1 ! bW�̃0

1 or four-body t̃1 ! b`⌫�̃0
1 decay.

MC simulated events are used to model the signal and to describe all backgrounds that produce two
prompt leptons from W, Z or h decay. For processes whose predicted yield in the signal regions is small,

34

Could stealth stop 
bias the measurement 
of the top mass…? 
see arXiv:1909.09670, 
PLB 743 (2015) 218

ATLAS, EPJC 74 (2014) 3109 
ATLAS, EPJC 75 (2015) 510 
CMS, EPJC 79 (2019) 313

_
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WGtopLHC
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World comb. (Mar 2014) [2]
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Cohen, SM,  

Ostdiek, Zheng  
arXiv:1909.09670

All-hadronic Di-leptonic Semi-leptonic

m(t̃1) 172.2 GeV 166.5 GeV 160.8 GeV

Bias �0.5 GeV �2.0 GeV �1.3 GeV

Table 1: Summary of the maximum bias on the measured mt due to stop contam-
ination in each channel, assuming m(�̃0

1) = 1 GeV. The top row shows the mass of
the stop that maximally biases the experimentally measured mass from the Monte
Carlo truth mass. The size of the bias in the measurement for each channel is shown
in the bottom row.

shown as an orange star. Two neutralino mass points are shown: m(�̃0
1) = 1 GeV

(center) and m(�̃0
1) = 20 GeV (right) for a range of stop and top masses. The

maximum bias for each channel is also summarized in Table 1. The bias in the
observed top mass depends on the mass of the contaminating stops, and it can be as
large as 2.0 GeV in the di-leptonic channel.

Our results have an important impact on interpretations of stop exclusion in the
stealth stop region. Both precision measurements and direct searches have attempted
to whittle away the apparent available parameter space to a mere “splinter.” An early
ATLAS approach to examining this region relied on precision measurements of the
top cross section [46], although only results for m(�̃0

1) = 1 GeV were presented.
This motivated our previous study [42], where we performed a careful recasting of
the ATLAS exclusion to extend it into the full stop-neutralino mass plane. More
recently, both ATLAS [47] and CMS [48] have exploited the clean signature and
angular distributions of eµ events, nearly excluding the narrow splinter-like region.
However, Ref. [49] shows that observed limits on the stop mass using the tt̄ cross
section ratio at 7 and 8 TeV center-of-mass energy collisions at the LHC drop from
around 180 GeV to 160 GeV if the top mass is changed from 172.5 to 175 GeV,
indicating that O(1 GeV) shifts in the top mass can have an appreciable impact on
the stop limits. In this paper we demonstrate that stealth stops can contaminate
the top mass measurement at this level, which would lead one to infer that the top
mass is lighter than its true underlying value. To know if we have actually closed the
window on light stops, the interplay between the measured top mass and the stealth
stop exclusion limits must be rigorously explored.

2 The Template Method

Any discussion relating the theoretical mass of a particle to an experimental observ-
able requires care. From a quantum field theory point of view, the choice of scheme
is defined by how one decides to remove the UV divergences when renormalizing per-

– 6 –

Figure 1: Parameters which give the best fit for the top mass measurement by
ATLAS by combining the three different channels at

p
s = 8 TeV. The ATLAS mea-

surements of the three different channels are shown in the left panel: all-hadronic [11]
(mt = 173.72 ± 1.15 GeV), semi-leptonic [12] (mt = 172.08 ± 0.91 GeV), and di-
leptonic [13] (mt = 172.99 ± 0.84 GeV). Assuming the SM only, the green band
shows our crude best-fit value of mcomb

t with its associated uncertainty and the black
band shows the ATLAS combination

�
m

ATLAS

t

�
given in Ref. [12], taking into account

7 and 8 TeV data. The center and right panels illustrate the impact of stealth stop
contamination, where we show the best fit point in the mt - m(t̃1) plane (marked by
the orange star), and the 1-� confidence interval as shaded bands. When the stops
must decay through an off-shell top, they shift the reconstructed template mass ex-
traction to values that are smaller than the actual top mass chosen in the Monte
Carlo event generation.

combination3 assuming uncorrelated Gaussian error bars, which is consistent with
the sophisticated combination performed by ATLAS that includes the

p
s = 7 TeV

dataset. A general review of the template method together with an illustrative toy
example is presented in Sec. 2. In Sec. 3, we present a detailed analysis of the semi-
leptonic channel and propose an improved strategy that requires minor modifications
to the current ATLAS approach.

The potential contamination from a stealth stop is modeled using the “stop-
neutralino” Simplified Model [14–16], which is inspired by the “more minimal SUSY
SM” [17, 18]. Under the well-motivated assumption the lightest superpartner is a
stable state, phenomenological viability requires that the particle be neutral, thereby
providing a dark matter candidate [19, 20], the so-called lightest neutralino �̃

0

1. The
rate of direct stop pair production is fully specified by m(t̃1), and each stop subse-

3
The details of our naive approach for combining measurements are presented in App. E.

– 4 –

recast of top mass 
measurements with 
stop contamination

Figure 10: The distributions that are used as input to the template procedure.
Moving from left to right shows all three channels for the tt̄ sample (blue), the t̃1t̃

⇤
1

sample (orange), and the combination (green), where the masses are taken to be
mt = 172.5 GeV and m(t̃1) = 164 GeV with m(�̃0

1) = 1 GeV. Stop contamination
tends to shift the distributions slightly to the left.

To get a sense of the impact that stealth stops can yield, Fig. 10 shows the
shape of the potential stop contribution to the observable O used to generate the
template for each channel from top pair production with mt = 172.5 GeV (blue
solid), stop pair production (orange solid) with m(t̃1) = 164 GeV, m(�̃0

1) = 1 GeV,
and the combined distribution (green solid). Note that in the semi-leptonic channel,
we use the two-dimensional observable introduced in Sec. 3.5, but plot the one-
dimensional slice along the mdiag

t ⌘ m
had
t = m

lep
t diagonal. Each of these distributions

are normalized using the production cross section times efficiency to pass the relevant
pre-selection cuts, assuming an integrated luminosity of L = 20.2 fb�1. While the
stop contribution is clearly subdominant, it peaks at a slightly lower value in each
observable than tt̄. This has the effect of biasing the combined sample such that
the extracted Monte Carlo top mass that best fits the combined distribution is lower
than the true value of mt.

The results of our study for all three channels are presented in two different
ways: the first representation is provided in Fig. 11, and the second is in Fig. 12.10

The colored horizontal lines in Fig. 11 denote the mass that is extracted using the
pure SM sample for true top masses of 167.5, 170, 172.5, and 175 GeV, respectively,
as one moves from the bottom to top of each panel. The thick black lines show
contours of constant reconstructed top mass when using the templates made using
only tt̄. Values of the contours are chosen to match the closure test values for the

10
Both plots show contours of the mass which would be extracted from templates made using

the SM only assumption when the real data is contaminated by stops. The contours are made in

the same way for both plots, but different contours are shown to highlight different aspects of the

contamination.
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Summary & Outlook
Over 20 years after its discovery, the massive top quark plays a 
central role in searching for new physics at the LHC

Measurements have improved our background estimates and 
increased our sensitivity to new physics in challenging regions of 
phase space; continued synergies are needed!

Care must be taken when interpreting limits  
in the ‘stealth’ region — a thorough treatment  
is needed to ensure stops are not hiding here! 

ATLAS and CMS results using the full Run 2  
dataset have begun to appear; stay tuned for  
the full suite of updated stop searches



S. Majewski, University of Oregon Top 2019

Additional Material

!26



S. Majewski, University of Oregon Top 2019

Direct Stop Searches

!27

CMS-PAS-SUS-19-009

4. Event reconstruction and search strategy 5

to as a merged tagger, is trained to identify top quarks with large pT boost, where the decay
products are merged into a single jet (merged top decay). The identification of this boosted top
quark signature is based on jets clustered with a distance parameter of 0.8.
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Figure 2: Distributions of Emiss
T (top left) and NJ (top right) are shown after applying the pre-

selection requirements in Table 1, including the requirement on the variable shown. Distri-
butions of MT (bottom left) and min Df(j1,2,~Emiss

T ) (bottom right) are shown after applying
the preselection requirements, excluding the requirement on the variable shown. The stacked
histograms showing the SM background contributions are from simulation. Distribution of ob-
served events are shown as points with errors bars corresponding to the statistical uncertainty.
The last bin in each distribution includes the overflow events. The expectations for three signal
hypotheses are overlaid. The corresponding numbers in parentheses in the legends refer to the
masses of the top squark and neutralino, respectively.

4.1 Search strategy

The signal regions for the standard search are summarized in Table 2, and are defined by cat-
egorizing events passing the preselection requirements based on NJ, the number of identified
hadronic top quarks, Emiss

T , the invariant mass (M`b) of the lepton and the closest b-tagged jet
in DR, and a modified version of the topness variable [82], tmod, which is defined as [27]:

tmod = ln(min S), with S =

⇣
m2

W � (pn + p`)2
⌘2

a4
W

+

⇣
m2

t � (pb + pW)2
⌘2

a4
t

with aW = 5 GeV and at = 15 GeV, and with the constraint ~Emiss
T = ~pT,W + ~pT,n. The tmod

variable is a c2-like variable that discriminates signal from leptonically decaying tt events: an
event with a small value of tmod is likely to be a dilepton tt event, while signal events tend
to have larger tmod values. The first term in its definition corresponds to the top quark decay

8
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Figure 3: Distributions of tmod (top left), M`b (top right), the merged top tagging discriminant
(bottom left), and the resolved top tagging discriminant (bottom right) are shown after the
preselection requirements. The stacked histograms showing the SM background contributions
are from the simulation. Distribution of observed events are shown as points with errors bars
corresponding to the statistical uncertainty. Events outside the range of the distributions shown
are included in the first or last bins. The expectations for three signal hypotheses are overlaid.
The corresponding numbers in parentheses in the legends refer to the masses of the top squark
and neutralino, respectively.

modified from “topness” defined in: Graesser and Shelton, PRL 111, 121802 (2013)

Modified “topness” (tmod)
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8. Summary 15

Table 8: The observed and expected yields for signal regions targeting scenarios of top squark
production with a compressed mass spectrum.

NJ Nb,med Nb,soft
Emiss

T Lost 1` (not 1` Z ! nn̄
Total Total

[ GeV ] lepton from t) (from t) expected observed

� 5 � 1 � 0

250 – 350 403+40
�39 21+8

�8 71 ± 71 17 ± 4 511+81
�81 513

350 – 450 108+15
�15 6.8+2.6

�2.5 12 ± 12 7.8 ± 1.6 134+20
�19 140

450 – 550 31+8
�8 2.5+1.0

�0.9 2.0 ± 2.0 2.9 ± 0.8 39+9
�8 37

550 – 750 11+5
�4 1.4+0.7

�0.6 0.3 ± 0.3 1.8 ± 0.5 14+5
�4 10

> 750 1.8+1.2
�1.0 1.9+2.5

�1.9 0.2 ± 0.2 0.3 ± 0.1 4.1+2.7
�2.2 6

� 3 � 0 � 1

250 – 350 201+21
�20 37+7

�7 27 ± 27 10.4 ± 1.5 276+35
�35 268

350 – 450 38+7
�6 11.6+2.2

�2.2 3.4 ± 3.4 4.3 ± 0.9 58+8
�8 60

450 – 550 11+4
�3 3.3+0.6

�0.6 0.7 ± 0.7 1.7 ± 0.6 17+4
�3 16

550 – 750 3.5+2.6
�1.9 2.1+0.5

�0.5 – 1.1 ± 0.8 6.6+2.8
�2.1 6

> 750 0.4+0.4
�0.4 0.4+0.2

�0.2 0.02 ± 0.02 0.2 ± 0.4 1.0+0.6
�0.6 4
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Figure 5: The observed and expected yields in Tables 7 and 8 and their ratios are shown
as stacked histograms. The uncertainties consist of statistical and systematic components
summed in quadrature and are shown as shaded bands.

to 1.2 TeV are set for a massless ec0
1. For models with aet mass of 1 TeV, ec0

1 masses up to 600 GeV
are excluded.
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Table 6: Summary of systematic uncertainties. The range of values reflect their impact on the
estimated backgrounds and signal yields in different signal regions.

Source Signal Lost lepton 1` background Z ! nn̄
Data statistical uncertainty — 5–50% 4–30% —
Simulation statistical uncertainty 6–36% 3–68% 5–70% 4–41%
tt Emiss

T modeling — 3–50% — —
QCD scales 1–5% 0–3% 2–5% 1–40%
Parton distribution — 0–4% 1–8% 1–12%
Pileup 1–5% 1–8% 0–5% 0–7%
Luminosity 2.3–2.5% — — 2.3–2.5%
W + b cross section — — 20–40% —
Z ! nn estimate — — — 5–10%
System recoil (ISR) 1–13% 0–3% — —
Jet energy scale 2–24% 1–16% 1–34% 1–28%
Emiss

T resolution — 1–10% 1–5% —
Trigger 2–3% 1–3% — 2–3%
Lepton efficiency 3–4% 2–12% — 1–2%
Merged top tagging efficiency 3–6% — — 5–10%
Resolved top tagging efficiency 5–6% — — 3–5%
b tagging efficiency 0–2% 0–1% 1–7% 1–10%
Soft b tagging efficiency 2–3% 0–1% 0–1% 0–5%

approach, employing the CLs criterion and an asymptotic formulation [85–88]. When comput-
ing the limit, the expected signal yields are corrected for the possible contributions of signal
events to the control regions. These corrections are typically around 5–10%.

For the models in which both top squarks decay to a top quark and an ec0
1, the limits are derived

from the Dm
�et , ec0

1
�
⇠ mW search regions when 100  Dm

�et , ec0
1
�
 150 GeV, and from the

Dm
�et , ec0

1
�
⇠ mt search regions when 150  Dm

�et , ec0
1
�
 225 GeV. For all other models, the

cross section limits are obtained from the standard search regions.

In the case of Dm
�et , ec0

1
�
⇠ mW, the specially designed signal regions result in improvements

of up to a factor of five in cross section sensitivity with respect to the results that would have
been obtained based on the standard search regions. On the other hand, the corresponding
improvements from the signal regions designed for Dm

�et , ec0
1
�
⇠ mt are typically only 10–20%.

The 95% CL upper limits on cross sections for the pp ! etet ! t(⇤)t (⇤) ec0
1 ec0

1 process, as a function
of sparticle masses and assuming that top quarks are not polarized, are shown in Fig. 6. In
this figure we also show the excluded region of parameter space based on the expected cross
section for top squark pair production. We exclude the existence of top squarks with mass up to
1.2 TeV for massless ec0

1, and neutralinos with masses up to 600 GeV for met = 1 TeV. The white
band corresponds to the region |met � mt � mec0

1
| < 25 GeV, met < 275 GeV, where the selection

acceptance for top squark pair production changes rapidly. In this region, the interpretation is
very sensitive to details of the simulation model, so no interpretation is performed.

Figures 7 and 8 display the equivalent limits for the pp ! etet ! bb ec±
1 ec±

1
�
ec±

1 ! W ec0
1
�

and
pp ! etet ! tbec±

1 ec0
1
�
ec±

1 ! W⇤ ec0
1
�

scenarios, respectively. These models are characterized
by three mass parameters (for the top squark, the chargino, and the neutralino). In the mixed
decay scenario of Fig. 8 we have assumed a compressed mass spectrum for the neutralino-
chargino pair, which is theoretically favored if the ec±

1 and the ec0
1 are higgsinos. Our search
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Figure 2: Normalized MT2 distributions for various mass hypotheses for the top squark and
for the neutralino. Variables at the generator level are used for tt and signal events with two
generated leptons with pT of at least 20 GeV and |h|  2.4. The last bin includes the overflow.

6 Background estimation

The tt process accounts for approximately 94% of the total background yields in the selected
region, and is modelled from MC simulation using the sample described in Section 3. For
this modelling, a top quark mass of 172.5 GeV is assumed. The accurate knowledge of the tt
production process has been previously demonstrated in several cross section measurements
by the CMS Collaboration [31]. Moreover, its differential cross section as a function of different
variables has been measured [72] and MC parameters have been tuned using an independent
data sample [39]. The MC tuning does not produce a significant modification of the MT2 shape.
The main parameters affecting the tt modelling and their associated uncertainties are discussed
in Section 7. The tW background gives the second-largest contribution, approximately 4%, and
is also modelled using MC simulation.

The number of events with nonprompt leptons, including the contribution of events with jets
misidentified as leptons or with leptons coming from the decay of a bottom quark mistakenly
identified as coming from the hard process, is estimated from an observed control region in
which the electron and muon are required to have the same sign of the electric charge (referred
to as same-sign), while all other requirements for the event selection are the same as for the
signal region. This background is estimated using the observed events in the control region
after subtraction of the contribution from the backgrounds that produce prompt leptons. This
contribution is estimated from MC simulation and comes mainly from ttW and ttZ events or
dileptonic tt with a mismeasurement of the electron charge. The events in this control region are
weighted by the expected ratio of opposite-sign to same-sign events with nonprompt leptons
after the full event selection, which is estimated in MC simulation to be 1.2 ± 0.1 (syst).

Other background contributions are estimated using MC simulation and come from DY, VV
(WW, WZ, and ZZ), ttW, and ttZ events, for a total contribution of about 1%.

A good agreement between data and SM predictions after the full event selection and after
the corrections described in Section 4 is observed, within the uncertainties, and is shown in
Fig. 3 for the leading and subleading lepton pT, p

miss
T , and the angle between the momentum

of the leptons in the transverse plane (Df(e, µ)). The considered uncertainties are described in
Section 7.

CMS eμ search, based on 36 fb-1

MT2 main discriminating variable; 
endpoint @ mW for tt events, changes 
with ∆m(stop-neutralino) and MET

5

than 20 GeV, to avoid selecting low mass resonances, are selected. The transverse momentum
of the highest-pT (leading) lepton must be at least 25 GeV. In case more than two leptons are
present in the event, the dilepton pair is formed using the two highest pT leptons, and the
event is selected if that pair satisfies the aforementioned requirements. Selected events are also
required to contain at least two jets, at least one of which must be a b-tagged jet.

5 Search strategy

After the event selection, the vast majority of events (⇡98%) come from top quark production
processes (tt, tW). For a top squark mass similar to that of the top quark, the production cross
section of the signal process is expected to amount to up to 125 pb, corresponding to about 15%
of the SM tt production cross section. However, the kinematics of the final-state particles are
very similar in both processes, so a control region for the tt background with small signal con-
tamination is impossible to define. The sensitivity of the analysis comes from a precise estimate
of the tt background, using MC simulation and exploiting the 6% [54] theoretical uncertainties
on the predicted cross section and the even smaller [31, 69] experimental uncertainties on the
measurement. Additional sensitivity comes from the small kinematic differences between the
target signal and the tt background, which become more important with increasing top squark
mass and increasing mass difference between the top squark and neutralino.

For a top squark mass of 245 GeV, the cross section decreases to ⇡24 pb, but the presence of
massive neutralinos (mec0

1
> 50 GeV) in the event can result in additional p

miss
T . To account

for this, following previous top squark searches [26], the sensitivity of the analysis is further
increased by using the shape of the MT2 variable, defined as

MT2 = min
~pmiss

T,1 +~pmiss
T,2 =~p miss

T

⇣
max

h
mT(~p

`1
T ,~pmiss

T,1 ), mT(~p
`2
T ,~pmiss

T,2 )
i⌘

, (1)

where mT is the transverse mass and ~pmiss
T1 , ~pmiss

T2 correspond to the estimated transverse mo-
menta of two neutrinos that are presumed to determine the total ~pmiss

T of the event. The trans-
verse mass is calculated for each lepton-neutrino pair, for different assumptions of the neutrino
pT. The computation of MT2 is done using the algorithm discussed in Ref. [70]. The MT2 dis-
tribution has a kinematic endpoint at the mass of the W boson in the case of tt events [71],
while this is not true if extra invisible particles are present in the event. For models where
met1

⇡ mt, the discriminating power of MT2 is limited but the signal cross section is high enough
to have sensitivity to the presence of a signal over the background expectation. Since events
with MT2 = 0 GeV do not provide any discrimination between signal and tt background, only
events with MT2 > 0 GeV are used for hypothesis testing.

Figure 2 shows the MT2 distributions for signal and background for different mass hypotheses
for the stop squark and neutralino. The MT2 distributions of the simulated signal models are
characterized by a slightly different shape for MT2 values smaller than 80 GeV and a large dif-
ference for MT2 > 80 GeV, because of the presence of the endpoint in the MT2 distribution for
tt events. This difference increases significantly when Dm = met1

� mec0
1

is different from the top
quark mass (Fig. 2 left). Furthermore, the differences in MT2 are large for signal points charac-
terized by large neutralino masses, which have additional p

miss
T to the event (keeping Dm ⇡ mt,

Fig. 2 right).
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Figure 13: The left panel shows the 95% CL limit as a function of the tt̄ uncer-
tainty reduction for four points in the (m(t̃1),m(�̃0

1)) parameter space. The right
panel shows how the limit in the m(�̃0

1) versus m(t̃1) plane could be improved if the
uncertainty on the tt̄ cross section were reduced by factors of 2 (dashed) and 10
(dotted).

stop events are still not excluded. Measuring the mass of the top quark to better
accuracy using unrelated kinematic measurements, as well as improving the pdf and
scale uncertainties, could reduce this systematic, thereby yielding a stronger limit.
To illustrate the potential impact this could have, the left panel of Fig. 13 shows the
value of the signal strength that could be excluded at the 95% CL for a few different
mass points in our parameter scan as a function of the improvement factor for the
tt̄ cross-section uncertainty. For the massless neutralino parameter points (blue and
green), the value of the signal strength which is excluded drops very quickly as the
tt̄ cross-section uncertainty is reduced. The green line, with m(t̃1) = 190 GeV, goes
from being allowed to excluded by reducing the uncertainty by less than a factor of
2. However, the exclusion on the signal strength for the m(t̃1) = 230 GeV parameter
point never gets below 1, so it cannot be ruled out by reducing the tt̄ cross-section
uncertainty alone simply due to the lack of raw signal events.

The red and cyan lines are for a heavier neutralino m(�̃0
1) = 60 GeV. The

improvement on the excluded value of the signal strength does not change as dra-
matically when the tt̄ cross-section uncertainty is reduced. This occurs because the
b-jets are much softer when the neutralinos are heavier, and as such do not pass the
selection cuts as often. Intuitively, the size of the tt̄ cross-section uncertainty does
not have a large impact when so few stop events pass the selection cuts.

The right panel of Fig. 13 shows the exclusion computed here overlaid on the
stop splinter region. The blue shaded region is the same as in Fig. 11. The dashed
line shows how the excluded region would change if the uncertainty on the tt̄ cross
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Figure 3. The total width of a right handed stop computed assuming mt = 173.1GeV and
m(χ̃0

1) = 1GeV. The solid blue and dashed green lines are computed with MadGraph, by forcing
a two- and three-body decay respectively. Clearly, the two-body approach does not capture near
threshold effects (which can be important with multiple widths of the top as denoted by the thin
vertical lines), due to the phase space factor implicit in the two-body assumption. For reference, we
also show a comparison with SDecay in the red dot-dashed line, since it includes loop corrections
from QCD. However, clearly SDecay is not reliable near threshold.

2.2 Narrow width approximation

The Narrow Width Approximation (NWA) [46, 47] is typically assumed when interme-

diate unstable particles can contribute on-shell to processes of interest. We review the

approximation here; see e.g. [46–50] for additional discussions.

The essential physics is straightforward to understand. An unstable particle with mass

M and width Γ contributes to a process P via a propagator:

P =

∫ ∞

−∞

dq2

2π

∣∣∣∣
1

q2 −M2 + iΓM

∣∣∣∣
2

M̃(q2) , (2.1)

where q is the momentum flowing through the propagator of interest, and M̃(q2) represents

the rest of the (integrated and spin averaged) matrix element squared for P. Note that P
captures both decay and production. When the width is small compared to the mass of

the particle, the propagator is highly peaked near q2 ∼ M2. The rest of the matrix element

can then be evaluated at q2 = M2 using the integrated propagator:

∫ ∞

−∞
dq2

1

(q2 −M2)2 + Γ2M2
=

π

M Γ
. (2.2)

Thus in the NWA, P is given by:

P ≃ 1

2M Γ
M̃(M2) . (2.3)
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Figure 11. The shaded regions are excluded by our reinterpretation of the ATLAS tt̄ cross section
measurement at the 95% CL in the MGFull approximation. The left (right) panel shows when the
stop decays through a right- (left-) handed top. The red line shows what exclusion we would derive
if spin correlations were not taken into account, i.e. in the PNWA approximation.

do not specify the decay mode in this case). This is done both for right- and left-handed

stops, which decay through tL and tR, respectively. Note that for the left-handed stops,

we do not include a light left-handed sbottom in the spectrum.

At each point in parameter space, the value of the signal strength which is excluded

at 95% CLs is computed, and a linear interpolation is used to extrapolate between the

parameter points. The shaded regions in figure 11 show which points are excluded for the

full matrix element using the MGFull approximation. The left panel is for stops which decay

through a right-handed top, and in the right panel, the stops decay through a left-handed

top. The red line shows how the boundary shifts in the NWA without including the spin

correlations, the PNWA approximation.

These results show that neutralinos in the range 0GeV < m(χ̃0
1) ! 55GeV for m(t̃1) !

180GeV are excluded. There are only minor differences in the left- and right-handed stop

exclusions when using the full matrix element with spin correlations. The limit extends

smoothly betweenm(χ̃0
1) = 1GeV, through the sub-GeV parameter space (which is a region

of interest for new ideas in direct detection [63]), to m(χ̃0
1) = 0GeV. Spin correlations were

not critical for the validation plot figure 9 where m(χ̃0
1) = 1GeV; the exclusions were very

similar whether or not spin correlations were included. However, we see that in the full

plane, spin correlations play a role. If they are not included, exclusions are too aggressive at

large stop masses, pushing the would-be-excluded region to m(t̃1) ! 190GeV. In contrast,

for lighter stops, the bounds are too conservative and do not cover the full area that is

excluded when including more physics in the event generation.
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