
Greg Landsberg 

!

Taller de Altas Energías 2014 

Benasque, Spain 

September 25, 2014

Exotica Searches at the LHC 
Lecture 2 of 3



Search for stop  
pair production
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Direct Stop Signatures
✦ We will model the stop pair production via a “Simplified Model 

Scenario”, i.e. zooming only on the light SUSY particles that matter 
for this process and assuming all other SUSY particles to be heavy


✦ Focus on just two Feynman diagrams representing relevant 
production and decay: t → t+χ0 and t → b+χ+


๏ Both result in the same signature: bbW+W-+MET

๏ N.B. this is the same signature as tt production (unless both W’s decay 

hadronically) - gives you an idea of the dominant background
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Kinematic Regions
✦ Depending on the mass differences between the stop and 

neutralino (chargino), several kinematic regions are defined:

!
!
!
!
!
!

✦ Different regions correspond to different challenges, so 
search strategy generally depends on the region


✦ Given that 4-body decays are enormously suppressed 
kinematically, the region ΔM < MW in the tχ0 mode is usually 
covered by other channels, e.g. FCNC t →cχ0 decay
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Monte Carlo Samples
✦ One does have to rely on MC for estimating signal acceptance


๏ Having signal MC is a prerequisite for any search analysis

๏ This analysis uses MadGraph 5 LO generator, with up to two additional 

partons at the matrix element level in a grid of m(t) vs. m(χ0) 

๏ The decay of the stops and fragmentation are simulated with Pythia 6 

generator, assuming 100% branching fraction in either the tχ0 or bχ+ final 
state


๏ Both the 2-body and 3-body decays are considered; in the case of the bχ+ 

final state, an additional mass parameter is used: m(χ+) = xm(t) +  
(1-x)m(χ0), with x = 0…1, which defines the chargino mass between the 
neutralino (x=0) and stop (x=1) masses


✦ One may or may not rely on MC for background estimates

๏ Still, it’s a good idea to have background MC samples generated

๏ These are generated with a combination of LO generator MadGraph 5 and 

NLO generators Powheg and MC@NLO

๏ In some cases (e.g., tt background) several generators are used for cross-

checks
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Parton Distribution Functions
✦ As usual, one has to interface MC generators with parton distribution 

functions (PDFs)

✦ Normally, one would like to match the order of the generator with the 

same order of the PDF set

✦ Thus, for MadGraph we use LO CTEQ6L1 set; for Powheg, we use 

CT10 NLO PDF set, and for MC@NLO we use CTEQ6M NLO PDF set

✦ Since Pythia is used for hadronization and fragmentation with all the 

generators, one has to patch matrix-element jets with the parton-
shower jets, which is done using special prescription, to avoid 
double-counting


✦ The matching parameter defines minimum jet pT for which the matrix 
elements are used to describe additional jet production; below this pT 
(typically 20 GeV) the emission is described by parton showers


✦ All the cross sections are normalized to the best available predictions: 
NLO+NLL for the signal and NLO or NNLO for backgrounds
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Single-Lepton Channel
✦ Now we need to figure out what’s the best final state to 

pursue the search

✦ The final state depends on the W boson decay channels


๏ All hadronic channel has 
the highest branching 
fraction, but backgrounds 
are huge


๏ Dilepton channel is clean 
but the branching fraction 
is tiny


๏ Tau channels are tough

๏ Use single-lepton (e+jets, 
μ+jets) channels as a  
compromise between frequency (30%) and purity


✦ The analysis I’m going to describe is CMS, arXiv:1308.1586
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Preselection
✦ Triggering is not an issue - standard top-quark triggers work just fine (single-

electron or single-muon trigger with the thresholds of 27 and 24 GeV, 
respectively)


✦ One isolated electron (pT > 30 GeV, |η| < 1.44) or  
muon (pT > 25 GeV, |η| < 2.1)


๏ Isolation is defined as a scalar pT sum of all additional activity in a cone of R=0.3 
around the lepton and is required to be 15% of the lepton pT and less than 5 GeV


✦ Veto on a second isolated lepton (pT > 5 GeV), including hadronically 
decaying τ-lepton (pT > 20 GeV); also a veto on any additional isolated track 
w/ pT > 10 GeV


๏ Reduces background from dilepton tt decays

✦ At least 4 jets (anti-kT algorithm with R = 0.5), with pT > 30 GeV, |η| < 2.4

✦ At least one of them is tagged as a b-jet


๏ Reduces W+jets background 

✦ MET > 100 GeV

✦ All objects are reconstructed using CMS particle-flow algorithm, which 

combines the information from all the sub-detectors in an optimal way

13
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b-tagging
✦ Several algorithms are used 

to tag jets originating from b-
quark fragmentation


๏ Characterized by efficiency 
and purity


✦ CMS uses “combined 
secondary-vertex” (CSV) 
algorithm in most of the 
search analyses


๏ Uses the significance of 
secondary vertex separation, 
when secondary vertices are 
found or uses individual 
tracks with large impact 
parameter when no 
secondary vertices are found


✦ Typical tagging efficiency is 
60-70% with light-jet mis-ID 
rate of ~1%
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Figure 7: Efficiency for b-jets and misidentification probabilities for c and light-parton jets of the (a, c) JPL and (b, d) CSVM taggers as
a function of (a, b) jet pT and (c, d) jet pseudorapidity in QCD multijet events (filled symbols) and tt events (open symbols). A trigger
threshold of pT > 60 GeV/c is applied to the leading jet in the QCD events. Jets with pT > 30 GeV/c and |h| < 2.4 are used in both samples.
In (a) and (b), the rightmost bins includes all jets with pT > 500 GeV/c. For the CSVM tagger, the misidentification probability for light
partons is scaled up by a factor of ten.
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Efficiency Calculation
✦ “Tag-and-probe” method is used, utilizing Z(ee) and 

Z(µµ) events

✦ Look at the Z(ll) events, apply tight requirements on 

one lepton (“tag”) and very loose requirements on the 
other (“probe”)


✦ Estimate efficiency of standard requirements by 
counting the fraction of probe leptons passing these 
standard requirements

๏ Fit for the number of  

events in the Z-peak,  
by subtracting the  
backgrounds


✦ Typical efficiency: 80%
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Optimization
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Backgrounds
✦ In the regions of interest, there are five classes of 

backgrounds, in decreasing significance:

๏ tt → ll + jets + MET, with a lost lepton (three undetected 

particles, similar to the signal)

๏ tt → l + jets + MET, similar to the signal, but MET comes 

from a single neutrino; also some contribution from 
single-top-quark production


๏ ttV, VV, VVV, tW - electroweak and other rare backgrounds

๏ W+jets

๏ Multijets with misidentified leptons (negligible)


✦ Use hybrid method for background determination: MC 
based, with validation and correction from control 
regions (CR)

17



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- S

ea
rc

h 
fo

r D
ire

ct
 S

to
p 

Pr
od

uc
tio

n 
in

 C
M

S

Missing Transverse Energy
✦ Given that the signal 

signature has three 
invisible particles, while 
most of the backgrounds 
have one, MET is a good 
discriminating variable 
between the signal and 
background
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Figure 2: Comparison of data with MC simulation for the distributions of (a) MT, (b) Emiss
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T2, (d) hadronic top c2, (e) Hratio

T , (f) minimum Df between the Emiss
T vector and the two

leading jets, (g) pT of the leading b-tagged jet, (h) DR between the leading b-tagged jet and the
lepton, and (i) lepton pT, after the preselection. For the plots (a)-(f), distributions for theet ! tec0

1
model with met = 650 GeV and mec0

1
= 50 GeV, scaled by a factor of 1000, are overlayed. We also

show distributions ofet ! tec0
1 with met = 250 GeV and mec0

1
= 100 GeV for (g), scaled by 10, and

of et ! bec+ with met = 650 GeV, mec0
1
= 50 GeV, and x = 0.5 for (h) and (i), scaled by 1000, as

well as of met = 250 GeV, mec0
1
= 150 GeV, and x = 0.5 for (i), scaled by 10. In all distributions

the last bin contains the overflow.
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Transverse Mass
✦ Standard variable when dealing with signatures containing MET

✦ Classical example: W(lν)

✦ Transverse mass is an  

approximation of the  
invariant mass in the  
case when the  
longitudinal  
momentum component 
is not available (e.g.,  
due to a neutrino)


✦ Has a sharp Jacobian peak  
with a sharp falling edge at  
the true invariant mass mW


✦ Signal has different distribution in MT, as it contains three invisible 
particles and therefore doesn’t have a Jacobian peak at mW

19

J
H
E
P
0
1
(
2
0
1
1
)
0
8
0

 [GeV]TE
0 20 40 60

n
u
m

b
e
r 

o
f 
e
ve

n
ts

 /
 2

.5
 G

e
V

0

1

2

3

310×

  data
      

ν e→  W 

t  EWK+t
  QCD

CMS

 = 7 TeVs  at   -12.9 pb(a)

 [GeV]TM
0 20 40 60 80 100 120

n
u
m

b
e
r 

o
f 
e
ve

n
ts

 /
 4

 G
e
V

0

0.5

1

1.5

310×

  data
      

νµ →  W 

t  EWK+t
  QCD

CMS

 = 7 TeVs  at   -12.9 pb(b)

Figure 1. The W signal distributions: (a) E/T distribution for the selected W! e⌫ sample; (b) MT

distributions for the selected W ! µ⌫ sample. The points represent the data. Superimposed are
the results of the maximum likelihood fits for signal plus backgrounds, in yellow; all backgrounds,
in orange; QCD backgrounds, in violet. The dashed lines represent the signal distributions.

Smirnov test. The inclusive yield is N
W

= 12 257 ± 111. The charge-specific yields are
N

W

+ = 7 445 ± 87 and N
W

� = 4 812 ± 69. Here, we fit simultaneously for the inclusive
yield N

W

and the ratio N
W

+/N
W

� so that, by construction, N
W

= N
W

+ + N
W

� .

6.2 Z boson selection

To identify Z ! `+`� decays, a pair of identified leptons is required, with dilepton in-
variant mass in the range 60 < M`+`� < 120 GeV. Backgrounds are very low, including
backgrounds from QCD processes. In the Z! e+e� channel, the yield is obtained by count-
ing the number of selected events and making a small correction for backgrounds. In the
Z! µ+µ� channel, yield and lepton e�ciencies are fitted simultaneously. No correction is
made for �⇤ exchange.

6.2.1 Electrons

The Z ! e+e� candidate events are required to have two electrons satisfying the same
selection criteria as the electrons selected in the W ! e⌫ sample. Both electrons must
have an ECAL cluster with E

T

> 20 GeV in the ECAL fiducial volume. The fraction of
signal events selected in the simulation is FZ = 0.285± 0.005.

The Z mass peaks in the data exhibit small shifts, on the order of 1 to 2%, with respect
to the simulated distributions. From these shifts, we determine ECAL cluster energy scale
correction factors of 1.015 ± 0.002 and 1.033 ± 0.005 for barrel and endcap electrons,
respectively. The uncertainties on these correction factors are propagated as systematic
uncertainties on the yield. Applying these corrections to electron candidates in the data,
we select 677 events, with the dielectron invariant mass shown in figure 2 (a), along with

– 11 –
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6.1 W boson selection

The W events are characterized by a prompt, energetic, and isolated lepton, and significant
missing energy. The main backgrounds are QCD multijet events and Drell-Yan events in
which one lepton fails the selection. The QCD background is reduced by requiring the lep-
ton to be isolated; the remaining events do not have large E/

T

and can be distinguished from
signal events on a statistical basis. The Drell-Yan background is suppressed by rejecting
events with a second lepton candidate.

To measure the signal yields, we choose to fit the E/
T

distribution in the electron
channel and the M

T

distribution in the muon channel, where M
T

=
p

2p
T

E/
T

(1� cos ��);
�� is the angle between the missing transverse momentum and the lepton transverse
momentum. QCD backgrounds are estimated from data, as explained below. According to
the simulation, W! ⌧⌫ makes a small relative contribution; backgrounds from Z! ⌧+⌧�,
tt, and diboson production are negligible in both electron and muon channels.

6.1.1 Electrons

The W ! e⌫ candidate events are required to have one identified electron with an ECAL
cluster of E

T

> 20 GeV in the ECAL fiducial volume. If a second electron candidate
satisfying looser criteria and with E

T

> 20 GeV is present in the event, the event is rejected.
The fraction of signal events selected in the simulation is F

W

= 0.446±0.006, with F
W

+ =
0.459 ± 0.007 and F

W

� = 0.428 ± 0.008. The number of events selected in the data is
28 601, with 15 859 positive and 12 742 negative electrons.

The W ! e⌫ signal is extracted from an unbinned maximum likelihood fit of the
observed E/

T

distribution to the sum of signal and background shapes. The QCD back-
ground shape, which accounts for both QCD multijet production and direct-photon pro-
duction with the photon converting in the detector, can be modeled by a modified
Rayleigh distribution,

f(E/
T

) = E/
T

⇥ exp

 
� E/2

T

2(�
0

+ �
1

E/
T

)2

!
.

This function can be understood as describing fluctuations of the missing transverse mo-
mentum vector around zero due to measurement errors; the resolution term, �

0

+ �
1

E/
T

,
increases with E/

T

to account for tails in the E/
T

measurement. This function describes
well the QCD background shape in the simulation, over the full range of E/

T

, as well as
E/

T

distributions from signal-free samples obtained by inverting the identification or isola-
tion criteria.

The signal distributions are derived from simulation, separately for W+ and W�, and
receive an event-by-event correction in bins of the W transverse momentum, determined
from a study of the hadronic recoil distributions of Z! e+e� events in the data [14]. In fits
to the E/

T

distributions, the free parameters are the W signal yield, the QCD background
yield, and the shape parameters �

0

and �
1

.
We extract the inclusive yield N

W

from a fit where the expected ratio for �
W

+/�
W

�

is assumed. It has been checked that the result was insensitive to this assumption. Fig-
ure 1 (a) shows the E/

T

distribution of the inclusive W ! e⌫ sample and the results of
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Figure 2: Comparison of data with MC simulation for the distributions of (a) MT, (b) Emiss
T ,

(c) MW
T2, (d) hadronic top c2, (e) Hratio

T , (f) minimum Df between the Emiss
T vector and the two

leading jets, (g) pT of the leading b-tagged jet, (h) DR between the leading b-tagged jet and the
lepton, and (i) lepton pT, after the preselection. For the plots (a)-(f), distributions for theet ! tec0

1
model with met = 650 GeV and mec0

1
= 50 GeV, scaled by a factor of 1000, are overlayed. We also

show distributions ofet ! tec0
1 with met = 250 GeV and mec0

1
= 100 GeV for (g), scaled by 10, and

of et ! bec+ with met = 650 GeV, mec0
1
= 50 GeV, and x = 0.5 for (h) and (i), scaled by 1000, as

well as of met = 250 GeV, mec0
1
= 150 GeV, and x = 0.5 for (i), scaled by 10. In all distributions

the last bin contains the overflow.
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Introduction

• The stransverse mass MT2 is a generalization of
the transverse mass for decay chains with two
unobserved particles, typical in SUSY events

MT2 = min
pc1T +pc2T =/pT

[

max
(

m(1)
T ,m(2)

T

)]

• For the simplified case of no ISR and zero masses:

(MT2)
2 ≃ 2pvis(1)T pvis(2)T (1+ cosφ12)

• Multijet events divided into 2 massless pseudo-jets using a hemisphere
algorithm

• MT2 ≈ /ET for symmetric SUSY-like topologies

• MT2 is a QCD killer
• MT2 ≈ 0 for back-to-back events with no genuine MET
• MT2 < /ET still highly suppressed for nearly back-to-back QCD mismeasurements

• MT2 provides a very good discriminating power between SM and SUSY-like
events, and in this analysis is used as a discovery variable

Bruno Casal (ETH) SUSY Search with MT2 02/04/2012 4 / 35
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The MT2 Variable
✦ MT2: “stransverse mass” - a 

generalization of the transverse 
mass in case of a pair of 
invisible particles


✦ For a simplified case of no 
extra jets and zero masses for 
visible and invisible systems:

!
!

๏ MT2 ~ MET for symmetric 
SUSY-like topologies


✦ MT2 kills QCD background very 
efficiently:


๏ MT2 ~ 0 for dijets

๏ MT2 < MET in case of 

mismeasured dijets
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More MT2 Variables
✦ The main variable used in this analysis is a variation of MT2 variable, 

known as MW
T2 variable, which is the minimum mother mass compatible 

with all the decay products and on-shell constraints

✦ It is designed to specifically kill tt → ll+jets+MET  

background with a lost lepton

✦ This is a difficult background to deal with as it looks  

similar to the signal in other distributions, particularly  
in transverse mass MT


✦ The trick of finding the right MT2 variable is how to  
partition the final state particle into visible and invisible states

21
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Figure 1: The signal and background event distributions in three basic variables: Emiss
T , MT , and meff .

The signal is 7TeV production of a 500GeV stop pair, each decaying to a top quark and a 100GeV
neutralino. All the events in the plots have Emiss

T > 150 GeV and MT > 100 GeV.

Fig. 1 shows the signal and background distributions in these three basic variables. For the signal

we choose a stop mass of 500GeV and the neutralino mass of 100GeV. We have included both

dileptonic and semileptonic tt̄ backgrounds. As one can see from the MT distributions, the semi-

leptonic tt̄ background events mainly populate in the region with MT < 150 GeV. Imposing a cut

with MT > 150 GeV will be an efficient way to suppress this background. We have also simulated the

W+jets background and found a similar distribution as the semi-leptonic tt̄ background. With the

MT > 150 GeV cut, there is only a negligible number of the W+jets background events left, so we

will not include this background in what follows. The MT cut is not effective at separating the signal

and the dileptonic tt̄ background events. On the other hand, cuts on Emiss
T and meff can be used to

significantly reduce this background, though it remains the biggest contamination in the direct stop

production search.

The diagram for the dileptonic tt̄ background event topology is shown in Fig. 2, with dashed

lines representing missing particles. Large Emiss
T can arise due to the two missing neutrinos and the

missing lepton. Also, the transverse mass MT is not constrained by the W boson mass because of the

additional missing particles. Because there are missing energies on both decay chains, the stransverse

mass MT2 [43, 44] can be a natural variable to identify this type of background event. (MT2 has

been proposed to reduce tt̄ and W+W− backgrounds in the di-lepton search channel [45, 46].) The

MT2 for a given event can be interpreted as the minimal mother particle mass compatible with the

postulated event topology and an assumed daughter particle mass [47]. The MT2 is bounded from

above by the mass of the mother particles in the decay chains if the assumed mass for the daughter

particles is equal to (or less than) their true mass. By looking at the diagram in Fig. 2, we can

define MT2 and its generalizations or variations with the top quark as the mother particle for our

4

Bai, Cheng, Gallicchio, Gu, arXiv:1203.4812

Figure 2: The Feynman diagram for the tt̄ background in the (dominant) dileptontic channel. The
dashed lines represent missing particles at colliders, including a lost lepton that would otherwise
exclude it as a background to our semileptonic stop signal.

backgrounds. Our observables for the leading leptonic background are the 2 b-jets + one lepton

+ Emiss
T subsystem. In fact, the next-to-leading dominant semileptonic tt̄ background also contains

exactly the same subsystem if one disregards the jets from the W decay, so they may be used to bound

this background too. On the other hand, the t̃ t̃∗ signal has the additional missing energy source from

the missing χ̃ particles. Consequently the corresponding variables can take larger values.

In all MT2-type variables, a minimization is performed over all possible ways of dividing E⃗miss
T

between the two decay chains. More explicitly, the minimization is over all possible pairs of 4-momenta,

each with an assumed mass, whose vector sum has transverse components that match E⃗miss
T . The

difference between variables comes in the assignment of visible and missing momentum to the two

decay chains, along with invariant mass or MT constraints imposed on the hidden 4-momenta. In the

following, we define three MT2-type variables with background endpoints roughly at the top mass.

These new variables are not expected to be completely independent, so their performances will be

evaluated in the next section.

The first variable is basically the MT2 of the tt̄ → bW+b̄W− subsystem, which is denoted as M b
T2.

Interpreted in the original MT2 context, it assumes a “missing on-shell W” on each side of the decay

chain. Since the lepton momentum results from the W decay, we add it to the E⃗miss
T . It is defined as

M b
T2 = min

⎧

⎪

⎨

⎪

⎩

⋃

p⃗T
1
+p⃗T

2
=E⃗miss

T
+p⃗T

ℓ

max
[

MT (p⃗b1 , p⃗
T
1 ),MT (p⃗b2 , p⃗

T
2 )
]

⎫

⎪

⎬

⎪

⎭

, (1)

where the W mass is assigned for both pT1 and pT2 and jet masses of pb1 and pb2 are calculated from

5
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MW
T2 Variable

✦ Here is the definition of the MW
T2 variable designed to 

reconstruct tt events with a lost lepton:

!

✦ The tt events with lost lepton exhibit endpoint at my = mt, 
while the signal has long tail

22

which is more sensitive to this background topology because of the additional kinematic information

applied in the definition. Specifically, the variable MW
T2 (where the superscript W represents the on-

shell intermediate W information is included when combining lepton and neutrino) can no longer be

cast into the “maximum of two side’s MT ” form, but is instead defined directly as the minimization 5

MW
T2 = min

{

my consistent with:

[

p⃗T1 + p⃗T2 = E⃗miss
T , p21 = 0 , (p1 + pℓ)2 = p22 = M2

W ,
(p1 + pℓ + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)
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Figure 5: Schematic of MW
T2, along with its signal and background event distributions. Here all of the

information is used, including theW -on-shell mass condition on both sides. As with the other variables,
p2 is the entire missing on-shell W , but p1 is the neutrino that gets paired with the visible lepton to
form the other on-shell W . All the events in the plot have Emiss

T > 150 GeV and MT > 100 GeV. The
events with no compatible top mass under 500GeV are placed in the last bin.

The diagram, along with signal and background distributions are shown in Fig. 5. We use the same

method as before to pick the two b-jets, and a method similar to that for M bℓ
T2 is used to choose which

b-jet gets paired with the visible lepton. Calculating this variable can be done efficiently in a similar

way as the MT2 calculation in Ref. [47] by generalizing the method there to this case. For perfect

measurements, this variable for the dileptonic tt̄ backgrounds is less than the true top quark mass

since the top mass should be compatible with all background events. On the other hand, the signal

events do not need to satisfy such a bound, because of its different topology and additional missing

massive particles χ̃. For some of the signal events we may not even be able to find a compatible

mass because we apply the variable to a wrong topology with the wrong mass-shell conditions. The

5The programs for calculating all new variables defined in this paper can be downloaded at
https://sites.google.com/a/ucdavis.edu/mass/
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Figure 2: Comparison of data with MC simulation for the distributions of (a) MT, (b) Emiss
T ,

(c) MW
T2, (d) hadronic top c2, (e) Hratio

T , (f) minimum Df between the Emiss
T vector and the two

leading jets, (g) pT of the leading b-tagged jet, (h) DR between the leading b-tagged jet and the
lepton, and (i) lepton pT, after the preselection. For the plots (a)-(f), distributions for theet ! tec0

1
model with met = 650 GeV and mec0

1
= 50 GeV, scaled by a factor of 1000, are overlayed. We also

show distributions ofet ! tec0
1 with met = 250 GeV and mec0

1
= 100 GeV for (g), scaled by 10, and

of et ! bec+ with met = 650 GeV, mec0
1
= 50 GeV, and x = 0.5 for (h) and (i), scaled by 1000, as

well as of met = 250 GeV, mec0
1
= 150 GeV, and x = 0.5 for (i), scaled by 10. In all distributions

the last bin contains the overflow.
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✦ Here is the definition of the MW
T2 variable designed to 

reconstruct tt events with a lost lepton:

!

✦ The tt events with lost lepton exhibit endpoint at my = mt, 
while the signal has long tail

22

which is more sensitive to this background topology because of the additional kinematic information

applied in the definition. Specifically, the variable MW
T2 (where the superscript W represents the on-

shell intermediate W information is included when combining lepton and neutrino) can no longer be

cast into the “maximum of two side’s MT ” form, but is instead defined directly as the minimization 5

MW
T2 = min

{

my consistent with:

[

p⃗T1 + p⃗T2 = E⃗miss
T , p21 = 0 , (p1 + pℓ)2 = p22 = M2

W ,
(p1 + pℓ + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)
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Figure 5: Schematic of MW
T2, along with its signal and background event distributions. Here all of the

information is used, including theW -on-shell mass condition on both sides. As with the other variables,
p2 is the entire missing on-shell W , but p1 is the neutrino that gets paired with the visible lepton to
form the other on-shell W . All the events in the plot have Emiss

T > 150 GeV and MT > 100 GeV. The
events with no compatible top mass under 500GeV are placed in the last bin.

The diagram, along with signal and background distributions are shown in Fig. 5. We use the same

method as before to pick the two b-jets, and a method similar to that for M bℓ
T2 is used to choose which

b-jet gets paired with the visible lepton. Calculating this variable can be done efficiently in a similar

way as the MT2 calculation in Ref. [47] by generalizing the method there to this case. For perfect

measurements, this variable for the dileptonic tt̄ backgrounds is less than the true top quark mass

since the top mass should be compatible with all background events. On the other hand, the signal

events do not need to satisfy such a bound, because of its different topology and additional missing

massive particles χ̃. For some of the signal events we may not even be able to find a compatible

mass because we apply the variable to a wrong topology with the wrong mass-shell conditions. The

5The programs for calculating all new variables defined in this paper can be downloaded at
https://sites.google.com/a/ucdavis.edu/mass/
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✦ In the case when top quark in the t → t+χ0 decay is on-shell (i.e., 

m(t) > mt + m(χ0)) the three jets from the t → Wb → jjb decay 
should satisfy two mass constraints: m(jj) ~ mW and m(jjb) ~ mt


✦ Construct a χ2 variable for each allowed combination (which 
respects b-tag jet assignments)

!
!

✦ Find the combination that minimizes  
the χ2 (χ2

min)

✦ The χ2

min should be small for backgrounds  
with hadronic top-quark decays; it should  
be larger for events w/o, e.g. W+jets  
background or dilepton tt with a lost  
lepton
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4.3 Signal region definition 5

In the et ! tec0
1 search, the dilepton tt background is suppressed by requiring that three of the

jets in the event be consistent with the t ! bW ! bqq̄ decay chain. For each triplet of jets in
the event we construct a hadronic top c2 as:

c2 =
(Mj1 j2 j3 � Mtop)2

s2
j1 j2 j3

+
(Mj1 j2 � MW)2

s2
j1 j2

. (1)

Here Mj1 j2 j3 is the mass of the three-jet system, Mj1 j2 is the mass of two of the jets posited
to originate from W boson decay, and sj1 j2 j3 and sj1 j2 are the uncertainties on these masses
calculated from the jet energy resolutions [59]. The three-jet mass Mj1 j2 j3 is computed after
requiring Mj1 j2 = MW using a constrained kinematic fit, while Mj1 j2 in Eqn. 1 is the two-jet
mass before the fit. Finally, Mtop = 173.5 GeV (MW = 80.4 GeV) is the mass of the top quark
(W boson) [60]. The three jets are required to have pT > 30 GeV and |h| < 2.4 and to be among
the six leading selected jets. The jet assignments are made consistently with the b-tagging
information, i.e., j3 must be b-tagged if there are at least two b-tagged jets and j1 and j2 cannot
be b-tagged unless there are at least three b-tagged jets in the event. The minimum hadronic
top c2 amongst all possible jet combinations is used as a discriminant on an event-by-event
basis.

Two topological variables are used in the selection of signal candidates. The first is the mini-
mum Df value between the Emiss

T vector and either of the two highest pT jets, referred to below
as “min Df”. Background tt events tend to have high-pT top quarks, and thus objects in these
events tend to be collinear in the transverse plane, resulting in smaller values of Df than is
typical for signal events. The second variable is Hratio

T , defined as the fraction of the total scalar
sum of the jet transverse energies (HT) with pT > 30 GeV and |h| < 2.4 that lies in the same
hemisphere as the Emiss

T vector. This quantity tends to be smaller for signal than for background
events, because in signal events the visible particles recoil against the LSPs, resulting on aver-
age in events with more energy in the opposite hemisphere to the Emiss

T .

In the et ! bec+ decay mode, the bottom quarks arise from the decay of the top squark, while
in background events they originate from the decay of the top quark. As a result, in most
of the signal parameter space the pT spectrum of the bottom quarks is harder for signal than
for background events. Conversely, in the et ! tec0

1 decay mode, if the top quark is off-shell,
the pT spectrum of the bottom quarks is softer for signal than for the background. The pT
value of the highest-pT b-tagged jet is therefore a useful discriminant. An additional, related,
discriminating variable is the DR separation between this jet and the lepton. Finally, the pT
spectrum of the lepton can be used to discriminate between on-shell and off-shell leptonic W
decays, which occur in the et ! bec+ mode when the mass splitting between the chargino and
the LSP is smaller than the W boson mass.

The distributions after the preselection of Emiss
T , MT, and the kinematic quantities described

above, are shown in Fig. 2. These quantities are seen to be in agreement with the simulation of
the SM background processes that will be discussed in more detail in Section 5.

4.3 Signal region definition

Two approaches are pursued to define the signal regions (SRs): a “cut-based” approach based
on sequential selections on individual variables, and a BDT multivariate approach implemented
via the TMVA package [61]. In both methods, we apply the preselection requirements of Sec-
tion 4.1. The cut-based signal regions are defined by adding requirements on individual kine-
matic variables. In contrast, the BDT combines the kinematic variables into a single discrimi-
nant, and the BDT SRs are defined by requirements on this discriminant. The BDT approach
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Figure 2: Comparison of data with MC simulation for the distributions of (a) MT, (b) Emiss
T ,

(c) MW
T2, (d) hadronic top c2, (e) Hratio

T , (f) minimum Df between the Emiss
T vector and the two

leading jets, (g) pT of the leading b-tagged jet, (h) DR between the leading b-tagged jet and the
lepton, and (i) lepton pT, after the preselection. For the plots (a)-(f), distributions for theet ! tec0

1
model with met = 650 GeV and mec0

1
= 50 GeV, scaled by a factor of 1000, are overlayed. We also

show distributions ofet ! tec0
1 with met = 250 GeV and mec0

1
= 100 GeV for (g), scaled by 10, and

of et ! bec+ with met = 650 GeV, mec0
1
= 50 GeV, and x = 0.5 for (h) and (i), scaled by 1000, as

well as of met = 250 GeV, mec0
1
= 150 GeV, and x = 0.5 for (i), scaled by 10. In all distributions

the last bin contains the overflow.
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✦ In the case when top quark in the t → t+χ0 decay is on-shell (i.e., 

m(t) > mt + m(χ0)) the three jets from the t → Wb → jjb decay 
should satisfy two mass constraints: m(jj) ~ mW and m(jjb) ~ mt


✦ Construct a χ2 variable for each allowed combination (which 
respects b-tag jet assignments)

!
!

✦ Find the combination that minimizes  
the χ2 (χ2

min)

✦ The χ2

min should be small for backgrounds  
with hadronic top-quark decays; it should  
be larger for events w/o, e.g. W+jets  
background or dilepton tt with a lost  
lepton
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4.3 Signal region definition 5

In the et ! tec0
1 search, the dilepton tt background is suppressed by requiring that three of the

jets in the event be consistent with the t ! bW ! bqq̄ decay chain. For each triplet of jets in
the event we construct a hadronic top c2 as:

c2 =
(Mj1 j2 j3 � Mtop)2

s2
j1 j2 j3

+
(Mj1 j2 � MW)2

s2
j1 j2

. (1)

Here Mj1 j2 j3 is the mass of the three-jet system, Mj1 j2 is the mass of two of the jets posited
to originate from W boson decay, and sj1 j2 j3 and sj1 j2 are the uncertainties on these masses
calculated from the jet energy resolutions [59]. The three-jet mass Mj1 j2 j3 is computed after
requiring Mj1 j2 = MW using a constrained kinematic fit, while Mj1 j2 in Eqn. 1 is the two-jet
mass before the fit. Finally, Mtop = 173.5 GeV (MW = 80.4 GeV) is the mass of the top quark
(W boson) [60]. The three jets are required to have pT > 30 GeV and |h| < 2.4 and to be among
the six leading selected jets. The jet assignments are made consistently with the b-tagging
information, i.e., j3 must be b-tagged if there are at least two b-tagged jets and j1 and j2 cannot
be b-tagged unless there are at least three b-tagged jets in the event. The minimum hadronic
top c2 amongst all possible jet combinations is used as a discriminant on an event-by-event
basis.

Two topological variables are used in the selection of signal candidates. The first is the mini-
mum Df value between the Emiss

T vector and either of the two highest pT jets, referred to below
as “min Df”. Background tt events tend to have high-pT top quarks, and thus objects in these
events tend to be collinear in the transverse plane, resulting in smaller values of Df than is
typical for signal events. The second variable is Hratio

T , defined as the fraction of the total scalar
sum of the jet transverse energies (HT) with pT > 30 GeV and |h| < 2.4 that lies in the same
hemisphere as the Emiss

T vector. This quantity tends to be smaller for signal than for background
events, because in signal events the visible particles recoil against the LSPs, resulting on aver-
age in events with more energy in the opposite hemisphere to the Emiss

T .

In the et ! bec+ decay mode, the bottom quarks arise from the decay of the top squark, while
in background events they originate from the decay of the top quark. As a result, in most
of the signal parameter space the pT spectrum of the bottom quarks is harder for signal than
for background events. Conversely, in the et ! tec0

1 decay mode, if the top quark is off-shell,
the pT spectrum of the bottom quarks is softer for signal than for the background. The pT
value of the highest-pT b-tagged jet is therefore a useful discriminant. An additional, related,
discriminating variable is the DR separation between this jet and the lepton. Finally, the pT
spectrum of the lepton can be used to discriminate between on-shell and off-shell leptonic W
decays, which occur in the et ! bec+ mode when the mass splitting between the chargino and
the LSP is smaller than the W boson mass.

The distributions after the preselection of Emiss
T , MT, and the kinematic quantities described

above, are shown in Fig. 2. These quantities are seen to be in agreement with the simulation of
the SM background processes that will be discussed in more detail in Section 5.

4.3 Signal region definition

Two approaches are pursued to define the signal regions (SRs): a “cut-based” approach based
on sequential selections on individual variables, and a BDT multivariate approach implemented
via the TMVA package [61]. In both methods, we apply the preselection requirements of Sec-
tion 4.1. The cut-based signal regions are defined by adding requirements on individual kine-
matic variables. In contrast, the BDT combines the kinematic variables into a single discrimi-
nant, and the BDT SRs are defined by requirements on this discriminant. The BDT approach

~
~
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✦ Δφmin(MET,j1,2) - minimum azimuthal angle 

difference between the MET vector and two 
leading jets

๏ Background tt events tend to be more back-

to-back as the signal events; hence top 
quarks are more boosted for the background 
and Δφmin tends to be smaller than for the 
signal events


✦ HT ratio defined as the ratio of the scalar 
sum of pT of jets in the same hemisphere 
than the MET vector to the total scalar sum 
of all jet pT (HT)

๏ Tends to be smaller for the signal, as visible 

decay products recoil against the LSPs, so 
they tend to be opposite to MET
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6 4 Event selection
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Figure 2: Comparison of data with MC simulation for the distributions of (a) MT, (b) Emiss
T ,

(c) MW
T2, (d) hadronic top c2, (e) Hratio

T , (f) minimum Df between the Emiss
T vector and the two

leading jets, (g) pT of the leading b-tagged jet, (h) DR between the leading b-tagged jet and the
lepton, and (i) lepton pT, after the preselection. For the plots (a)-(f), distributions for theet ! tec0

1
model with met = 650 GeV and mec0

1
= 50 GeV, scaled by a factor of 1000, are overlayed. We also

show distributions ofet ! tec0
1 with met = 250 GeV and mec0

1
= 100 GeV for (g), scaled by 10, and

of et ! bec+ with met = 650 GeV, mec0
1
= 50 GeV, and x = 0.5 for (h) and (i), scaled by 1000, as

well as of met = 250 GeV, mec0
1
= 150 GeV, and x = 0.5 for (i), scaled by 10. In all distributions

the last bin contains the overflow.

6 4 Event selection
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Figure 2: Comparison of data with MC simulation for the distributions of (a) MT, (b) Emiss
T ,

(c) MW
T2, (d) hadronic top c2, (e) Hratio

T , (f) minimum Df between the Emiss
T vector and the two

leading jets, (g) pT of the leading b-tagged jet, (h) DR between the leading b-tagged jet and the
lepton, and (i) lepton pT, after the preselection. For the plots (a)-(f), distributions for theet ! tec0

1
model with met = 650 GeV and mec0

1
= 50 GeV, scaled by a factor of 1000, are overlayed. We also

show distributions ofet ! tec0
1 with met = 250 GeV and mec0

1
= 100 GeV for (g), scaled by 10, and

of et ! bec+ with met = 650 GeV, mec0
1
= 50 GeV, and x = 0.5 for (h) and (i), scaled by 1000, as

well as of met = 250 GeV, mec0
1
= 150 GeV, and x = 0.5 for (i), scaled by 10. In all distributions

the last bin contains the overflow.
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Topological Variables
✦ For the t → b+χ+ decay, b-jet comes from the stop decay, while for the background, 

it comes from the top-quark decay; thus the b jet in general is harder for the signal

๏ Conversely, for the t → t+χ0 events in the 3-body region of the parameter space, b-jet is 

softer than for the tt background

๏ Use leading b jet (b1) pT as a discriminant

๏ Related variable is ΔR(l,b1)


✦ For a 3-body t → b+χ+ decay (m(χ+) - m(χ0) < mW), lepton pT is softer and can be 
used as an additional discriminating variable
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6 4 Event selection
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Figure 2: Comparison of data with MC simulation for the distributions of (a) MT, (b) Emiss
T ,

(c) MW
T2, (d) hadronic top c2, (e) Hratio

T , (f) minimum Df between the Emiss
T vector and the two

leading jets, (g) pT of the leading b-tagged jet, (h) DR between the leading b-tagged jet and the
lepton, and (i) lepton pT, after the preselection. For the plots (a)-(f), distributions for theet ! tec0

1
model with met = 650 GeV and mec0

1
= 50 GeV, scaled by a factor of 1000, are overlayed. We also

show distributions ofet ! tec0
1 with met = 250 GeV and mec0

1
= 100 GeV for (g), scaled by 10, and

of et ! bec+ with met = 650 GeV, mec0
1
= 50 GeV, and x = 0.5 for (h) and (i), scaled by 1000, as

well as of met = 250 GeV, mec0
1
= 150 GeV, and x = 0.5 for (i), scaled by 10. In all distributions

the last bin contains the overflow.
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Optimization
✦ A number of variables have discriminating power 

between the signal and various backgrounds

✦ No single variable is “winning”

✦ Variables are correlated

✦ Two approaches:


๏ Simple cut-based approach,  
which treats each variable  
independently and puts a  
cutoff on each of them


๏ Multivariate approach, when  
all the variables are combined  
in a likelihood reflecting how signal-like they are

✤ Practical implementation as a boosted decision tree via TMVA 

Root package; trained on signal and backgrounds separately
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2

til a given number of final branches, called leaves, are
obtained, or until each leaf is pure signal or pure back-
ground, or has too few events to continue. This descrip-
tion is a little oversimplified. In fact at each stage one
picks as the next branch to split, the branch which will
give the best increase in the quality of the separation. A
schematic of a decision tree is shown in Fig.1, in which
3 variables are used for signal/background separation:
event hit multiplicity, energy, and reconstructed radial
position.

What criterion is used to define the quality of separa-
tion between signal and background in the split? Imagine
the events are weighted with each event having weight
Wi. Define the purity of the sample in a branch by

P =

∑

s Ws
∑

s Ws +
∑

b Wb
,

where
∑

s is the sum over signal events and
∑

b is the
sum over background events. Note that P (1 − P ) is 0
if the sample is pure signal or pure background. For a
given branch let

Gini = (
n

∑

i=1

Wi)P (1 − P ),

where n is the number of events on that branch. The
criterion chosen is to minimize

Ginileft son + Giniright son.

To determine the increase in quality when a node is
split into two branches, one maximizes

Criterion = Ginifather − Ginileft son − Giniright son.

At the end, if a leaf has purity greater than 1/2 (or
whatever is set), then it is called a signal leaf and if the
purity is less than 1/2, it is a background leaf. Events
are classified signal if they land on a signal leaf and back-
ground if they land on a background leaf. The resulting
tree is a decision tree.

Decision trees have been available for some time[5].
They are known to be powerful but unstable, i.e., a small
change in the training sample can give a large change in
the tree and the results.

There are three major measures of node impurity used
in practice: misclassification error, the gini index and
the cross-entropy. If we define p as the proportion of
the signal in a node, then the three measures are: 1 -
max(p, 1-p) for the misclassification error, 2p(1-p) for
the gini index and -plog(p) - (1-p)log(1-p) for the cross-
entropy. The three measures are similar, but the gini
index and the cross-entropy are differentiable, and hence
more amenable to numerical optimization. In addition,
the gini index and the cross-entropy are more sensitive
to change in the node probabilities than the misclassifi-
cation error. The gini index and the cross-entropy are
similar.

S/B
52/48

B
4/37

S/B
48/11

S/B
9/10

S
39/1

S
7/1

B
2/9

PMT Hits?
< 100 ≥ 100

Energy?
< 0.2 GeV ≥ 0.2 GeV

Radius?
< 500 cm ≥ 500 cm

FIG. 1: Schematic of a decision tree. S for signal, B for back-
ground. Terminal nodes(called leaves) are shown in boxes.
If signal events are dominant in one leave, then this leave is
signal leave; otherwise, background leave.

B. Boosting

Within the last few years a great improvement has
been made[6, 7, 8]. Start with unweighted events and
build a tree as above. If a training event is misclassified,
i.e, a signal event lands on a background leaf or a back-
ground event lands on a signal leaf, then the weight of
that event is increased (boosted).

A second tree is built using the new weights, no longer
equal. Again misclassified events have their weights
boosted and the procedure is repeated. Typically, one
may build 1000 or 2000 trees this way.

A score is now assigned to an event as follows. The
event is followed through each tree in turn. If it lands
on a signal leaf it is given a score of 1 and if it lands on
a background leaf it is given a score of -1. The renor-
malized sum of all the scores, possibly weighted, is the
final score of the event. High scores mean the event is
most likely signal and low scores that it is most likely
background. By choosing a particular value of the score
on which to cut, one can select a desired fraction of the
signal or a desired ratio of signal to background. For
those familiar with ANNs, the use of this score is the
same as the use of the ANN value for a given event. For
the MiniBooNE experiment, boosting has been found to
be superior to ANNs. Statisticians and computer scien-
tists have found that this method of classification is very
efficient and robust. Furthermore, the amount of tuning
needed is rather modest compared with ANNs. It works
well with many PID variables. If one makes a monotonic
transformation of a variable, so that if x1 > x2 then
f(x1) > f(x2), the boosting method gives exactly the
same results. It depends only on the ordering according
to the variable, not on the value of the variable.

In articles on boosting within the statistics and com-
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Signal Regions
✦ Cut-based analysis: 8 signal regions (SR) per channel

!
!
!
!
!
!
!
!
!

✦ BDT analysis: signal regions based on the BDT output value; several 
networks are trained depending on the phase space probed


✦ Each BDT has single SR (BDT > x), except for tχ0, region 1 and bχ+, x = 
0.5, region 2, each of which has 2 working points (tight and loose)

๏ 6 SR for tχ0 and 12 SR for the bχ+ analysis
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8 5 Background estimation methodology
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Figure 3: The regions used to train the BDTs, in the mec0
1

vs. met parameter space, for (a) the
et ! tec0

1 scenario, and for (b) theet ! bec+ x = 0.25, (c) 0.5, and (d) 0.75 scenarios. The dashed
lines correspond to DM ⌘ met � mec0

1
= Mtop for et ! tec0

1, and DM ⌘ mc+
1
� mec0

1
= MW for

et ! bec+.

between the chargino and the LSP. Just as in theet ! tec0
1 case, SRs are distinguished by increas-

ingly tighter requirements on Emiss
T . Since in the case ofet ! bec+ the signal has no top quark in

its decay products, the requirement on the hadronic top c2 is not used. The large DM selection
includes the MW

T2 requirement, as well as the requirement that the leading b-tagged jet have pT
larger than 100 GeV.

4.3.3 Signal regions summary

To summarize, this search uses two complementary approaches: one a cut-based approach and
the other a BDT multivariate method. Correspondingly, there are two distinct sets of signal
regions. In the BDT case, the SRs are defined by requirements on the BDT outputs. The BDT
SRs provide the primary result, since the BDT method has better expected sensitivity. There
are a total of 16 cut-based SRs (eight each for theet ! tec0

1 andet ! bec+ cases) and 18 BDT SRs
(six for theet ! tec0

1 mode and 12 for theet ! bec+ mode). The expected number of background
events in the SRs varies between approximately 4 and 1600 (see Section 8).

5 Background estimation methodology
The SM background is divided into four categories that are evaluated separately. The largest
background contribution after full selection is tt production in which both W bosons decay
leptonically (tt ! ``), but one of the leptons is not identified. The second largest background
consists of tt production in which one W boson decays leptonically and the other hadroni-
cally (tt ! `+ jets), as well as single-top-quark production in the s- and t-channels: These are

MET, GeV

Δm = m(t) - m(χ0)

100 300200 400

m
t o

r m
W

3-body

2-body

All SR require MT > 120 GeV
~
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Signal Selection
✦ The following selections are used for signal regions:

!
!
!
!
!

✦ BDT analysis uses more inputs, in a more complete 
way, and offers ~40% improvement in sensitivity 
w.r.t. the cut-based analysis


✦ The main result is therefore based on the BDT 
analysis, with the cut-based analysis used as a 
cross-check
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4.3 Signal region definition 7

improves the expected sensitivity of the search by up to 40% with respect to the cut-based ap-
proach, at the cost of additional complexity. The primary result of our search is obtained with
the BDT, while the cut-based analysis serves as a crosscheck. Table 1 lists the variables used in
the training of the BDTs (Section 4.3.1) and summarizes the requirements for the cut-based SRs
(Section 4.3.2).

Table 1: Summary of the variables used as inputs for the BDTs and of the kinematic require-
ments in the cut-based analysis. All signal regions include the requirement MT > 120 GeV. For
theet ! tec0

1 BDT trained in the region where the top quark is off-shell, the hadronic top c2 is not
included and the leading b-tagged jet pT is included. The lepton pT is used only in the training
of theet ! bec+ BDT in the case where the W boson is off-shell.

et ! tec0
1

et ! bec+

Cut-based Cut-based
Selection BDT Low DM High DM BDT Low DM High DM

Emiss
T (GeV) yes > 150, 200, > 150, 200, yes > 100, 150, > 100, 150,

250, 300 250, 300 200, 250 200, 250
MW

T2 (GeV) yes >200 yes >200
min Df yes >0.8 >0.8 yes >0.8 >0.8
Hratio

T yes yes
Hadronic top c2 (on-shell top) <5 <5
Leading b-tagged jet pT (GeV) (off-shell top) yes >100
DR(`,leading b-tagged jet) yes
Lepton pT (GeV) (off shell W)

4.3.1 BDT signal regions

The BDTs are trained on samples of MC signal and background events satisfying the preselec-
tion requirements and with MT > 120 GeV. The BDTs are trained with MADGRAPH samples
for et ! tec0

1 and a mixture of MADGRAPH and PYTHIA samples for et ! bec+. The choice of
generators has little impact on the final result. The background MC sample contains all the
expected SM processes.

Separate BDTs are trained for theet ! tec0
1 andet ! bec+ decay modes and for different regions

of parameter space. In what follows we refer to the different BDTs as BDTn, where n is the
region number defined in Fig. 3. In general, for a given BDT, the optimal requirement does
not depend strongly on the point in parameter space within each region. Thus, for almost all
regions a single BDT requirement is sufficient, and each such requirement defines a BDT signal
region. The exceptions are BDT1 for theet ! tec0

1 signal model and BDT2 for theet ! bec+ signal
model with parameter x = 0.5; in these regions we choose two BDT operating points, referred
to as “tight” and “loose”.

BDT distributions after the preselection are shown in Fig. 4 for four of the 16 BDTs (two tight
and two loose BDTs). The data are in agreement with the MC simulation of SM processes.

4.3.2 Cut-based signal regions

For the et ! tec0
1 model, two types of signal regions are distinguished: those targeting “small

DM” and those targeting “large DM”, where DM ⌘ met � mec0 . Both categories include the
requirement that the azimuthal angular difference between the two leading jets and the Emiss

T
vector exceed 0.8 radians, in addition to the requirement that the value of the hadronic top
c2 be less than 5. The MW

T2 > 200 GeV requirement is applied only for the large DM signal
regions. Within each set, the SRs are distinguished by four successively tighter Emiss

T require-
ments: Emiss

T > 150, 200, 250, and 300 GeV.

For the et ! bec+ model, the same approach is followed as for et ! tec0
1 by defining two sets of

signal regions, one for small DM and one for high DM, where DM here is the mass difference
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Control Regions
✦ The analysis uses three control regions:


๏ CR-2l requires 2 OS leptons

✤ Dominated by tt dilepton events


๏ CR-lt requires single lepton and an additional track or a hadronically 
decaying tau lepton


✤ Dominated by the tt semileptonic and dilepton events

๏ CR-0b requires no b-tagged jets


✤ Dominated by the W+jets background

✦ CR do not include MT > 120 GeV cut; use MT distribution after 

BDT or cut-based selections as the test of accuracy of the 
background predictions and correct them if needed


✦ To minimize uncertainties from tt cross section, integrated 
luminosity, efficiency, etc., we normalize the MC-based 
predictions in the low-MT region (50 < MT < 80 GeV) after 
subtracting rare backgrounds, and then extrapolate to the MT > 
120 GeV signal region

29
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Validation I: ISR/FSR
✦ The main background is from dilepton tt events; they only 

have two tree-level jets, both from b-quarks

✦ The preselection requires four or more jets with at least one 

b-tag

✦ Two extra jets for the dominant  

background must come from  
ISR or FSR - need to ensure  
correct modeling


✦ Test with a CR-2l control sample  
requiring two OS leptons and 
at least one b-tagged jet


✦ For the ee and µµ channels, 
require the dilepton mass 
away from the Z-peak
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10 5 Background estimation methodology

sources of background while maintaining kinematic properties that are similar to those in the
signal regions (see Section 6). In the CRs the kinematic variables used in the cut-based and
BDT selections are examined to verify that they are properly modeled. A key distribution in
each CR is that of MT after the cut-based or BDT selection requirements, since MT > 120 GeV is
the final criterion that defines each signal region. The data/MC comparison of the number of
events with MT > 120 GeV is then a direct test of the ability of the method to correctly predict
the SM background in the signal regions.

The CR studies are designed to extract data/MC scale factors to be applied to the MC predic-
tions for the background in the signal regions. We find that the only scale factor required is
related to an underestimation of the MT tail for single-lepton-top-quark and W + jets events,
as discussed in more detail in Section 6.

Jet Multiplicity
1 2 3 4 5 6 7 8
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tri
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7000 Data 
 topl1 
ll →tt

W+jets
rare
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-1Ldt = 19.5 fb∫ = 8 TeV,  sCMS                                        

D
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a/
Bk

g

0.6
0.8

1
1.2
1.4

Figure 5: Comparison of the jet multiplicity distributions in data and MC simulation in the
sample dominated by tt ! `` events.

The selection of signal events requires at least four hadronic jets. As mentioned above, the
dominant background consists of tt ! `` events with one unidentified lepton. These events
satisfy the signal region selection only if there are two additional jets from initial- or final-state
radiation (ISR/FSR) or if there is one such jet in conjunction with a second lepton identified
as a jet (e.g., in the case of hadronic t-lepton decays). To validate the modeling of ISR/FSR,
a data control sample of tt ! `` events is defined by requiring the presence of exactly two
opposite-sign leptons (electrons or muons) in events satisfying dilepton triggers. To suppress
the Z+ jets background that is present in this control sample, same-flavor (ee or µµ) events with
an invariant mass in the range 76 < m`` < 106 GeV are rejected, the presence of at least one b-
tagged jet is required, and minimum requirements are imposed on Emiss

T . We then compare the
distribution of the number of jets in data and MC simulation, as displayed in Fig. 5. The fraction
of tt ! `` events with three or more jets is found to be in agreement with the expectation from
the MC simulation within a 3% statistical uncertainty.

To minimize systematic uncertainties associated with the tt production cross section, integrated
luminosity, lepton efficiency, and jet energy scale, the tt MC backgrounds at high MT are al-
ways normalized to the number of events in data in the transverse-mass peak region, defined
as 50 < MT < 80 GeV, after subtracting the contribution from rare backgrounds. We refer
to this normalization factor as the “tail-to-peak ratio”. Background contributions from rare

3% agreement 
for Nj > 3
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Validation II: tχ0
 BDT1 Loose

✦ Validation in the CR-2l,CR-lt, and CR-0b regions
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12 6 Control region studies
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Figure 6: Comparison of data and MC simulation for the distributions of MT and BDT output
for the control regions associated with the BDT trained in region 1 for theet ! tec0

1 scenario. The
MT distributions are shown after the “BDT1 loose” requirement indicated by vertical dashed
lines on the BDT output plots. (a)-(b): CR-2`; (c)-(d): CR-`t; (e)-(f): CR-0b. The vertical dashed
lines in the MT plots correspond to the MT > 120 GeV selection requirement. For CR-0b, the
scale factors are applied to the MC distribution in the MT tail. The last bin in all distributions
contains the overflow.
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Figure 6: Comparison of data and MC simulation for the distributions of MT and BDT output
for the control regions associated with the BDT trained in region 1 for theet ! tec0

1 scenario. The
MT distributions are shown after the “BDT1 loose” requirement indicated by vertical dashed
lines on the BDT output plots. (a)-(b): CR-2`; (c)-(d): CR-`t; (e)-(f): CR-0b. The vertical dashed
lines in the MT plots correspond to the MT > 120 GeV selection requirement. For CR-0b, the
scale factors are applied to the MC distribution in the MT tail. The last bin in all distributions
contains the overflow.

12 6 Control region studies

BDT Output
0 0.1 0.2 0.3 0.4 0.5 0.6

En
tri

es
 / 

0.
08

 

100

200

300

400

500

600

700

800
Data

 topl1 
ll →tt

W+jets
rare

 BDT1 Loose0
1
χ∼ t→ t~

lCR-2
(a)

-1Ldt = 19.5 fb∫ = 8 TeV,  sCMS                      

Da
ta

/M
C

0
0.5

1
1.5

2

 [GeV]TM
0 50 100 150 200 250 300

En
tri

es
 / 

 6
0 

G
eV

50

100

150

200

250
Data

 topl1 
ll →tt

W+jets
rare

 BDT1 Loose0
1
χ∼ t→ t~

lCR-2
(b)

-1Ldt = 19.5 fb∫ = 8 TeV,  sCMS                      

D
at

a/
M

C

0
0.5

1
1.5

2

BDT Output
0 0.1 0.2 0.3 0.4 0.5 0.6

En
tri

es
 / 

0.
05

 

10

210

310

410

Data
 topl1 
ll →tt

W+jets
rare

 BDT1 Loose0
1
χ∼ t→ t~

 tlCR-
(c)

-1Ldt = 19.5 fb∫ = 8 TeV,  sCMS                      

Da
ta

/M
C

0
0.5

1
1.5

2

 [GeV]TM
0 50 100 150 200 250 300

En
tri

es
 / 

 3
0 

G
eV

10

210

310
Data

 topl1 
ll →tt

W+jets
rare

 BDT1 Loose0
1
χ∼ t→ t~

 tlCR-
(d)

-1Ldt = 19.5 fb∫ = 8 TeV,  sCMS                      

D
at

a/
M

C

0
0.5

1
1.5

2

BDT Output
0 0.1 0.2 0.3 0.4 0.5 0.6

En
tri

es
 / 

0.
05

 

10

210

310

410

510
Data

 topl1 
ll →tt

W+jets
rare

 BDT1 Loose0
1
χ∼ t→ t~

CR-0b
(e)

-1Ldt = 19.5 fb∫ = 8 TeV,  sCMS                      

Da
ta

/M
C

0
0.5

1
1.5

2

 [GeV]TM
0 50 100 150 200 250 300

En
tri

es
 / 

 3
0 

G
eV

1

10

210

310

410

510
Data

 topl1 
ll →tt

W+jets
rare

 BDT1 Loose0
1
χ∼ t→ t~

CR-0b
(f)

-1Ldt = 19.5 fb∫ = 8 TeV,  sCMS                                        

D
at

a/
M

C

0
0.5

1
1.5

2

Figure 6: Comparison of data and MC simulation for the distributions of MT and BDT output
for the control regions associated with the BDT trained in region 1 for theet ! tec0

1 scenario. The
MT distributions are shown after the “BDT1 loose” requirement indicated by vertical dashed
lines on the BDT output plots. (a)-(b): CR-2`; (c)-(d): CR-`t; (e)-(f): CR-0b. The vertical dashed
lines in the MT plots correspond to the MT > 120 GeV selection requirement. For CR-0b, the
scale factors are applied to the MC distribution in the MT tail. The last bin in all distributions
contains the overflow.
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Figure 7: Comparison of data and MC simulation for the MT distribution in the CR-0b control
region, after the preselection. The MT tail is underestimated by the simulation. A scale factor
derived from this control region is used to correct the predictions of the W + jets and single-
lepton-top-quark backgrounds. The last bin of the distribution includes the overflow.

Following the arguments given above, a lower bound on the data tail-to-peak ratio for the
single-lepton-top-quark sample (Rtop) can be obtained by scaling the MC value of Rtop by the
W + jets scale factor (1.2 ± 0.3). Conversely, an upper bound for Rtop is Rtop = RW+jets, where
RW+jets is the tail-to-peak ratio for W + jets in the data, i.e., its MC value scaled up by 1.2 ± 0.3.
This is an overestimate of the true value of Rtop because, as mentioned above, the MT tail is
more populated for the W + jets sample than for the one-lepton-top sample. Since the true
value of Rtop lies between these two extremes, we take the average of the upper and lower
bounds. The resulting scale factor for Rtop with respect to its uncorrected MC result lies be-
tween 1.5 and 2, depending on the signal region. The associated uncertainty includes the sta-
tistical uncertainty in the data/MC scale factor from CR-0b, and half the difference between
these upper and lower bounds.

7 Systematic uncertainties of the background prediction
All backgrounds except for the rare contribution are normalized to data in the MT-peak region,
so the statistical uncertainties of the data and MC yields in the MT-peak region contribute to the
uncertainty of the background predictions in the high-MT signal regions. This normalization
is repeated after varying the W + jets background yield in the MT-peak region by ±50% to
estimate the associated systematic uncertainty.

For the tt ! `` background, the dominant uncertainty is assessed by comparing the data and
MC yields in the high-MT regions of the CR-2` and CR-`t samples after applying the kinematic
requirements for the corresponding signal region. This uncertainty varies between 5% and 70%.
The uncertainty for the modeling of additional jets from radiation in tt ! `` events results in
a 3% uncertainty on the dilepton background. The uncertainty from the limited number of
events in the tt ! `` MC sample also contributes, particularly in the tight signal regions.

An additional uncertainty is associated with the efficiency to identify a second lepton (e, µ,
or one-prong hadronic t-lepton decay) as an isolated track. We verify that the simulation re-

Originally, there 
is a slight trend 
in CR-0b in the 
W+jets data/MC  
difference; correct 
for it below

5-70% agreement for various BDTs [large uncertainty where statistics are low]

W+jets: x (1.2 ± 0.3) 
Similar factor for  
single top background
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Systematic Uncertainties
✦ Here are the main systematic uncertainties for the 

tχ0 analysis:
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14 8 Results

produces the efficiency of the isolated track requirement through studies of Z! `` events in
data, and we assign a systematic uncertainty of 6%. An uncertainty of 7%, based on studies
of the efficiency for t-lepton identification in data and simulation, is applied to events with a
hadronic t-lepton in the hadronic t-lepton veto acceptance. We also verify the stability of the
tt ! `` MC background prediction by comparing the results of the nominal POWHEG sample
with those obtained using MADGRAPH and MC@NLO, by varying the MADGRAPH scale pa-
rameters for renormalization and factorization, as well as the scale for the matrix element and
parton shower matching, up and down by a factor of two, and by varying the top-quark mass in
the range 178.5 to 166.5 GeV. Since the resulting background predictions are consistent within
the systematic uncertainties discussed above, we do not assess an additional uncertainty from
the tt MC stability tests.

The uncertainty of the W + jets background prediction is dominated by the uncertainty from
the tail-to-peak ratio, as determined from data/MC comparisons in the CR-0b control region.
The main uncertainty for the single-lepton-top-quark background arises from the difference in
the tail-to-peak ratios for W + jets and single-lepton-top-quark events.

Table 2: The bottom row of this table shows the relative uncertainty (in percent) of the total
background predictions for theet ! tec0

1 BDT signal regions. The breakdown of this total uncer-
tainty in terms of its individual components is also shown.

et ! tec0
1

Sample BDT1–Loose BDT1–Tight BDT2 BDT3 BDT4 BDT5
MT-peak data and MC (stat) 1.0 2.1 2.7 5.3 8.7 3.0
tt ! `` Njets modeling 1.7 1.6 1.6 1.1 0.4 1.7
tt ! `` (CR-`t and CR-2` tests) 4.0 8.2 11.0 12.5 7.2 13.8
2nd lepton veto 1.5 1.4 1.4 0.9 0.3 1.4
tt ! `` (stat.) 1.1 2.8 3.4 7.0 7.4 3.3
W+jets cross section 1.6 2.2 2.8 1.7 2.7 2.2
W+jets (stat.) 1.1 1.9 2.0 4.6 10.8 5.2
W+jets SF uncertainty 8.3 7.7 6.8 8.1 9.7 8.6
1 � ` top (stat.) 0.4 0.8 0.8 1.4 4.4 1.2
1 � ` top tail-to-peak ratio 9.0 11.4 12.4 19.6 28.5 9.1
Rare processes cross section 1.8 3.0 4.0 8.1 15.7 0.7
Total 13.4 17.1 19.3 27.8 38.4 20.2

The main contributors to the rare SM backgrounds are pp ! ttZ and pp ! ttW; these processes
have not yet been measured accurately. As mentioned in Section 3, we normalize their rates
to the respective NLO cross-section calculations [31, 32]. We assign an overall conservative
uncertainty of 50% to account for missing higher order terms, as well as possible mismodeling
of their kinematical properties (see for example the discussion of Ref. [31]).

The systematic uncertainties for the et ! tec0
1 BDT analysis are summarized in Table 2. The

uncertainties for all other signal regions are presented in Appendix A.1.

8 Results
A summary of the background expectations and the corresponding data counts for each signal
region is shown in Table 3 for the et ! tec0

1 BDT analysis, Table 4 for the et ! tec0
1 cut-based

analysis, Table 5 for the et ! bec+ BDT analysis, and Table 6 for the et ! bec+ cut-based anal-
ysis. Figure 8 presents a comparison of data with MC simulation for the MT and BDT-output
distributions of events that satisfy a loose and a tightet ! tec0

1 BDT signal-region requirement.
Equivalent plots foret ! bec+ are shown in Fig. 9. The MT and BDT output distributions for the
other signal regions are presented in Appendix A.2.
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Results: Preselection
✦ After adjustments, based 

on data/MC comparison in 
the CR, the agreement in 
the signal region looks 
good


✦ The figure shows the 
agreements between the 
data and background 
predictions in the BDT 
output for four out of 16 
BDTs used in the analysis


✦ Similar agreement is found 
for other BDTs


✦ Only event preselection is 
applied; no MT > 120 GeV 
requirement used
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Figure 4: Comparison of data and MC simulation for sample BDT outputs. (a)et ! tec0
1 scenario

in training region 1; (b)et ! bec+ scenario with x = 0.5 in training region 1; (c)et ! tec0
1 scenario

in training region 4; (d) et ! bec+ scenario with x = 0.5 in training region 3. Only the event
preselection is applied, and in all cases the last bin contains the overflow. Events in the signal
regions are further selected by requiring MT > 120 GeV and by applying BDT requirements
as indicated by the vertical dashed lines. We also overlay expectations for possible signals
with met = 250 GeV and mec0

1
= 50 GeV (panels (a) and (b)) and met = 650 GeV and mec0

1
=

50 GeV (panels (c) and (d)). For display purposes, these are scaled up by factors of 30 and 100
respectively.

collectively referred to as “single-lepton-top-quark” processes. The third largest background
consists of a variety of SM processes with small cross sections, including tt events produced
in association with a vector boson (ttW, ttZ, ttg), processes with two (WW, WZ, ZZ) and three
(WWW, WWZ, WZZ, ZZZ) electroweak vector bosons, and single-top-quark production in the
tW-channel. These processes are collectively referred to as the “rare” processes. The fourth and
final background contribution is from the production of W bosons with jets (W + jets). The
multijet contribution to the background is negligible in the signal regions due to the require-
ment of a high-pT isolated lepton, large MT, large Emiss

T , and a b-tagged jet. Here, “multijet”
refers to events composed entirely of jets, without a lepton, W or Z boson, or top quark.

Backgrounds are estimated from MC simulations, with small corrections (see below). The sim-
ulation is validated in control regions (CRs) designed to enrich the data sample in specific
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Results: BDT, tχ0

✦ Here are the results of the counting experiment in all 
the signal regions:
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Table 3: The result of the et ! tec0
1 BDT analysis. For each signal region the individual back-

ground contributions, total background, and observed yields are indicated. The uncertainty
includes both the statistical and systematic components. The expected yields for two example
signal models are also indicated (statistical uncertainties only). The first and second numbers
in parentheses indicate the top-squark and neutralino masses, respectively, in GeV.

et ! tec0
1

Sample BDT1–Loose BDT1–Tight BDT2 BDT3 BDT4 BDT5
tt ! `` 438 ± 37 68 ± 11 46 ± 10 5 ± 2 0.3 ± 0.3 48 ± 13
1` top 251 ± 93 37 ± 17 22 ± 12 4 ± 3 0.8 ± 0.9 30 ± 12
W + jets 27 ± 7 7 ± 2 6 ± 2 2 ± 1 0.8 ± 0.3 5 ± 2
Rare 47 ± 23 11 ± 6 10 ± 5 3 ± 1 1.0 ± 0.5 4 ± 2
Total 763 ± 102 124 ± 21 85 ± 16 13 ± 4 2.9 ± 1.1 87 ± 18
Data 728 104 56 8 2 76
et ! tec0

1 (250/50) 285 ± 8.5 50 ± 3.5 28 ± 2.6 4.4 ± 1.0 0.3 ± 0.3 34 ± 2.9
et ! tec0

1 (650/50) 12 ± 0.2 7.2 ± 0.2 9.8 ± 0.2 6.5 ± 0.2 4.3 ± 0.1 2.9 ± 0.1

The observed and predicted yields agree in all signal regions within about 1.0–1.5 standard
deviations. Therefore, we observe no evidence for top-squark pair production. We note that
there is a tendency for the background predictions to lie somewhat above the observed yields;
however, the yields and background predictions in different signal regions are correlated, both
for the BDT and cut-based analysis. The interpretation of the results in the context of models
of top-squark pair production is presented in Section 9.

Table 4: The result of the et ! tec0
1 cut-based analysis. For each signal region the individual

background contributions, total background, and observed yields are indicated. The uncer-
tainty includes both the statistical and systematic components. The expected yields for two
example signal models are also indicated (statistical uncertainties only). The first and second
numbers in parentheses indicate the top-squark and neutralino masses, respectively, in GeV.

Sample Emiss
T > 150 GeV Emiss

T > 200 GeV Emiss
T > 250 GeV Emiss

T > 300 GeV

Low DM Selection
tt ! `` 131 ± 15 42 ± 7 17 ± 5 5.6 ± 2.5
1` top 94 ± 47 30 ± 19 9 ± 6 3.1 ± 2.4
W + jets 10 ± 3 5 ± 1 2 ± 1 1.0 ± 0.4
Rare 16 ± 8 7 ± 4 4 ± 2 1.8 ± 0.9
Total 251 ± 50 83 ± 21 31 ± 8 11.5 ± 3.6
Data 227 69 21 9
et ! tec0

1 (250/50) 108 ± 3.7 32 ± 2.0 12 ± 1.2 5.2 ± 0.8
et ! tec0

1 (650/50) 8.0 ± 0.1 7.2 ± 0.1 6.2 ± 0.1 4.9 ± 0.1

High DM Selection
tt ! `` 8 ± 2 5 ± 2 3.2 ± 1.4 1.4 ± 0.9
1` top 13 ± 6 6 ± 4 3.0 ± 2.2 1.4 ± 1.0
W + jets 4 ± 1 2 ± 1 1.5 ± 0.5 0.9 ± 0.3
Rare 4 ± 2 3 ± 1 1.8 ± 0.9 1.0 ± 0.5
Total 29 ± 7 17 ± 5 9.5 ± 2.8 4.7 ± 1.4
Data 23 11 3 2
et ! tec0

1 (250/50) 10 ± 1.1 4.6 ± 0.8 2.3 ± 0.5 1.4 ± 0.4
et ! tec0

1 (650/50) 4.9 ± 0.1 4.7 ± 0.1 4.3 ± 0.1 3.7 ± 0.1

9 Interpretation
The results of the search are interpreted in the context of models of top-squark pair production.
As discussed in Section 3, we separately consider two possible decay modes of the top squark,
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Results: Cut-Based, tχ0

✦ Similar results in the eight SR for the cut-based analysis:
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Table 3: The result of the et ! tec0
1 BDT analysis. For each signal region the individual back-

ground contributions, total background, and observed yields are indicated. The uncertainty
includes both the statistical and systematic components. The expected yields for two example
signal models are also indicated (statistical uncertainties only). The first and second numbers
in parentheses indicate the top-squark and neutralino masses, respectively, in GeV.

et ! tec0
1

Sample BDT1–Loose BDT1–Tight BDT2 BDT3 BDT4 BDT5
tt ! `` 438 ± 37 68 ± 11 46 ± 10 5 ± 2 0.3 ± 0.3 48 ± 13
1` top 251 ± 93 37 ± 17 22 ± 12 4 ± 3 0.8 ± 0.9 30 ± 12
W + jets 27 ± 7 7 ± 2 6 ± 2 2 ± 1 0.8 ± 0.3 5 ± 2
Rare 47 ± 23 11 ± 6 10 ± 5 3 ± 1 1.0 ± 0.5 4 ± 2
Total 763 ± 102 124 ± 21 85 ± 16 13 ± 4 2.9 ± 1.1 87 ± 18
Data 728 104 56 8 2 76
et ! tec0

1 (250/50) 285 ± 8.5 50 ± 3.5 28 ± 2.6 4.4 ± 1.0 0.3 ± 0.3 34 ± 2.9
et ! tec0

1 (650/50) 12 ± 0.2 7.2 ± 0.2 9.8 ± 0.2 6.5 ± 0.2 4.3 ± 0.1 2.9 ± 0.1

The observed and predicted yields agree in all signal regions within about 1.0–1.5 standard
deviations. Therefore, we observe no evidence for top-squark pair production. We note that
there is a tendency for the background predictions to lie somewhat above the observed yields;
however, the yields and background predictions in different signal regions are correlated, both
for the BDT and cut-based analysis. The interpretation of the results in the context of models
of top-squark pair production is presented in Section 9.

Table 4: The result of the et ! tec0
1 cut-based analysis. For each signal region the individual

background contributions, total background, and observed yields are indicated. The uncer-
tainty includes both the statistical and systematic components. The expected yields for two
example signal models are also indicated (statistical uncertainties only). The first and second
numbers in parentheses indicate the top-squark and neutralino masses, respectively, in GeV.

Sample Emiss
T > 150 GeV Emiss

T > 200 GeV Emiss
T > 250 GeV Emiss

T > 300 GeV

Low DM Selection
tt ! `` 131 ± 15 42 ± 7 17 ± 5 5.6 ± 2.5
1` top 94 ± 47 30 ± 19 9 ± 6 3.1 ± 2.4
W + jets 10 ± 3 5 ± 1 2 ± 1 1.0 ± 0.4
Rare 16 ± 8 7 ± 4 4 ± 2 1.8 ± 0.9
Total 251 ± 50 83 ± 21 31 ± 8 11.5 ± 3.6
Data 227 69 21 9
et ! tec0

1 (250/50) 108 ± 3.7 32 ± 2.0 12 ± 1.2 5.2 ± 0.8
et ! tec0

1 (650/50) 8.0 ± 0.1 7.2 ± 0.1 6.2 ± 0.1 4.9 ± 0.1

High DM Selection
tt ! `` 8 ± 2 5 ± 2 3.2 ± 1.4 1.4 ± 0.9
1` top 13 ± 6 6 ± 4 3.0 ± 2.2 1.4 ± 1.0
W + jets 4 ± 1 2 ± 1 1.5 ± 0.5 0.9 ± 0.3
Rare 4 ± 2 3 ± 1 1.8 ± 0.9 1.0 ± 0.5
Total 29 ± 7 17 ± 5 9.5 ± 2.8 4.7 ± 1.4
Data 23 11 3 2
et ! tec0

1 (250/50) 10 ± 1.1 4.6 ± 0.8 2.3 ± 0.5 1.4 ± 0.4
et ! tec0

1 (650/50) 4.9 ± 0.1 4.7 ± 0.1 4.3 ± 0.1 3.7 ± 0.1

9 Interpretation
The results of the search are interpreted in the context of models of top-squark pair production.
As discussed in Section 3, we separately consider two possible decay modes of the top squark,
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Results: BDT, bχ+

✦ Also, no excess  
in the chargino  
channel BDT  
analysis:
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Table 5: The result of the et ! bec+ BDT analysis. For each signal region the individual back-
ground contributions, total background, and observed yields are indicated. The uncertainty in-
cludes both the statistical and systematic components. The expected yields for several example
signal models are also indicated (statistical uncertainties only). The first number in parenthe-
ses indicates the top-squark mass, the second the gluino mass, and the third the chargino mass
parameter x. The units of the two mass values are GeV.

et ! bec+ x = 0.25
Sample BDT1 BDT2 BDT3
tt ! `` 18 ± 4 2.2 ± 1.3 1.2 ± 1.0
1` top 10 ± 5 4.0 ± 1.8 1.5 ± 0.8
W + jets 3 ± 1 2.0 ± 0.7 0.7 ± 0.3
Rare 4 ± 2 1.6 ± 0.8 1.0 ± 0.5
Total 35 ± 6 9.8 ± 2.4 4.4 ± 1.4
Data 29 7 2
et ! bec+ (450/50/0.25) 19 ± 2.9 11 ± 2.2 5.2 ± 1.5
et ! bec+ (600/100/0.25) 8.8 ± 0.8 7.5 ± 0.8 5.6 ± 0.7

et ! bec+ x = 0.5
Sample BDT1 BDT2–Loose BDT2–Tight BDT3 BDT4
tt ! `` 40 ± 5 21 ± 4 4 ± 2 6 ± 2 100 ± 16
1` top 24 ± 10 15 ± 7 4 ± 3 4 ± 2 33 ± 12
W + jets 5 ± 1 5 ± 1 2 ± 1 3 ± 1 5 ± 1
Rare 8 ± 4 8 ± 4 3 ± 1 4 ± 2 8 ± 4
Total 77 ± 12 50 ± 9 13 ± 4 17 ± 4 146 ± 21
Data 67 35 12 13 143
et ! bec+ (250/50/0.5) 45 ± 7.6 24 ± 5.2 5.7 ± 2.4 5.2 ± 2.6 55 ± 8.1
et ! bec+ (650/50/0.5) 3.5 ± 0.4 9.5 ± 0.7 5.6 ± 0.5 8.3 ± 0.6 3.2 ± 0.4

et ! bec+ x = 0.75
Sample BDT1 BDT2 BDT3 BDT4
tt ! `` 37 ± 5 9 ± 2 3.1 ± 1.3 248 ± 22
1` top 17 ± 9 6 ± 5 1.6 ± 1.6 188 ± 70
W + jets 4 ± 1 4 ± 1 1.6 ± 0.6 22 ± 6
Rare 4 ± 2 4 ± 2 1.8 ± 0.9 20 ± 10
Total 61 ± 10 22 ± 6 8.1 ± 2.3 478 ± 74
Data 50 13 5 440
et ! bec+ (250/50/0.75) 115 ± 13 21 ± 5.6 8.0 ± 3.7 518 ± 28
et ! bec+ (650/50/0.75) 3.9 ± 0.4 8.4 ± 0.6 6.8 ± 0.6 5.5 ± 0.5

et ! tec0
1 and et ! bec+ ! bWec0

1, each with 100% branching fraction. Using the results of
Section 8, we compute 95% confidence level (CL) cross section upper limits for top-squark pair
production in the mec0

1
vs. met parameter space. Then, based on the expected pp ! etet⇤ production

rate, these cross section limits are used to exclude regions of SUSY parameter space. For the
et ! bec+ scenario, the mass of the intermediate ec±

1 is specified by the parameter x defined in
Section 3.

In setting limits, we account for the following sources of systematic uncertainty associated with
the signal event acceptance and efficiency. The uncertainty of the integrated luminosity deter-
mination is 4.4% [62]. Samples of Z ! `` events are used to measure the lepton efficiencies,
and the corresponding uncertainties are propagated to the signal event acceptance and effi-
ciency. These uncertainties are 3% for the trigger efficiency and a combined 5% for the lepton
identification and isolation efficiency, where we also account for additional uncertainties in the
modeling of the lepton isolation due to the differences in the hadronic activity in Z ! `` and
SUSY events. The uncertainty of the efficiency to tag bottom-quark jets results in an uncertainty
for the acceptance that depends on model details but is typically less than 1%. The energy scale
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✦ … or cut-based analysis:
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Table 6: The result of the et ! bec+ cut-based analysis. For each signal region the individual
background contributions, total background, and observed yields are indicated. The uncer-
tainty includes both the statistical and systematic components. The expected yields for sev-
eral sample signal models are also indicated (statistical uncertainties only). The first number
in parentheses indicates the top-squark mass, the second the gluino mass, and the third the
chargino mass parameter x. The units of the two mass values are GeV.

Sample Emiss
T > 100 GeV Emiss

T > 150 GeV Emiss
T > 200 GeV Emiss

T > 250 GeV

Low DM Selection
tt ! `` 875 ± 57 339 ± 23 116 ± 14 40 ± 9
1` top 658 ± 192 145 ± 70 41 ± 24 14 ± 9
W + jets 59 ± 15 21 ± 5 8 ± 2 4 ± 1
Rare 70 ± 35 33 ± 17 16 ± 8 8 ± 4
Total 1662 ± 203 537 ± 75 180 ± 28 66 ± 13
Data 1624 487 151 52
et ! bec+ (450/50/0.25) 47 ± 3.3 33 ± 2.7 19 ± 2.0 8.7 ± 1.4
et ! bec+ (600/100/0.25) 15 ± 0.7 13 ± 0.7 11 ± 0.6 7.9 ± 0.5
et ! bec+ (250/50/0.5) 419 ± 17 157 ± 9.9 52 ± 5.4 21 ± 3.4
et ! bec+ (650/50/0.5) 14 ± 0.6 13 ± 0.5 11 ± 0.5 8.4 ± 0.4
et ! bec+ (250/50/0.75) 854 ± 26 399 ± 18 144 ± 10 56 ± 6.4
et ! bec+ (650/50/0.75) 17 ± 0.7 16 ± 0.6 13 ± 0.6 11 ± 0.5

High DM Selection
tt ! `` 25 ± 5 12 ± 3 7 ± 2 2.9 ± 1.5
1` top 35 ± 10 15 ± 6 6 ± 3 2.7 ± 1.8
W + jets 9 ± 2 5 ± 1 2 ± 1 1.8 ± 0.6
Rare 9 ± 5 7 ± 3 4 ± 2 2.4 ± 1.2
Total 79 ± 12 38 ± 7 19 ± 5 9.9 ± 2.7
Data 90 39 18 5
et ! bec+ (450/50/0.25) 30 ± 2.7 23 ± 2.3 15 ± 1.8 7.3 ± 1.3
et ! bec+ (600/100/0.25) 11 ± 0.6 9.7 ± 0.6 8.4 ± 0.6 6.1 ± 0.5
et ! bec+ (250/50/0.5) 37 ± 4.8 23 ± 3.8 11 ± 2.6 5.0 ± 1.7
et ! bec+ (650/50/0.5) 11 ± 0.5 9.8 ± 0.5 8.6 ± 0.4 6.7 ± 0.4
et ! bec+ (250/50/0.75) 32 ± 5.2 23 ± 4.4 11 ± 2.9 3.6 ± 1.4
et ! bec+ (650/50/0.75) 9.2 ± 0.5 8.4 ± 0.5 7.5 ± 0.4 6.3 ± 0.4

of hadronic jets is known to 1–4%, depending on h and pT, yielding an uncertainty of 3–15% for
the signal event selection efficiency. The larger uncertainties correspond to models for which
the difference between the masses of the top squark and LSP is small.

The experimental acceptance for signal events depends on the level of ISR activity, especially
in the small DM region where an initial-state boost may be required for an event to satisfy the
selection requirements, including those on Emiss

T , MT, and the number of reconstructed jets.
The modeling of ISR in MADGRAPH is investigated by comparing the predicted and measured
pT spectra of the system recoiling against the ISR jets in Z + jets, tt, and WZ events. Good
agreement is observed at lower pT, while the simulation is found to over predict the data by
about 10% at a pT value of 150 GeV, rising to 20% for pT > 250 GeV. The predictions from the
MC signal samples are weighted to account for this difference, by a factor of 0.8–1.0, depending
on the pT of the system recoiling against the ISR jets, and the deviation of this weight from 1 is
taken as a systematic uncertainty. Further details are given in Appendix B.

Upper limits on the cross section for top-squark pair production are calculated separately for
each SR, incorporating the uncertainties of the acceptance and efficiency discussed above, using
the LHC-style CLs criterion [63–65]. For each point in the signal model parameter space, the
observed limit is taken from the signal region with the best expected limit. The results from the

Results: Cut-Based, bχ+
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BDT Outputs for tχ0 SR
✦ Here are the BDT 

outputs for the loosest 
(left column) and tightest 
(right column) SR:
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Figure 8: Comparison of data and MC simulation for the distributions of BDT output and
MT corresponding to the tightest and loosest signal region selections in the et ! tec0

1 scenario.
The MT distributions are shown after the requirement on the BDT output, and the BDT out-
put distributions are shown after the MT > 120 GeV requirement (these requirements are also
indicated by vertical dashed lines on the respective distributions). (a) MT after the loose cut
on the BDT1 output; (b) MT after the cut on the BDT4 output; (c) BDT1 output after the MT
cut; (d) BDT4 output after the MT cut. Expected signal distributions for mec0

1
= 50 GeV and

met = 250 GeV or 650 GeV are also overlayed, as indicated in the figures. In plot (b), the bin
to the right of the vertical line contains all events with MT > 120 GeV, and has been scaled
by a factor of 1/3 to indicate the number of events per 60 GeV. In all distributions the last bin
contains the overflow.

MT distribution after  
the BDT selection

BDT distribution after  
the MT > 120 GeV selection
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BDT Outputs for bχ+ SR
✦ Here are the BDT 

outputs for the loosest 
(left column) and tightest 
(right column) SR for the 
x = 0.5 case:

40

MT distribution after  
the BDT selection

BDT distribution after  
the MT > 120 GeV selection
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Figure 9: Comparison of data and MC simulation for the distributions of BDT output and MT
corresponding to the tightest and loosest signal region selections in the x = 0.5 et ! bec+ sce-
nario with an on-shell W boson. The MT distributions are shown after the requirement on the
BDT output, and the BDT output distributions are shown after the MT > 120 GeV requirement
(these requirements are also indicated by vertical dashed lines on the respective distributions).
(a) MT after the cut on the BDT1 output; (b) MT after the cut on the BDT3 output; (c) BDT1
output after the MT cut; (d) BDT3 output after the MT cut. Expected signal distributions for
x = 0.5 with mec0

1
= 50 GeV and met = 250 GeV or 650 GeV are also overlayed, as indicated in

the figures. In all distributions the last bin contains the overflow.
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Candidate Events
✦ Here is how the signal would’ve looked like…
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Results: Summary
✦ The data agree with the SM background prediction corrected for the 

data/MC discrepancies in the CR within 1.0-1.5 standard deviations in 
all the search regions, both for the cut-based and BDT analyses


✦ Having seen no evidence for stop production, we proceed in 
interpreting our results in terms of limits on the stop production cross 
section, as a function of the stop mass, neutralino mass, and the x 
parameter in case of the bχ+ decay channel


✦ The limits are set from the counting experiment in the most sensitive 
signal region for any given mass point


✦ In general could be improved by combining several search regions, 
but as the improvement is small (SR are largely overlapping) go for a 
simpler analysis


✦ Further improvement could generally be achieved by the shape-based 
analysis, but this requires a much more sophisticated treatment of the 
systematic uncertainties, not possible with the present statistics


✦ Will ultimately be used for Run 2, once statistics increase significantly
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Interpretation
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Interpretation
✦ Use the LHC-style CLs method (see Carlos Mañá’s 

lectures) to set 95% CL limits

✦ Use standard convention of treating experimental 

and theoretical uncertainties:

๏ Uncertainties are propagated into the limits via nuisance 

parameters, represented typically by log-normal 
distributions 


๏ Experimental uncertainties are shown as ±1 standard 
deviation band around the expected limits 


๏ Theoretical uncertainties (renormalization/factorization 
scale variation, PDFs, etc.) are shown as ±1 standard 
deviation band around the observed limits44
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Limits
✦ Here are the limits in four scenarios studied:
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Figure 10: Interpretations using the primary results from the BDT method. (a)et ! tec0
1 model;

(b) et ! bec+ model with x = 0.25; (c) et ! bec+ model with x = 0.50; (d) et ! bec+ model
with x = 0.75; The color scale indicates the observed cross section upper limit. The observed,
median expected, and ±1 standard deviation (s) expected 95% CL exclusion contours are indi-
cated. The variations in the excluded region due to ±1s uncertainty of the theoretical predic-
tion of the cross section for top-squark pair production are also indicated.
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Most Sensitive SRs
✦ Which region does the sensitivity come from?

✦ In most parts of the phase space the best SR matches 

the a priori optimization
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Figure 21: The most sensitive signal region in the mec0
1

vs. met parameter space in the BDT
analysis, for the (a)et ! tec0

1 model, and theet ! bec+ model with chargino mass parameter (b)
x = 0.25, (c) 0.5, and (d) 0.75. The number indicates the BDT training region.
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Figure 3: The regions used to train the BDTs, in the mec0
1

vs. met parameter space, for (a) the
et ! tec0

1 scenario, and for (b) theet ! bec+ x = 0.25, (c) 0.5, and (d) 0.75 scenarios. The dashed
lines correspond to DM ⌘ met � mec0

1
= Mtop for et ! tec0

1, and DM ⌘ mc+
1
� mec0

1
= MW for

et ! bec+.

between the chargino and the LSP. Just as in theet ! tec0
1 case, SRs are distinguished by increas-

ingly tighter requirements on Emiss
T . Since in the case ofet ! bec+ the signal has no top quark in

its decay products, the requirement on the hadronic top c2 is not used. The large DM selection
includes the MW

T2 requirement, as well as the requirement that the leading b-tagged jet have pT
larger than 100 GeV.

4.3.3 Signal regions summary

To summarize, this search uses two complementary approaches: one a cut-based approach and
the other a BDT multivariate method. Correspondingly, there are two distinct sets of signal
regions. In the BDT case, the SRs are defined by requirements on the BDT outputs. The BDT
SRs provide the primary result, since the BDT method has better expected sensitivity. There
are a total of 16 cut-based SRs (eight each for theet ! tec0

1 andet ! bec+ cases) and 18 BDT SRs
(six for theet ! tec0

1 mode and 12 for theet ! bec+ mode). The expected number of background
events in the SRs varies between approximately 4 and 1600 (see Section 8).

5 Background estimation methodology
The SM background is divided into four categories that are evaluated separately. The largest
background contribution after full selection is tt production in which both W bosons decay
leptonically (tt ! ``), but one of the leptons is not identified. The second largest background
consists of tt production in which one W boson decays leptonically and the other hadroni-
cally (tt ! `+ jets), as well as single-top-quark production in the s- and t-channels: These are
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Most Sensitive SRs: Cut-Based
✦ Similar situation for the cut-based analysis:
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Fine Points
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Fine Points: Polarization
✦ Top quark in the stop decay may be produced 

polarized

✦ The main limits correspond to the case of no 

polarization

✦ Important to study the effect of polarization

✦ The effect turns out to be not so large: 10-20 GeV  

in the limits
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Figure 11: (a) the observed 95% CL excluded regions for the et ! tec0
1 model for the case of

unpolarized, right-handed, and left-handed top quarks. (b) the observed 95% CL excluded
regions for the et ! bec+ model with x = 0.5 for the nominal scenario, right- vs. left-handed
charginos (c̃±

R and c̃±
L , respectively), and right- vs. left-handed Wec0

1 ec±
1 couplings.
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Figure 12: The observed 95% CL excluded regions as a function of the assumed branching
fraction for the et ! tec0

1 decay mode. The results are based on the assumption that the search
has no acceptance for top-squark pair events if one of the top squarks decays in a different
mode. See text for details.

10 Summary
We have performed a search for the direct pair production of top squarks in a final state consist-
ing of a single isolated lepton, jets, large missing transverse momentum, and large transverse
mass. Signal regions are defined both with requirements on the output of a BDT multivariate
discriminator, and with requirements on several kinematic discriminants. The observed yields
in the signal regions agree with the predicted backgrounds within the assessed uncertainties.
The results are interpreted in the context of models of top-squark pair production and decay.
The analysis probes top squarks with masses up to about 650 GeV and significantly restricts the
allowed parameter space of natural SUSY scenarios.
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Fine Points: Branching Fraction

✦ What if B(t → tχ0) is less than 100%?

๏ Conservative analysis, ignoring other stop decays
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Figure 11: (a) the observed 95% CL excluded regions for the et ! tec0
1 model for the case of

unpolarized, right-handed, and left-handed top quarks. (b) the observed 95% CL excluded
regions for the et ! bec+ model with x = 0.5 for the nominal scenario, right- vs. left-handed
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Figure 12: The observed 95% CL excluded regions as a function of the assumed branching
fraction for the et ! tec0

1 decay mode. The results are based on the assumption that the search
has no acceptance for top-squark pair events if one of the top squarks decays in a different
mode. See text for details.

10 Summary
We have performed a search for the direct pair production of top squarks in a final state consist-
ing of a single isolated lepton, jets, large missing transverse momentum, and large transverse
mass. Signal regions are defined both with requirements on the output of a BDT multivariate
discriminator, and with requirements on several kinematic discriminants. The observed yields
in the signal regions agree with the predicted backgrounds within the assessed uncertainties.
The results are interpreted in the context of models of top-squark pair production and decay.
The analysis probes top squarks with masses up to about 650 GeV and significantly restricts the
allowed parameter space of natural SUSY scenarios.
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Fine Points: Sensitivity Near mt

✦ Reduced sensitivity in region Δm = m(t) - m(χ0) ~ mt


✦ Momentum of the χ0 is reduced in the ‘compressed’ region ➞ reduced 
source of MET which is the main discriminator from background


✦ Results in a reduced MT acceptance
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Next Steps52
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✦ This is quite sensitive, and yet the toughest channel at the LHC

✦ Simple reinterpretation of the existing analyses is not sensitive enough

✦ Requires a dedicated optimized tour-de-force analysis:


๏ Top-quark full or partial reconstruction

๏ W+jets and tt with τh and lost  

leptons (from W(μν)+jets with  
embedded τh), invisible Z  
decays (from Z(μμ)), and  
multijets (made negligible)

Direct Stop: All Hadronic
53

CMS PAS- SUS-13-015
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Direct Stop: Summary
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Stop Decays via Higgs/Z
✦ Probing compressed spectrum in the stop to top + neutralino  

decays by looking for the heavier stop production with the  
decay in the lightest stop and a Z or Higgs boson


✦ Results in additional boost of decay products probing 
                   ≈ 175 GeV 
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10 6 Results

50% uncertainty is assigned to account for possible mismodeling of additional partons required
to satisfy the b-jet requirement.

6 Results
The results of the search are shown in Tables 2-4, and in Figs. 2-4, where the background pre-
dictions are broken down into the various components.

1ℓ analysis                           CMS √s = 8 TeV, ∫ ℒdt = 19.5 fb
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2 OS ℓ analysis                    CMS √s = 8 TeV, ∫ ℒdt = 19.5 fb
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Figure 2: Comparison of the mT distributions for events with one lepton (top row) and mbb
distributions for events with two OS leptons (bottom row) in data and MC simulation satis-
fying the 3b (left) and � 4b (right) SR requirements. The vertical dashed lines indicate the
corresponding signal region requirement. The semileptonic tt and dileptonic tt components
represent simulated events characterized by the presence of one or two W bosons decaying to
e, µ or t. The yields of the tt simulated samples are adjusted so that the total SM prediction is
normalized to the data in the samples obtained by inverting the SR requirements. The distribu-
tion for the modelet2 ! Het1 where met2

= 450 GeV and met1
= 200 GeV is displayed on top of the

backgrounds. The last bin contains the overflow events. The uncertainties in the background
predictions are derived for the total yields in the signal regions and are listed in Table 2.

For the event selections with one lepton, Fig. 2 (top) shows a comparison of the mT distribution
in data and simulation. The sample at low mT is enhanced in semileptonic tt events and is used
as a control sample to derive the normalization for this background contribution. As shown in
Fig. 2 (top), the backgrounds in the SR are mainly semileptonic and dileptonic tt events.

For the SRs with two OS leptons, Fig. 2 (bottom) shows a comparison of the mbb distribution in
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Conclusions
✦ Direct stop pair production is a classic example of a 

sophisticated search analysis:

๏ Well-motivated

๏ Uses advanced kinematic variables

๏ Uses both cut-and-count and modern multivariate techniques

๏ Combines several channels

๏ Offers high sensitivity to a broad class of models


✦ Unfortunately, the search came empty-handed, but it set 
stringent limits on stop production and covered large 
fraction of “natural” phase space


✦ The analysis will remain a flagship SUSY search in Run 2 
and will either result in a discovery or significant limits on 
the very “natural” SUSY possibility!56
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Thank You!
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