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Top squarks cancel the Λ2
UV term, remainder depends on 

difference between mt
2 and m2

stop 

Enormous radiative corrections to mhiggs in SM: Δm2 ~ Λ2
UV 

Light stops needed for “natural” (not fine-tuned) solution  
to the hierarchy problem 
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Search in 1ℓ + jets mode 
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Top Squark Search 

Signal is tt with extra missing energy 
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Signature depends on  
W decay modes 

ℓ+jets 30% 

all jets 
46% 

dileptons 
4% 

tau 20% 

lepton ℓ = e orμ  

Eur. Phys. J. C 73 (2013) 2677 hep-ex/1308.1586 
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Gallichio et al. hep-ph/1203.4813 

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/

8
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W is minimum mother particle mass consistent with kinematic constraints 



Kinematic Variables 
Use kinematical information in addition to ET

miss and MT to reduce tt 

27 

MT2
W is minimum mother particle mass consistent with kinematic constraints 

Gallichio et al. hep-ph/1203.4813 

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)

0 100 200 300 400 500
0.00

0.05

0.10

0.15

0.20

0.25

MT2
W !GeV"

Fr
ac
tio
n

t t dilep
t t semi
mt
!"500 GeV

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/

8

invisible 

Top background  

 [GeV]W
T2M

100 150 200 250 300 350 400 450 5000

200

400

600

800

1000

1200

1400  topl1

ll → tt

W+jets

rare

100× (650/50) 0
1
χ∼t→t~

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

Preselection +
 > 120 GeVTM

MT2
W > 200 GeV 



Kinematic Variables 
Use kinematical information in addition to ET

miss and MT to reduce tt 

28 

χ1
0 χ1

0ET
miss

t tsignal 

background 

ET
miss

t

t



Kinematic Variables 
Use kinematical information in addition to ET

miss and MT to reduce tt 

29 

χ1
0 χ1

0ET
miss

t tsignal 

background 

ET
miss

t

t
ratio
TH

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

100

200

300

400

500
 topl1

ll → tt

W+jets

rare

100× (650/50) 0
1
χ∼t→t~

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

Preselection +
 > 120 GeVTM

HT
ratio: fraction of HT in 

same hemisphere as ET
miss 

signal×100 



φ∆min 
0 0.5 1 1.5 2 2.5 3

50

100

150

200

250
 topl1

ll → tt

W+jets

rare

100× (650/50) 0
1
χ∼t→t~

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

Preselection +
 > 120 GeVTM

Δ𝝓 > 0.8 

Kinematic Variables 
Use kinematical information in addition to ET

miss and MT to reduce tt 

30 

χ1
0 χ1

0ET
miss

t tsignal 

background 

ET
miss

t

t

min Δ𝝓:  
minimum Δ𝝓 
between either 

of 2 leading 
jets and ET

miss  

signal×100 



Kinematic Variables 
Use kinematical information in addition to ET

miss and MT to reduce tt 

31 

P1

P2

t̃⇤

t̃

t̄

t

b̄

W�

�̃0
1

�̃0
1

W+

b

3

hadronic top 

leptonic W 

→jj 

→ℓν 

Signal has hadronically decaying top while tt➞ℓ+ℓ- does not 
 
 
 
 
 
 
 
 
Construct 3-jet hadronic top 𝛘2 hypothesis 

 
 

 
 



Kinematic Variables 
Use kinematical information in addition to ET

miss and MT to reduce tt 

32 

P1

P2

t̃⇤

t̃

t̄

t

b̄

W�

�̃0
1

�̃0
1

W+

b

3

hadronic top 

leptonic W 

→jj 

→ℓν 

Signal has hadronically decaying top while tt➞ℓ+ℓ- does not 
 
 
 
 
 
 
 
 
Construct 3-jet hadronic top 𝛘2 hypothesis 

 
 

 
 

2χhadronic top 
0 2 4 6 8 10 12 14 16 18 200

200

400

600

800

1000

1200

1400

1600  topl1

ll → tt

W+jets

rare

100× (650/50) 0
1
χ∼t→t~

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

Preselection +
 > 120 GeVTM

𝛘2 < 5 

signal×100 



Kinematic Variables 
Use kinematical information in addition to ET

miss and MT to reduce tt 

33 

t

χ1
0

χ1
±

high pT 
b-jet 

W 

) [GeV]
1

(b
T

p
0 50 100 150 200 250 300 350 400 450 5000

100

200

300

400

500

600

700

800  topl1

ll → tt

W+jets

rare

100×(650/50/0.5) +

1
χ∼b→t~

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

Preselection +
 > 120 GeVTM

)l,
1

R(b∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

100

200

300

400

500

600
 topl1

ll → tt

W+jets

rare

100×(650/50/0.5) +

1
χ∼b→t~

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

Preselection +
 > 120 GeVTM

ΔR(leading b-jet,lepton) leading b-jet pT 

pT > 100 GeV 

signal×100 

signal×100 



1ℓ Top Squark Selection 

34 

1ℓ signature:  
 1 e/μpT > 30 GeV 
 2nd lepton veto  
 ≥4 jets  pT > 30 GeV  
 ≥1 b-jet  
 ET

miss > 100 GeV t

t
g

g

χ̃0

χ̃0t̃

t̃∗
g

b

W+

b
W−

b-jet 
e/μ 

MET (ν) 

MET 

additional 
jets 

stop signal 
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Main tau branching fractions 
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Signal Selection 

Main analysis combines several variables in BDTs 
➞ signal regions defined by cuts on BDT output 

 

Cross checked with cut-based analysis 
➞ less sensitivity to model details 

 

Do both in parallel ➞ 18 BDT and 16 cut-based 
signal regions! 
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Signal Region Selection 
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Signal Kinematics 
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Signal Kinematics 

44 
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tχ0 Mode 
Train 5 BDTs to target different regions of parameter space 

 
 
 
 
 
 
 
 
 
 
 
 

More BDTs to target bχ± mode 
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Background Estimation 
Backgrounds from Monte Carlo ➞ Calibrate/correct with “control regions” 
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Background Estimation 
Backgrounds from Monte Carlo ➞ Calibrate/correct with “control regions” 
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Background Estimation 
Backgrounds from Monte Carlo ➞ Calibrate/correct with “control regions” 
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Background Estimation 
Backgrounds from Monte Carlo ➞ Calibrate/correct with “control regions” 
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Issue with ET

miss resolution 
affecting MT  

 ➞ measured in W+jets, 
corrected via scale factor 1.2±0.3 

 ➞ transfer to tt➞ℓ+jets not 
   straightforward 
  

W+Jets sample:  
Invert b-tagging 



Single Lepton Backgrounds 
Two contributions to high MT tail 

CMS Simulation √(s) = 8 TeV

1ℓ top: MT is bounded 
MT(ℓ,ν)<mtop-mb 
➞ detector resolution  

effects dominate 

W+jets: dominated by  
off-shell W production 

MT(ℓ,ν)>mW 

W → lν

t→Wb→ lνb
46 1ℓ top ~ 25% & W+jets ~ 5% of total background 
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Signal and Background Expectations 
Looser signal regions target  

low mstop and low Δm 
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Tighter signal regions target high 

mstop and large Δm 
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The Results 
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What does this search tell us? 
Set limits using results from the signal region with the best expected sensitivity 
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Multivariate vs. Cut Based 
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1ℓ Decay Mode Comparison 
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Results probe mstop ~100 – 650 GeV 

  [GeV]t~ m
100 200 300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400

SUS-13-011 BDT analysis

*t~t~→pp
1-lepton channel 1

0
χ∼t →t~

, x=0.25
1
+
χ∼b →t~

Observed
Expected

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

W

 = 
m

0
1χ∼

 - m±
1χ∼m

t

 = 
m

0
1χ∼

 - mt~m
W

 = 
m

0
1χ∼

 - mt~m

t(*)      

 t

 χ1
0

b      

W      
 χ1

±



  [GeV]t~ m
100 200 300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400

unpolarized top
BDT analysis

0
1
χ∼ t → t~*, t~ t~ →pp Observed limits

) = 1.00
1
χ∼ t→ t~BF(

) = 0.90
1
χ∼ t→ t~BF(

) = 0.80
1
χ∼ t→ t~BF(

) = 0.70
1
χ∼ t→ t~BF(

) = 0.60
1
χ∼ t→ t~BF(

) = 0.50
1
χ∼ t→ t~BF(

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

W

 = 
m

1
0

χ∼

 - 
m

t~m

t

 = 
m

1
0

χ∼

 - 
m

t~m

BF=100% 

BF=50% 

1ℓ Interpretation: Branching Fraction 

55 

For m(χ±) ~ m(χ0), strong dependence on BF(stop ➞ t + χ0) 
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1ℓ + 0ℓ Combination: Branching Fraction 
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Combination with low jet multiplicity fully hadronic search  
is sensitive to a wider range of possible branching fractions 
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Summary of Stop Mass Limits 
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The Gaps 
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Results probe mstop ~100 – 650 GeV 
BUT mstop ≲ 650 GeV is not conclusively 

ruled out because of gaps! 
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The Gap around mtop 
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Gap in sensitivity  
at mstop-mLSP ~ mtop 

How can we 
target this region? 
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g

g t̃

t̃∗
g

g

Design event selection for stops 
recoiling against ISR jets  
➞ increase LSP momentum 

➞ gain sensitivity 
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Revisiting the Gap around mtop 
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Gap in sensitivity  
at mstop-mLSP ~ mtop 

Other ways to target 
the gap region: 

Search for top squarks 
produced in decay of 
other SUSY particles 



Stop in Gluino Cascade Decays 
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Stop1 in Stop2 Cascade Decays 
If the lightest stop is hiding in the top,  

could see it in the decay of a heavier stop 
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Stop2 Signature 
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Revisiting the Gap around mtop 
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Gap in sensitivity  
at mstop-mLSP ~ mtop 

Other ways to target 
the gap region: 
Precision σ(tt) 
measurement 



Stops hiding in the Top 
Consider the impact of a light stop on the measured tt cross section 
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√s [TeV] 7 8 

Experiment σ(tt) [pb] 182.9 ± 7.1 242.4 ± 10.3 

Theory σ(tt) [pb] 177.3 + 11.5
-12.0 252.9 +15.3

-16.3 

Constrain mstop ~ mt 

for 100% BR tχ0 

hep-ex/1406.5375 
Submitted to EPJC 

Stop would increase 
observedσ(tt)~15% 
Experiment Δσ~ 4% 

NNLO theory Δσ~ 6% 



Stops hiding in the Top 

ATLAS-CONF-2014-056 
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Summary of Run1 Stop Mass Limits 
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Soft decay products, low efficiency, 
difficult to trigger  

(e.g. high-pT monojet-like ISR jet) 

Events ~ SM tt 

Events ~ SM WW 
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Extending to Higher Masses 
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Limited by statistics  
➞ need more data! 



Top Squarks at LHC Run 2 
LHC Run2 (~2015-2021) expect ~300 fb-1 of data at √s = 13-14 TeV 
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pessimistic 

optimistic 

Revisit analysis for large mstop 
➞ boosted decay products 
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Summary of Searches and Outlook 
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Dedicated  
searches 

Higher masses 
➞ use higher 
energy data 

In the next years can cover a lot of the gaps!  

tt + MET 

Lower masses 
➞ more precise 

background 
estimates & targeted 

analyses 



Conclusion 
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Searches for stops at the LHC are the first to explore significant regions of 
interesting parameter space   

No signs of stops, but understanding of SM backgrounds is the key to any future 
discovery 

There are loopholes, even for light stops, some are currently being addressed  
➞ need to cover the gaps in sensitivity 

The next years are going to be crucial to discover light stops or to set severe 
constraints on Natural SUSY 

➞ the higher energy data will extend the sensitivity to close to 1 TeV 

Light stops are a powerful signature of new physics to search for at the LHC 
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Thank you 

Art courtesy of Xavier Cortada (with the 
participation of physicist Pete Markowitz) 


