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(a) Fermion l Boson 
(b) R parity conserving SUSY, lightest neutralino 
         Æ cold dark matter candidate 

Supersymmetry 
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Top squark 
¾ 3rd generation top squark could be light  
    to give the Higgs mass a reasonable  
    correction. 
¾ Higgs boson at 126 GeV o light stop (at  
    sub-TeV). 

Neutral-ino S-tau S-top 

SUSY 

To show search strategies we developed for a light stop. 

g qm m|
ATLAS and CMS 8-TeV 
If                , >1.5 TeV 

[hep-ex/1208.0949], [1206.1760], [1207.1898] 
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Why Stop can be light? 

Hierarchy Problem, naturalness 

SUSY solution 

¾ In SM enormous corrections to                            from top quark. 
¾ In SUSY Stop loop cancels         term, and give a finite correction. 
¾ Light stops  (~TeV)  needed  for  “natural”  (not  fine-tuned) solution  
    to hierarchy problem. 

2 2:h UVm m' v/
2
UV/

4 

4 / 25       Kechen Wang                                                                     Searching for Top Squarks at the LHC 4 / 48 



5 

Stop mixing 

                                        see for example, M. Badziak et. al., [hep/ph1205.1675] 

Small mixing Æ both stops in the multi-TeV scale 
OR 
Large mixing Æ Two stops close in mass, in the several hundred GeV scale. 
Large mixing Æ Very large splitting between the two stops: one is very light (100-200 GeV) 

126 GeV requireshm | ：

5 

heavier stop 
lighter stop 
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(Table  from  Claudio  Campagnari’s  talk) 

Stop decay Å Stop mixing & neutralino/chargino composition &                         
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Our Scenarios 
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Direct production in pairs Production from cascade decay 

Top Squark Production Processes 

1
*t

1t
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Top Squark Search Challenge 

¾ Small production cross section. 
¾ t tbar background is huge. 

(Plot  from  Claudio  Campagnari’s  talk) 
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CMS 

LHC status of Stop searches 

ATLAS 
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ATLAS 14 TeV Projection analysis [ATL-PHYS-PUB-2013-011] 

LHC projection analysis of Stop searches 
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Stop-neutralino coannihilation scenario 

DM relic density satisfied by the coannihilation mechanism. 
Mass spectrum (GeV). 

0
1

53 GeV Wtm m m m
F

'  �  �

B. Dutta, T. Kamon, A. Krislock, K. Sinha and K. Wang, Phys. Rev. D85 (2012) 115007 [hep-ph/1112.3966].  

0 0 0
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Search strategy 

Data simulation:  
ISAJET + PYTHIA + PGS4 

15 

Event selection: 
(a) pT (j1,2) t 200 GeV, in  
(b) t 4 jets, with pT (j) t 30 GeV in 
(c) MET > 180 GeV 
(c) pT (j1) + pT (j2) + MET t 600 GeV 
(d) For MbW, t 1 tightly tagged b jets (42% efficiency, 

2% fake rate). 

| | 2.5K d
| | 2.5K d

  
� t 4 j + t 1 b + MET, 
� Endpoint measurements                                   @ 14 TeV  
� Bi-Event Subtraction Technique (BEST) is performed to  
    get rid of uncorrelated jet background.  

 

0
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End points & Stop mass 
50 fb-1 @ 14 TeV  
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Results for a heavy mass spectrum 

Our strategy works for heavy mass spectrum m need more luminosity. 

0
1

39 GeV Wtm m m m
F

'  �  �
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B. Dutta, T. Kamon, N. Kolev, K. Sinha, and K. Wang, Phys.Rev. D86 (2012) 075004 [hep-ph/1207.1873]. 

Fully hadronic final state scenario 
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Dominant: t tbar + jets 
With one top quark decaying into blQ, 
where the  lepton is undetected and the   
produces missing  transverse momentum 

Others small background: single  top + jets, 
W + jets, Z + jets, QCD 

BG data simulated by program:  
ALPGEN + PYTHIA + PGS4 

Signal data simulated by program:  
ISAJET + PYTHIA + PGS4 21 

pp
t
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Q
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Background 
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Pre-selection: 
(i) t 4 non-b jets + t 2 loosely tagged b jets + large MET 
 
(ii)  reject events with any lepton (electron, muon), or tau. 

Final selection: 
 Step 1:  use M3 to identify the 1st top, (b, j, j) system. 
 
 Step 2:  Apply Angular and MT cuts to reduce SM background. 
 
 Step 3:  Use M3 again to reconstruct the 2nd top. 

Search strategy 

Event selection: 
(a) pT (j) t 30 GeV, in  
(b) pT (j1) t 100 GeV 
(c) t 4 non b jets, t 2 loosely tagged b jets 
(d) MET > 100 GeV 
(e) veto leptons (electrons or muons) with pT t 10 

GeV in             , and                  GeV and 'R=0.4 
(f) veto hadronically decaying tau, with pT t 20 GeV 

in            (60% efficiency, 2% fake rate). 

| | 2.5K d

| | 2.1K d

| | 2.5K d , 5track
T isop d¦
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M3 Technique: Identifying 1st Top 
W mass cut:  
    40<M(jj)< 120 GeV 
Top mass cut: 
    120< M(bjj)<220 GeV 
To purify the system. 
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MET: 
t tbar + jets --- neutrino from lepton side 
Stop pair ------ neutralino from both sides 
Stop pair: ISAJET + PYTHIA + PGS4 
BG: ALPGEN + PYTHIA + PGS4 

Angular and MT cuts to reduce SM BG 
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Angular and MT cuts to reduce SM BG 
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Mixed-up 
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2nd top 

8 TeV, 50 fb-1 

After W mass window cut: 40< M(jjB)< 120 GeV 

2nd top 

other BG: single top + jets, W + n jets, Z + n jets with n d 6 
total BG:   other BG, t tbar + n jets with n d 6 

M3 Technique: Identifying 2nd Top 
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S ~ B @ 50 fb-1, 8 TeV. 
Stop mass: 350 ~ 550 GeV 
 
Cuts are optimized for each point. 

Significance 
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30 

Bino-Higgsino DM scenario 

Composition To satisfy 
relic density 

Generic case Comments 

Relic density Possible mechanism 

Bino 20 - 100 GeV, 
depending on a 
slepton mass 

small large Non-thermal, 
resonance, 
coannihilation, 

Dominant: t channel 
slepton exchange 

Wino ～ 2.4 TeV large small Non-thermal,  
multi-component,  
well-tempering 
mixture, etc. 

Higgsino ～ 1 TeV 
 

large small Strong bound from direct 
production 

30 

0
1 ( B, , , )d uW H HF + +

1 ( , )uW HF �
1 ( , )dW HF� � �After EW symmetry breaking, 

annσ

B. Dutta, T. Kamon, N. Kolev, K. Sinha, K. Wang and S. Wu, Phys. Rev. D87 (2013) 095007 [hep-ph/1302.3231]. 

'm > mt ;  0 0 0 0
1 1 2,3 1 1 2,3 1~ ; ~ ( ), ~ , , orRt t B H H t b t tF F F F Fr� � o � � �
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Search Strategy 

Event selection: 
(a)  pT (j) t 30 GeV, in  
(c)  t 2 jets 
(d)  t 1 b jets 
(e)  2 leptons (electrons or muons) with pT t 20 GeV and 10 

GeV in             , and                    GeV and 'R=0.4 
(d)  MET > 150 GeV 
(e)  HT > 100 GeV. 

| | 2.5K d

| | 2.5K d , 5track
T isop d¦

�  t 2 j + t 1 b + 2 l (OSSF) + MET,  
�  Di-lepton invariant mass distribution (OSSF-OSDF). 

0 0

3,2 1 (via )t t l l t l or ZF F ro � o � � �

0 0
1 1 2,3~ ; ~ ( ), ~Rt t B H HF F�
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Light slepton case 
           almost degenerate. 
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BG data simulation:  
MadGraph + PYTHIA + PGS4 
 
Signal data simulation:  
ISAJET + PYTHIA + PGS4 

Final State:  
 t 2 j + t 1 b + 2 l (OSSF) + MET 
MET > 150 GeV 
HT > 100 GeV 

Dilepton mass distribution 

Dominant SM BG: tt jets�

30 fb-1 luminosity, 8 TeV 

OSSF – OSDF 

A clear edge around 
0 0
2 1

63M m m GeV
F F

'  �  

OSSF (e e )
tt (0 4) jetsand tt

P Pr r




�

� �

OSDF (e )
tt (0 4) jets

e
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�
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Dilepton mass distribution 

30 fb-1 luminosity, 8 TeV 

The edge shifts with 0 0
2 1

M m m
F F

'  �

0 0
3,2 1 (100%, via or )l l eF F Pr r ro � �
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Significance 

30 fb-1 luminosity, 8 TeV 
30 fb-1 luminosity, 8 TeV 

significance         , for                      .  distinguishable edge, for                     . 550tm GeVd 500tm GeV 3V

20 70llGeV M GeV� �
S

S B

Ns
N N

 
�

35 

35 / 25       Kechen Wang                                                                     Searching for Top Squarks at the LHC 35 / 48 



Heavy slepton case 

(7%, via Z boson) 
30 fb-1 luminosity, 8 TeV 

Small value of             branch ratio causes 
smaller significance. 

112

393

2500

175

144

164

7 
%

 

(GeV)

,q g

t

b

1F
r

l Qr

0
1F

t

t

0
3,2F

l lr

0
3,2

0 0
3,2 1

(31%)t t

l l

F

F F r

o �

o � �

20 70llGeV M GeV� �
S

S B

Ns
N N

 
�

Z llo

36 

36 / 25       Kechen Wang                                                                     Searching for Top Squarks at the LHC 36 / 48 



0 0 0
1 2 1

113m GeV M m m
F F F
 '  �

(b)                       and light    , 
           edge around       .    

0
1 ( )B HF �

M'
l

(c)                       and heavy    ,  
                      small significance. 

   

0
1 ( )B HF �

Z llo
l

Dark Matter -B H

(a)            ,need           coannihilation. 
a low pT lepton       small significance. 

0
1 BF 0

1 lF �

37 

37 / 25       Kechen Wang                                                                     Searching for Top Squarks at the LHC 37 / 48 



OUTLINE 
Supersymmetry Top Squark (   ) 

� Motivation 
� LHC search status 

 
Search from Cascade Decay 

�              Coannihilation Scenario 
� Endpoint measurements 

 
Fully Hadronic Final State Scenario 

� M3 technique 
Bino-Higgsino Dark Matter Scenario 

� Dilepton invariant mass distribution 
� Light slepton & heavy slepton cases 

Compressed Scenario 
� VBF topology selection 
� Two-body decay & three-body decay cases 

 
Conclusion 

t

0- 1t F

38 / 25       Kechen Wang                                                                     Searching for Top Squarks at the LHC 38 / 48 



tm m' � tm m� '

tmWbm m� tm

0
1

m
F

0
1

t t Fo �

(on-shell  top) 

0
1

t b W Fo � �

(off-shell  top) 

, cbm m m' �

0
1

t c Fo �

* 0
1

t b W Fo � �

(off-shell  W) 

Compressed scenario: 
 
 
t 2 j + t 2 b + t 1 l + MET  

0 0 0 0
1 1 2 1 1 1~ ; ~ , ~Rt t B W t t or b WF F F F� o � � �

0
1tm m m
F

�'  

Compressed scenario 

39 

Wbm m m� � '
Wbm m m�' �

, cbm m m� '

39 / 25       Kechen Wang                                                                     Searching for Top Squarks at the LHC 39 / 48 



40 

Compressed Scenario 

0
1

m m m mtt F
'  �

Two-body decay case:  
 
 
 
On-shell top, but soft jets/leptons 

7 GeV, 173 GeVm m mt t'  �  
0
1

( , ) (200, 20) GeVtm m
F

 

0
1 1t t Fo �

Three-body decay case: (200, 35) GeV 
 
 
 
Off-shell top, even softer jets/leptons  

7 GeVm m mt t'  � �
0

1 1t b W Fo � �

B. Dutta, W. Flanagan, A. Gurrola, W. Johns, T. Kamon, P. Sheldon, K. Sinha, K. Wang and S. Wu, [hep-ph/1312.1348]. 

0 0
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Search strategy 

41 

Event selection: 
(a) VBF topology selection: t 2 non b-tagged jets, j1 , j2    
      (1) pT (j1) t 75 GeV, pT (j2) t 50 GeV, in |K| d 4; 
      (2)  
      (3)  
      This reduces the W+jets and Z+jets backgrounds. 

 
(b) t 2 loosely tagged b jets with pT t 30 GeV in |K| d 2.5, 

(70% efficiency, 1% fake rate). 
 
(c) t 1 leptons with pT t 20 GeV 
 
(d) Big MET requirement, optimized for each mass point. 

1 21 2| (j , j ) | 3.5, 0j jK K K' ! �
1 2(j , j ) 500 GeVm !

� t 2 j + t 2 b + t 1 l + MET.  
�  VBF topology selection. 

0 0
1 1

*+ jets + jets( ) ( )pp t t bW bWF Fo o
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VBF topology production  

Vector Boson Fusion (VBF) production 
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Samples are generated:  
MadGraph + PYTHIA + PGS4 
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j
j

VBF production topology 
Transverse plane 

j j

t *t

VBF topology signature 

Advantages of VBF topology selection: 
(a) VBF tagging jets 
(b) Broad enhancements in MET 
(c) Compressed scenarios 
(d) Free from trigger bias 
(e) Direct probing EW sector, complementary 
      Å agnostic about colored sector 

VBF tagged jets (2 energetic jets: large       , forward region, opposite hemispheres) jjm

43 
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MET distribution 
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Cross sections (fb) 
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Experiment reach with systematic uncertainty 

LHC preliminary reach @ 300 fb-1, 14 TeV 
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PT distribution of b jet in Three-Body Decay Case 
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Lower pT  threshold of b-jet o improve significance 
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Conclusion 

48 

Fully hadronic final state scenario: 
�  'm > mt ;                                                                
�  t 4 j + t 2 b + MET, 
�  M3 technique, reconstruct 2 top, S ~ B, 500 GeV @ 50 fb-1, 8 TeV. 

0 0 0
1 1 2 1 1~ ; ~ , ~Rt t B W t tF F F� o �

0 0 0 0
1 1 1 1

* ( ) ( ) ( ) ( )pp t t t t bjj bjjF F F Fo o o

o Direct production of         *t t

o Production from cascade decay 0
1

-tm m m
F

'  
Stop coannihilation scenario: 
�  'm < mW ;                                                                
�  t 4 j + t 1 b + MET, 
�  Endpoint measurements                              @ 14 TeV  

0 0 0
1 1 2 1 1~ ; ~ , ~Rt t B W t cF F F� o �

0
1g b b t W b c W bFo � o � � o � � �

, ,M M m mjWbW t b
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           DM scenario: 
�  'm > mt ;                                                                                                                    
�  t 2 j + t 1 b + 2 l (OSSF) + MET,  
�  Di-lepton invariant mass distribution (OSSF-OSDF): 
�   Light    : Sensitivity up to 600 GeV @ 30 fb-1, 8 TeV.  
�   Heavy    : Small significance. 

B- H

l
l

0 0 0 0
1 1 2,3 1 1 2,3 1~ ; ~ ( ), ~ , , orRt t B H H t b t tF F F F Fr� � o � � �

0 0
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Compressed scenario: 
�  'm ~ mt ;                                                                                                                    
�  t 2 j + t 2 b + t 1 l + MET,  
�  VBF topology selection: 
�   2-body decay: For 200 GeV, 6V @ 300 fb-1, 14 TeV.  
�   3-body decay: For 200 GeV, 4V @ 300 fb-1, 14 TeV. 
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*
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Δm = m 7 GeVt r
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ATLAS LHC status of SUSY searches 
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LHC status of SUSY searches 
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ATLAS 
LHC status of SUSY Stop searches 
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CMS 

ATLAS Challenge: small production cross section of EW sector. 

LHC status of SUSY DM searches 
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LHC status of SUSY Slepton searches 
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