
Searches for the production of electroweak 
supersymmetric particles in final states with two, three 
and four leptons with the ATLAS experiment 

Janet Dietrich 
DESY ATLAS group 

LHC discussion 
2nd of June 2014 



J. Dietrich | LHC discussion |  Page 2 

EW SUSY ANALYSES - STATUS 
analysis paper/conference note comment 

2lepton (e,µ) arxiv:1403.5294 accepted by JHEP 

3lepton (e,µ,τ) arxiv:1402.7029 JHEP 04 (2014)169 

4lepton (e,µ, τ) arxiv:1405.5086 submitted to PRD 

2lepton (τ) paper publication in few 
days/weeks 

under ATLAS review 

1lepton (e,µ) + γγ C1N2->WhN1N1 decay; h bb/γγ 

1lepton (e,µ) + b-b 

SS 2lep (e,µ) C1N2->WhN1N1 decays; hlvjj  

γ higgs decays to Graviton+ N1; 
graviton decays to gravitino+ γ 

iterating internal 
note with edboard, 
expect publication 
in several weeks/
few months 

γ + b-b higgsino like N1s; N1-> gravitino + 
h or γ; hbb 

1lepton + γ N1C1 are winos and decay to 
gravitino 

γγ bino-like N1, N1->Gγ 

2,3,4 lepton combination paper 

HL-LHC conference note ongoing work 
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I have discussed already electroweak SUSY searches in July 2013: 

  https://indico.desy.de/getFile.py/access?
 contribId=0&resId=0&materialId=slides&confId=7885 

 for all analyses the full 2012 ATLAS data set was studied (20.3 fb-1) 

 results are updates of published 2013 conference notes: 

     - optimized signal regions and background estimations 

 - added new signal regions and decay channels 

 - combined signal regions and channels 
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2 lepton ANALYSIS 
paper:  

CERN-PH-EP-2014-037 (arXiv: 1403.5294) 

accepted by JHEP 
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2 lepton SUSY MODELS 
chargino1-chargino1 
production  

slepton pair production 

via virtual Z 

chargino1-neutralino2 
production  

via intermediate 
sleptons 

with on-shell W 

ET
miss from neutralino1 

(LSPs) and neutrinos 
same flavour and different 
flavour leptons 

with on-shell W,Z 

ET
miss from neutralino1 

(LSPs) + 2 jets in final 
state 
ONLY same flavour 
leptons (ee, µµ) 

ET
miss from neutralino1 

(LSPs)  
ONLY same flavour 
leptons (ee, µµ) 
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2 lepton FINAL STATES 
>  focus on different di-lepton final states 

SRWW 

SRmT2 

SRZjets 

SRs with 
jet veto  

SR with 
jets 
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processes 

SR selection cuts: 
= 2 signal leptons with opposite charge + di-lepton trigger 

SRmT2 : SRmT2,90  for small C1 masses and small slepton-N1 mass gaps,  
              SRmT2,120,150 for higher C1 masses and slepton pair production with larger mass differences   
              slepton pair production only ee/µµ channel 

SRWW: SRWWa for off-shell WW production – like higgs analysis; for C1 masses < 130 GeV,  
              SRWWb, SRWWc mT2 based search for higher C1-N1 mass splitting 

SRZjets: ≥2 central jets with pT > 45 GeV,  m(l,l) in Z-mass range, ET
miss,rel cut to suppress Z+jets bg 

    

2 lepton SIGNAL REGIONS 
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2 lepton SM BACKGROUNDS 
Irreducible backgrounds with two isolated real leptons:  

dominating background processes for SRmT2 and SRWW: 

ttbar, single top Wt, WW 

smaller contribution:  

ZV (ZZ, WZ) 

tiny contribution: Z+jets, higgs 

Reducible background with a fake lepton: 

>  non-prompt leptons originating from light /heavy jets or  

     from conversion mis-identified as real leptons from W, Z or 

 leptonic tau decays 

>  tiny contribution for all SRs     

LF/HF fakes from jets       conversion leptons from photon radiation 

dominating background processes for SRZjets: 
Z + jets 
smaller contribution:  

ttbar, single top Wt, WW, ZV 

tiny contribution: higgs 
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2 lepton SM BACKGROUNDS 

                        SR 
Process 

       SRmT2        SRWW        SRZjets 

top                                                      scaling factor 

WW                               scaling factor           MC 

ZV (WZ, ZZ)                               scaling factor           MC 

Z + jets                                       MC       jet smearing 

higgs                                      MC 

fakes                                matrix method 

scaling factor 

•  semi data-driven technique 
•  define CR close to SRs e.g. 
by reversing a SR cut 
•  calculate scaling factor  
•  scale MC in SR   

jet smearing 

• ET
miss tails from mis-measured jets 

•  select seed events for Z+jets from 
data by reversing ET

miss, rel cut 
• smear jet momenta by random 
number drawn from jet response 
function from MC  
•  pseudo-data ET

miss  distribution is 
normalized to data in another CR 
and migrated to SR 

matrix method 

•  semi-data driven method 
•  employs a set of linear equations 
relating kinematic properties of the 
leptons to be real (R) or fake (F) 
•  real efficiency (R) is taken from 
data, fake rate (F) is obtained from 
MC and corrected for differences 
between data and MC in each 
signal and validation region  
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2 lepton RESULTS SRmT2 

>  ET
miss, rel 

 distribution before applying the final mT2 cuts 
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2 lepton SR WW and SR Zjets 
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2 lepton RESULTS SRmT2 – chargino pair production 
>  95% exclusion region in the chargino1-neutralino1 plane for simplified models with  

 chargino-chargino production via slepton decay 
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COMPARISON WITH CMS 
new CMS paper: published 29th of May: arxiv: 1405.7570, submitted to EPJC 
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2 lepton RESULTS SR WW – chargino pair-production 
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2 lepton RESULTS SRmT2 – slepton pair production 

•  for a massless LSP, models with slepton masses between 
90 GeV and 325 GeV are excluded 
•  sensitivity decreases with smaller mass splitting: 
limit for 100 GeV LSP: sleptons between 160 GeV - 310 GeV  
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COMPARISON WITH CMS 
new CMS paper: published 29th of May: arxiv: 1405.7570, submitted to EPJC 

 [GeV]!

1l
~m

100 150 200 250 300 350 400

 [G
eV

]
0 1

m

0

50

100

150

200

250

300

350
)theory

SUSY1 !Observed limit (
)exp1 !Expected limit (

 excluded
R
"LEP2 

ATLAS  
 = 8 TeVs, -1 Ldt = 20.3 fb

All limits at 95% CL

0

1

!

l0

1
! l R

!

l
~

R
!
l
~

)0
1

) <
 m

(
!l~

m(

 [GeV]!

1l
~m

100 150 200 250 300 350 400

 [G
eV

]
0 1

m

0

50

100

150

200

250

300

350
)theory

SUSY1 !Observed limit (
)exp1 !Expected limit (

 excluded
R
"LEP2 

ATLAS  
 = 8 TeVs, -1 Ldt = 20.3 fb

All limits at 95% CL

0

1

!

l0

1
! l L

!

l
~

L
!
l
~

)0
1

) <
 m

(
!l~

m(

RH production only 

LH production only 

CMS 

CMS 

ATLAS 

ATLAS 

limit: 260 GeV limit: ≈300 GeV 

limit:  180 GeV 
limit: ≈245 GeV 



J. Dietrich | LHC discussion |  Page 18 

RESULTS – SR Zjets  chargino-neutralino2 production 

2L+ 3 L combination 

>  95% exclusion region in the chargino1-neutralino1 plane for simplified models 

     with W,Z decays  
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•  for a massless LSP, models with chargino masses between 180 GeV - 355 GeV  
  are excluded 

2Lep + 3 Lep 
combination 

Will discuss this 
later ! 



J. Dietrich | LHC discussion |  Page 19 

•  pMSSM limits for tanβ = 6 and 
 M1= 100 GeV, M1=140 GeV and M1 = 250 GeV 
•  processes with mainly chargino-neutralino2 
production and decays via RH sleptons 

areas with -1σ expected limit are in green 

2 lepton pMSSM grid 
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3 lepton ANALYSIS 
paper:  

 JHEP 04 (2014)169 (arXiv:1402.7029) 
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3 lepton SUSY MODELS 
chargino-neutralino2 production  

neutralino decay via sleptons neutralino decay via on-offshell WZ  
bosons 

neutralino decay via lightest 
higgs 

h

•  probe four simplified models with assumption: N2, C1 are wino like, N1 is bino like and m(N2)= m(C1) 
•  slepton decays: m(sneutrinos)= m(sleptons) = {M(N2)+ M(N1)}/2; BR 50% each 
•  WH decays: 100% BR to lightest Higgs boson M(h)= 125 GeV 
•  results are interpreted in pMSSM scenarios: masses of coloured sparticles, CP-odd higgs boson and LH 
sleptons are set to high values to allow direct production of C1, N2 via W/Z bosons and decays via RH 
sleptons, gauge bosons and Higgs boson;M(h) = 125 GeV (tuned by mixing in top-sector)  

ET
miss from neutralino1 (LSPs) and neutrinos 

same flavour and different flavour leptons 
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3 lepton SIGNAL REGIONS 

SR0τa: optimized for slepton mediated decays and WZ mediated scenarios; SFOS lepton pair + 
different slices in mSFOS with 4 bins = 20 disjoint bins 
SR0τb: for Wh scenario, vetos SFOS lepton pairs to suppress WZ bg 
SR1τ: 1τ + >= 2 SS e or µ; for Wh scenarios; to increase sensitivity for hττ, cut on m(τ,l) 
SR2τ: for stau scenarios, mT2  = highest value from 2 leptons 
SR2τb: for Wh scenarios, two OS τ leptons for hττ decays 

All SR are orthogonal except for SR2τa and SR2τb 

•  electrons and muons are collectively referred to as “light leptons” incl. leptonic tau decays 
•  “taus” refers to hadronically decaying taus  

>= 3 leptons, separated from each other by ΔR > 0.3 + >=1 must be e or µ 
events pass single or double lepton trigger  
if tagged e, µ form a same-flavor OS pair, both leptons with m(l,l) < 12 GeV are rejected 
 defined 5 SRs according to flavor, charge of leptons   
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3 lepton SM backgrounds 

number of τ SR SM 
backgrounds 

signal grids 

0 SR0a WZ, ttbar sleptons, WZ 

0 SR0b WZ, ttbar WH 

1 SR1SS WZ, ttbar, WW WH 

2 SR2a WZ, ttbar, WW, 
W/Z + jets 

staus 

2 SR2b WW, ttbar WH 
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Irreducible backgrounds with at least three isolated real leptons:  

diboson (WZ, ZZ), , triboson VVV (WWW, ZZZ, ZWW) and 

 top-antitop Z/W, tZ, higgs boson 

Reducible background with at least one fake lepton/tau: 

leptons from a semileptonic decay of heavy-flavour quarks, 

lepton from misidentified light-flavour quark or gluon jet or  

electron from photon conversion in single- and pair- 

production of top quarks, WW, W+ jets, Z+jets 

3 lepton SM BACKGROUNDS 

- define validation 
regions and determine 
scaling factors 
- for each τ multiplicity: 
VRs are defined with 
either low or high ET

miss  

and b-tagged jet 
- in SRs without τ :  
 Z- veto and Z-request 
regions are tested     

modeled with Matrix 
Method 
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3 lepton – VALIDATION REGIONS 
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3 lepton - SIGNAL REGIONS 
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3 lepton RESULTS – slepton/stau decays 
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• observed and expected 95% CL exclusion contours for chargino and neutralino production 
in the left-handed slepton-mediated (left) and stau-mediated (right) simplified models 
• SR0a, SR0b, SR1, SR2a are all used and statistically combined 
• selectron/smuon models:  
N2/C1 up to 700 GeV are excluded for massless LSP 
SR0 offers best exlusion limit for high N2/C1 masses, low m(SFOS) regions for small N2/C1 
masses 
• stau models:  
N2/C1 masses up to 380 GeV are excluded; SR2a offers best limit for high N2/C1 masses  

decays via selectron/smuon decays via staus 
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COMPARISON WITH CMS 
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CMS ATLAS 

limit: 720 GeV 
incl. τ 

limit: 320 GeV 
limit: 380 GeV 
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3 lepton RESULTS – WZ/ WH decays 
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• observed and expected 95% CL exclusion contours for chargino and neutralino production in 
WZ-mediated (left) and Wh-mediated (right) simplified models 
• WZ mediated models:  
N2/C1 up to 345GeV are excluded for massless LSP 
SR0 offers best exlusion limit for small N2/C1 masses, reduced sensitivity for the region  
m(N2)-M(N1) = m(Z) -> signal populated regions with high WZ background 
• Wh models:  
N2/C1 masses up to 148 GeV are excluded; SR2a offers best limit for high N2/C1 masses  

decays via WZ decays via Wh 
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2+3 lepton – COMBINED RESULTS – WZ decays 

2Lep + 3Lep combination 3L only 

•  2l epton: for a massless LSP, models with chargino masses between 180 GeV - 355 GeV  
  are excluded 
•  2 Lep + 3 Lep combination improves limits significantly 
   95% limit for massless LSP: chargino/neutralino2 masses between 100 GeV - 415 GeV  



J. Dietrich | LHC discussion |  Page 31 

COMPARISON WITH CMS  WZ decays 
CMS ATLAS 

ATLAS 

limit: 270 GeV 
2l + 3l combined, incl. τs 
limits at diagonal : 
C1=200 GeV, N1=120 GeV 
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limit:  ≈415 GeV 
2l+3l combined, no τs 
limits at the diagonal: 
C1= 200 GeV, N1=110 GeV 



J. Dietrich | LHC discussion |  Page 32 

COMPARISON WITH CMS – Wh decays 
CMS ATLAS 

 [GeV]
1
±, 

2
0m

100 110 120 130 140 150 160 170 180 190 200

 [G
eV

]
0 1

m

0

5

10

15

20

25

30

35

40

45

50

h

 <
 m

1
0

 - 
m

2
0

m

0

2

 = m±

1
m

0
1

 h 0
1

 ± W 0
2

 ±
1

ATLAS
=8 TeVs, -1 L dt = 20.3 fb =8 TeVs, -1 L dt = 20.3 fb

)theory
SUSY1 ±Observed limit (

)exp1 ±Expected limit (

All limits at 95% CL

limit: 200 GeV 
1lep + bb incl. τs 

1 lepton + bb(H):  ATLAS-CONF-2013-093 
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1lep +bb, 2lep, 3lep, 4lep 
analyses used 



J. Dietrich | LHC discussion |  Page 33 

3 lepton - RESULTS pMSSM grids 
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• pMSSM slepton grids 
- right-handed sleptons are degenerate in mass, with 
mass m(slepton)= {m(N1)+m(N2)}/2 
-  tan β = 6 yields comparable N2 branching ratios into 
each slepton generation  
- to probe the sensitivity for different  N1 compositions, 
three values of M1 are considered: 
M1=100 GeV (top, left), M1=140 GeV (top right), 
M1=250 GeV (bottom) 
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3 lepton – RESULTS pMSSM grids 
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• observed and expected 95% CL exclusion contours in 
the pMSSM models with sleptons (no staus): 
M1=100 GeV (top, left), M1=140 GeV (top right), 
M1=250 GeV (bottom) 
• SR0a, SR0b, SR1SS and SR2a are used 
• due to small mass differences between N2 -N1 and C1-
N1 limited sensitivity is found in the regions with 
M1≈M2≪µ 
• For  M1 =250 GeV, M2 > =250 GeV and µ >=250 GeV : 
characterized by small C1-N1 mass splitting 
 observed limit sign. smaller than expected 
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3 lepton – RESULTS pMSSM grids 
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• observed and expected 95% CL exclusion contours in the pMSSM models with staus (left) and no 
sleptons (right): 
• RH stau scenario: 
-  selectrons and smuons are heavy and the RH stau mass is set to m(stau)={m(N1)+m(N2)}/2 and  
  tanβ = 50; M1 =75 GeV resulting in a bino-like N1 
-  small mass splitting between N2-N1 and C1-N1 reduces sensitivity for region M1≈M2≪µ and  
   M1≈µ ≪ M2 region 
•  no slepton decays: 
-  all sleptons are heavy; decays via W, Z or Higgs bosons dominate; M1=50 GeV and tan β =10 
-  region with M2 >=200 GeV, µ >=200 GeV : decay mode N2-> hN1 is kinematically allowed and 
reduces the sensitivity 
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2 + 3 lepton - pMSSM grid combination 
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2Lep + 3 Lep 
combination 2Lep  
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4 lepton ANALYSIS 
paper:  

 CERN-PH-EP-2014-074 (arXiv:1405.5086) 

-> submitted to PRD 

 in this paper RPV and RPC models are studied 
 I will only discuss the RPC models today, but RPV results are in back up 
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4 lepton - SUSY MODELS – SIMPLIFIED MODELS 
neutralino2-neutralino3 production  

neutralino decay via sleptons neutralino decay via staus neutralino decay via Z 

• probe three types of simplified models with assumption: N2, N3 are higgsino-like, N1 is bino-like and 
decay chains with intermediate right-handed smuons and selectrons, with intermediate right-handed 
staus and with intermediate Z bosons 
 smuons/selecton models: assume same neutralino branching fraction to selectrons and smuons 
(mixing among neutralino states); N2, N3 have masses between 100 GeV and 700 GeV, N1 varies 
between 0-20 GeV and cross sections between 1.7 pb-0.2 fb 
 stau, Z models: LSP massless 

ET
miss from neutralino1 (LSPs) + >=1 SFOS lepton pair 
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4 lepton - SUSY MODELS – GGM models 
gauge mediated SUSY breaking 
scenarios 

weak production GGM strong production GGM 

•  probe two GGM SUSY scenarios:  M1 (bino mass) = M2 (wino mass) = 1 TeV, cτ < 0.1 mm, tanβ= 1.5 
and tanβ= 30; µ- mg  (= M3) are varied with 200 GeV < µ < mg -10 GeV 
 N1, N2, C1 are higgsino-like co-NLSPs 

• model tanβ= 1.5: N1 decays to Z+gravitino (97%) 
model tanβ= 30: N1 decays to Z+ gravitino or h+gravitino (m(h)=125 GeV) depending on µ  
(0% for µ= 100 GeV to 40% for µ=500 GeV 
•  cross section between 1.2-1.9 pb ( for mg = 600 GeV) to 3.1 fb, except for µ = 200 GeV (σ < 0.6 pb)     

ET
miss from gravitino (LSPs) 
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4 lepton - SIGNAL REGIONS 
• electrons and muons are collectively referred to as “light leptons” 
 includes those from leptonic tau decays 
“taus” refers to hadronically decaying taus 
• define 9 SRs with >= 4 leptons, classified depending on the number of light leptons (==2,==3 or ==4) 
and sub-divided between vetoing or presence of the Z-boson 
 Z regions target GGM and Z RPC models, SRnoZa target RPC N2N3 decays 
• single or di-lepton triggers are used 

for GGM 
and Z RPC 
models 

for RPC 
N2N3 
sleptons 
decays  

•  SFOS: cuts on SFOS pairs + invariant mass of the candidate Z boson using the 
combinations of the 2 light leptons with an additional light lepton (SFOS+ l or SFOS+SFOS) 
to suppress radiative Z decays; ET

miss cut to suppress Z+X SM background 
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Irreducible backgrounds with at least four prompt leptons:  

ZZ/γ*, ZWW, ZZZ, tWZ, ttbar + Z/WW, higgs boson decays 

Reducible background with at least one fake lepton/tau: 

leptons from a semileptonic decay of heavy-flavour quarks, 

lepton from misidentified light-flavour quark or gluon jet or  

electron from photon conversion in single- and pair- 

production of top quarks, WW, W+ jets, Z+jets: 

main components: 

WWW, WZ/γ*, ttbar + W, Zγ* + jets, ttbar, Wt, WW  

4 lepton - SM BACKGROUNDS 

-  tiny contribution 
-  determined using MC 
   simulation 

modeled with weighting 
method 

- using MC probabilities 
for non-prompt leptons to 
pass or fail signal 
selections in SR and CR 

Data-MC agreement and background models are tested in six validation regions! 
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4 lepton - VALIDATION REGIONS 
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4 lepton – SIGNAL REGIONS 
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4 lepton – RESULTS 

• observed and expected 95% CL limit contours for 
the R-slepton RPC simplified models (top left); observed and 
expected 95% CL limits on the production cross-section for 
the stau (top right) and Z RPC simplified models (bottom), 
respectively, assuming zero mass for the LSP 
•  strongest constraints for RPC models are obtained for R-
slepton model: limit N2/N3 <620 GeV for massless LSP; 
maximum N1 mass limit is 340 GeV  
•  as the LSP mass increases, the leptons are less energetic, 
decreasing the analysis acceptance. 
the region allowed by LEP (m(N2/N3) >100 GeV ) no limits 
are set on the stau or Z models; 95% CL upper limits on the 
visible cross-section: 0.17 fb and 0.45 fb, depending on the 
final state. 
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4 lepton – RESULTS 

•  observed and expected 95% CL limit contours for the two GGM models  
•  only regions with a Z boson requirement are statistically combined to extract these limits 
•  for tan β = 1.5:   
independently of the value of µ, gluinos with m<700 GeV are excluded  
for very large gluino masses: direct production of  N1, C, N2 becomes dominant 
 values of µ =200 GeV - 230 GeV are excluded for any gluino mass  
• for tan β = 30:  
the limits are weaker; gluinos with m<640 GeV are excluded  
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COMPARISON WITH CMS 
CMS ATLAS 

limit: 330 GeV  
tanβ=2, M1=M2=1 TeV 

2l, 4l, 3l combined, incl. τs 

limit:   
tanβ=1.5, M1=M2=1 TeV, M3= mg 
independently of the value of µ, 
gluinos with m<700 GeV are excl. 
µ =200 GeV - 230 GeV are excl. for 
any gluino mass   
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Summary 

>  ATLAS has developed a broad SUSY program  

>  detailed and thorough searches, covering wide ranges of signatures of electroweak SUSY particles 

>  presented today the results of the EW SUSY production 2-3 and 4 lepton paper 

>  no sign of SUSY found yet…. 

     … we could exclude already low mass chargino/neutralino/slepton models + many new (combination)-
papers will be published in the next weeks/months 

 BUT…  

 we will start with LHC run 2 soon! 

>  high energy running will significantly increase our sensitivity to many of these SUSY scenarios 

    

Looking forward to next exciting years! 
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BACK UP 
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MOTIVATION 

•  in SUSY scenarios with heavy squarks and gluinos while non-coloured SUSY particles are light, weak 
gauginos (charginos, neutralinos) and sleptons ĩ may dominate the SUSY production at the LHC 

•  gauginos can decay via sleptons or via  

     Standard Model gauge boson 

•  relatively clean signature: 

    -  missing transverse energy ET
miss  from LSP 

    -  low hadronic activity 

     focus on final states with == 2 leptons (e, µ) 
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Searching for Supersymmetry 

How to search for SUSY ? 

  focus on the process of interest 

  study a specific decay chain using simplified models 

  simple and broad approach for SUSY searches   
  small number of sparticles  
  assumed BR usually 100% 
  decay described by masses and cross sections  
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SUSY limits 

>  compute the 95% CL model independent limits on σvis = σ x A x ε 

>  compute 95% CL model dependent exclusion curves on σSUSY  and sparticle masses 

         expected limits  
-----  ± 1 σ experimental uncertainties + 
         ISR uncertainties on signal MC 

        observed limits 
----- ± 1σ  signal theory uncertainties 
       (xsection uncertainties, PDF, renor- 
       malisation/factorisation scales) 

best limits: 

LSP mass    ≈ 100 GeV 
slepton mass ≈ 160GeV - 310 GeV 
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MSSM 
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 2 lepton OBJECTS 
ET

miss: 

>  ET
miss  becomes ET

miss,rel :  

ΔΦ = azimutal angle between the direction of ET
miss vector and the nearest lepton or central jet/b-jet 

 aim: suppress events where missing transverse momentum arises from significantly  

                 mis-measured jets or leptons such that it is aligned with Et
miss 

>  stransverse mass mT2: 

 pT
l1, pT

l2  = tranverse momenta of the two leptons 

 qT   = transverse vector that minimizes the larger of the two transverse masses mT 

 for SM WW, ttbar with leptonic decay: mT2 has an upper endpoint: W-mass 
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OBJECTS 
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MATRIX METHOD 

>  takes care of fake leptons from W+jets, semi leptonic ttbar, single top t- and s-channel or multi-jets 

>  employs a set of linear equations relating kinematic properties of the leptons to be real (R) or fake (F) 

>  number of observed events with one (or two) fakes is extracted from this system of linear equations 
relating the number of events with 1(2) additional signal (tight T) or tagged lepton (loose L) candidates 
to the number of events with 1(2) additional candidates that are either real or fake candidates 

>  coefficients of the linear equations are functions of real-lepton id efficiencies r (obtained from MC 
simulation + scaled to account differences to data) and fake-object misidentification probabilities (f) 

>  fake rate depends of the type of fake and the process that produced the fake 

 fake rates are obtained from MC simulated samples and corrected for differences between data and 
MC in each signal and validation region  

>  weighted average fake efficiency for a generic region XR:   

sfi : scaling factor for lepton fake type (HF, conversion) 
Ri

XR: fraction of type iin region XR 
fi : fake efficiency for type i, parametrized as a function of pT   
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MATRIX METHOD 
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MATRIX METHOD 

ET
miss, rel < 50 GeV, Z mass, == 2 µ, >=1 el with mT < 40 GeV in MC  
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MATRIX METHOD 

ET
miss, rel < 50 GeV, Z mass, == 2 µ, >=1 el with mT < 40 GeV in MC  
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2 lepton  
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2 lepton - Motivation 

>  if	  gluinos	  and	  squarks	  are	  massive	  (>	  1TeV),	  weak	  gauginos	  and	  slepton	  produc=on	  will	  be	  
dominant	  at	  the	  LHC	  

>  signature	  of	  direct	  gaugino	  decays:	  mul=ple	  leptons,	  low	  jet	  mul=plicity	  +	  missing	  energy	  
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2 lepton - OBJECTS 
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2 lepton - MC samples 
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2 lepton - SUSY MODELS 

Direct slepton models 

•  direct production of sleptons, models based on pMSSM 

•  grid with left-handed and right-handed sleptons (both have same mass), no sneutrinos 

•  all gauginos masses – except for LSP set to 2.5 TeV 

•  models contain only selectrons and smuons                      in range 90-370 GeV step size: 

•        is bino-like (µ large) and varied by scanning M1 in range 0-200 GeV 

•  σ = 127…0.5 fb for left-handed sleptons, σ = 49 to 0.2 fb for right-handed sleptons, independently of the 
neutralino mass as the slepton mass : 100GeV to 370 GeV 
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2 lepton - SUSY MODELS 

Simplified models 

•  minimal particle content necessary to produce SUSY-like events 

•  parameterization in SUSY particles masses; only free parameter are: 

neutralino 1 mass, slepton mass, sneutrino mass and chargino mass  

•  BR for decays in higgs bosons is set to 0 

•  Squarks are set to be very heavy  

•  charginos are pair produced  via s-channel + exchange a virtual gauge boson  

•  decay modes: 

-  via on-shell charged left-handed sleptons – including staus and sneutrinos with equal BR: 

 cross section assuming chargino is about 95% wino-like 

 σ=5 pb (chargino mass = 100 GeV) …σ=0.35 pb  

 (chargino masses > 200 GeV 

- via Z and W boson (W decay) 

W decay 
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2 lepton - SUSY MODELS 
chargino-to-W scenario 

•  mass grid in chargino-neutralino1 mass plane in 10 GeV steps from (100,0) to  

 chargino mass – neutralino mass > 80 GeV 

•  BR assumes 100% 

•  Bino-like LSP, pure wino-like chargino + mass degenerated 

•  charged higgs very heavy decay only via W 

•  small higgsino component is allowed 

pMSSM grid 

•  masses of the colored sparticles and CP-odd Higg boson and LH sleptons are set to very high values to 
allow only chargino-neutralino2 production via WZ and decays via RH sleptons, gauge boson or higgs; 
lightest higgs mass set to 125 GeV,  

•  mass hierarchy, composition and production cross section of charginos and neutralinos are coverned by 
tanβ, the expectation values of the two higgs doublets, gaugino mass parameters M1, M2 and the higgs 
mass parameter µ; studies are done in µ-M2 plane 

•  preferred decays    
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2 lepton - DATA-MC SAMPLES | TRIGGER 
>  Data:  

 full 8 TeV 2012 corresponding to 20.3 fb-1 

>  MC (most important ones): 

 TOP: ttbar, Wt with MC@NLO (Powheg/Alpgen for cross checks)  

  ttbar + boson with Madgraph (LO xsection scaled to NLO via k-factor)  

 WW:  WW w/ Powheg (Sherpa for cross checks), WW via gluon fusion w/ gg2WW 

 ZV:  ZW/ZZ w/ Powheg (Sherpa for cross checks), ZZ via gluon fusion w/ gg2ZZ 

 VVV: WWW, WWZ and ZZZ w/ Madgraph 

 Higgs:  Associated production modes (WH, ZH) w/ Pythia and the VBF, ggF w/ Powheg 

>  SUSY Signal:  

 all signal samples are generated w/ Herwig++, cross-sections are computed with prospino 

>  Trigger: 

 symmetric and asymmetric di-electron, di-muon and asymmetric electron-muon trigger  

 no trigger simulation is used, trigger weights are applied to MC  
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2 lepton SUSY MODELS 

chargino1-chargino1 
production  

slepton pair production 

via intermediate 
sleptons 

with on-shell W decays via virtual Z 

chargino1-neutralino2 
production  

with on-shell W,Z decays 
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2 lepton SUSY MODELS 

chargino1-chargino1 
production  

via intermediate 
sleptons 

with W decays 

ET
miss from neutralino1 (LSPs) and neutrinos 

same flavour and different flavour leptons 
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2 lepton SUSY MODELS 

chargino1-neutralino2 
production  

with W,Z decays 

ET
miss from neutralino1 (LSPs) + 2 jets in final state 

ONLY same flavour leptons (ee, µµ) 
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2 lepton SUSY MODELS 

slepton pair production 

via virtual Z 

ET
miss from neutralino1 (LSPs)  

ONLY same flavour leptons (ee, µµ) 
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2 lepton RESULTS SRmT2 
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2 lepton - COMMENTS 

>  SRmT2 chargino-chargino production: studies performed with particle level MC samples show that 
signal acceptance in SRmT2 depends weakly on the slepton mass 

>  choice of                                           minimizes (maximizes) the acceptance for small (large) chargino-
neutralino mass splitting  
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2 lepton - SYSTEMATIC UNCERTAINTIES 
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2 lepton - RESULTS SRWWa 
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2 lepton - SR WW 
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2 lepton - highest mT2 event in emu channel 

highest mT2  event in eµ channel: 
 mT2 =184 GeV 
pT(el) = 107 GeV (green), pT (µ) =153 GeV (blue), ET

miss= 205 GeV 
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2 lepton - High mumu event in SR WW 

highest ET
miss, rel  event in µ+µ- channel: 

pT(µ1) = 174 GeV, pT (µ2) = 32 GeV, ET
miss= 154 GeV 
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2 lepton - High emu event in SR WW 

highest ET
miss, rel  event in eµ channel: 

pT(el) = 104 GeV, pT (µ) = 97 GeV, ET
miss= 196 GeV 
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2 lepton - SR Zjets 
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2 lepton - High mumu event in SR Z jets 

highest ET
miss, rel  event in µ+µ- channel: 

pT(µ1) = 169 GeV, pT (µ2) = 106 GeV, Et
miss, rel= 478 GeV 
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2 lepton - highest mT2 event in ee channel 

highest mT2  event in e+e- channel: 
 mT2 =170 GeV 
pT(el1) = 153 GeV, pT (el2) =128 GeV, ET

miss= 174 GeV 
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2 lepton - highest mT2 event in mumu channel 

highest mT2  event in µ+µ- channel: 
 mT2 =218 GeV 
pT(µ1) = 168 GeV, pT (µ2) =133 GeV, ET

miss= 213 GeV 
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2 lepton - RESULTS – SR mT2  
>  results	  using	  SRmT2:	  chargino	  produc=on	  with	  intermediate	  sleptons	  

	   improvement	  of	  limits	  at	  high	  chargino	  masses	  
	   best	  limit:	   	   	  
	   	   	   chargino	  masses	  :	  130-‐465	  GeV,	  	  
	   	   	   for	  LSP	  =	  0	  GeV	  
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2 lepton - RESULTS – SR mT2  
>  results	  using	  SR	  mT2:	  direct	  slepton	  produc=on	  

conference	  note	  

• 	  improvement	  of	  the	  limits	  in	  high	  slepton	  mass	  
region	  
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	  	  	   	   	  	  	  	  	  best	  limit:	   	  
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	   	   	  	  	  	  	  -‐	  100	  GeV	  LSP:	  slepton	  160-‐310	  GeV	  
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2 lepton - RESULTS – SR WW 
>  results	  using	  SRWW:	  direct	  chargino	  produc=on	  with	  intermediate	  W	  boson	  

95%CL	  exclusion	  limit:	  
massless	  LSP:	  chargino	  masses	  
between	  100-‐105	  GeV,	  	  
120GeV-‐135	  GeV	  and	  145-‐160	  GeV	  
	  First	  limit	  from	  this	  scenario	  
obtained	  at	  a	  hadron	  collider!!!	  
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2 lepton - RESULTS SRWW 
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2 lepton - RESULTS SRmT2 
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2 lepton - SR Zjets 
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2 lepton - SRs limits 
limit-selectrons 
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2 lepton - SRs limits 
limit-smuons 
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2 lepton - SRs limits 
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2 lepton - SRs contributions 
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2 lepton - SRs contribution 
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2 lepton - SRs contribution 
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2 lepton - SR contribution 



J. Dietrich | LHC discussion |  Page 96 

2 lepton SR Z jets 
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2 lepton - CONTROL REGION 
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2 lepton - CONTROL REGIONS 
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2 lepton - CONTROL REGION 
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2 lepton - RESULTS CRs 

>  number of observed and predicted events in the CRs, data/MC normalization factor and composition in 
the CRs obtained from the fit  
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3 lepton 
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3 lepton – EVENT SELECTION 
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3 lepton – MC samples 

Z incl. virtual γ 

SUSY signal: Herwig ++ (2.5.2), w. CTEQ6L1 PDF set 
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3 lepton – SIGNAL REGIONS - TRIGGER 
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3 lepton - SM BACKGROUNDS 
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3 lepton – SYSTEMATIC UNCERTAINTIES 

theoretical xsection uncertainties: 
30%   ttV 
50%   tZ 
  5%   ZZ 
  7%   WZ 
100% VVV 
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3 lepton - RESULTS 
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3 lepton - pMSSM grid 
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3 lepton - pMSSM grids 

>  for a given value of M1 : sensitivity for high values of M2 and µ, and therefore for high values of 
chargino and heavy neutralino masses, is driven by the decrease of the production cross-section 

>  the masses of the coloured sparticles, of the CP-odd Higgs boson, and of the left-handed sleptons are 
set to high values  

 allow only the direct production of charginos and neutralinos via W/Z bosons and their decay via 
right-handed sleptons, gauge bosons and Higgs bosons  

>  by tuning the mixing in the top-squark sector, the value of the lightest mass hierarchy, composition and 
production cross-sections of the electroweakinos are governed by the ratio of the expectation values of 
the two Higgs doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass 
parameter µ 

>  for the hierarchy M1 <M2 <µ (M1 <µ<M2), the  N1 is bino-like, the N2, C1 are wino-like (higgsino-like) 
and the dominant electroweakino production process leading to a final state with three leptons is       
pp-> C1N2 (pp-> C1N2, pp->C1N3)  

>  if M2 <M1 <µ (µ<M1 <M2), the N1 (N1, N2) and C1 are wino-like (higgsino-like) with similar masses 
and the dominant process leading to a final state with three high transverse momentum leptons is the 
pair-production of the higgsino-like (wino-like) C2 and the bino-like N2 (N3)  

>  pMSSM scenarios under study are parametrised in the µ–M2 plane and are classified based on the 
masses of the right-handed sleptons into three groups, 
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4 lepton – SIGNAL REGIONS 
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4 lepton – SIGNAL REGIONS - SRZ 
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4 lepton – SIGNAL REGIONS – SR0Z 
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3 lepton - RESULTS 
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All limits at 95% CL

SR0a, SR0b, SR1SS, SR2a are all used and statistically combined: 
- experimental uncertainties: treated as correlated between regions and processes 
- experimental uncertainties on the reducible background: treated as correlated between regions only 
- theoretical uncertainties: on the irreducible background and signal are treated as correlated between regions 
- statistical uncertainties: treated as uncorrelated between regions and processes 
 - total systematic uncertainty on all SUSY signal processes: 10–20% range, with ∼7% originates from the 
uncertainty on the signal cross-section 
- uncertainty due to changes in signal acceptance from varying the PDFs and the amount of initial-state radiation 
is found to be negligible compared to the total systematic uncertainty for the signal scenarios under 
consideration 
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3 lepton - RESULTS 
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All limits at 95% CL

• observed and expected 95% CL exclusion contours for chargino and neutralino production in 
WZ-mediated (left) and Wh-mediated (right) simplified models 
• Wh models:  
regions SR0a, SR0b, SR1SS and SR2b offer the best sensitivity when statistically combined 
results in some SR0a bins and SR1 are responsible for the observed exclusion being slightly 
weaker than expected 
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3 lepton - RESULTS 

 [GeV]µ
100 150 200 250 300 350 400 450 500 550 600

 [G
eV

]
2

M

100

150

200

250

300

350

400

450

500

550

600

 (200 GeV)

1
±

 (300 GeV)

1
±

 (400 GeV)

1
±

 (68 G
eV)

1 0  (72 G
eV)

1 0  (73 G
eV)

1 0

ATLAS
=8 TeVs, -1 L dt = 20.3 fb =8 TeVs, -1 L dt = 20.3 fb

)]/20
2

) + m(0
1

m() = [Rm( = 50,   = 75 GeV,  tan 1M

)theory
SUSY1 ±Observed limit (

)exp1 ±Expected limit (
±

1
LEP2  

All limits at 95% CL

 [GeV]µ
100 150 200 250 300 350 400 450 500 550

 [G
eV

]
2

M

100

150

200

250

300

350

400

450

500

550

 (200 GeV)

1
±

 (300 GeV)1
±

 (45 G
eV)

1 0  (47 G
eV)

1 0  (48 G
eV)

1 0

ATLAS
=8 TeVs, -1 L dt = 20.3 fb =8 TeVs, -1 L dt = 20.3 fb

 = 10 = 50 GeV,  tan 1M

)theory
SUSY1 ±Observed limit (

)exp1 ±Expected limit (
±

1
LEP2  

3000

3000

All limits at 95% CL

• observed and expected 95% CL exclusion contours in the pMSSM models with staus (left) and no sleptons (right): 

• RH stau scenario: 
-  selectrons and smuons are heavy and the RH stau mass is set to m(stau)={m(N1)+m(N2)}/2 and tanβ = 50 
-  M1 =75 GeV resulting in a bino-like N1 
-  small mass splitting between N2-N1 and C1-N1 reduces the sensitivity in the region M1≈M2≪µ and M1≈µ ≪ M2 
region 
•  no slepton decays: 
-  all sleptons are heavy; decays via W, Z or Higgs bosons dominate 
-  remaining parameters are M1 =50 GeV and tan β =10; higgs branching fractions are SM-like across much of the 
parameter space considered; but h-> N1N1 branching fraction rises to ∼20% (∼70%) when µ decreases 
to 200 (100) GeV, suppressing other decay modes -> does not affect the mass limits significantly 
- region with M2 >=200 GeV, µ >=200 GeV : decay mode N2-> hN1 is kinematically allowed and reduces the sensitivity 
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3 lepton - RESULTS - 95% CL exclusion contours 
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3 lepton - RESULTS cross sections 
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3 lepton - RESULTS 
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3 lepton - SIGNAL REGION 
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3 lepton - SIGNAL REGION 
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3 lepton – VALIDATION REGIONS 
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4 lepton 
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4 lepton - OBJECT SELECTION 
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4 lepton - MC SAMPLES 
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4 lepton - SYSTEMATIC UNCERTAINTIES 
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4 lepton - weighting method 
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4 lepton - weighting method 
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4 lepton - VALIDATION REGIONS 
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4 lepton – RESULTS 
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4 lepton – RESULTS 

total production cross-section for a selection of models used in this analysis:  
RPC R-slepton (left), GGM, tanβ = 30 (right) 
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4 lepton – RESULTS 

total production cross-section 
for a selection of models used in 
this analysis: RPV chargino 
NLSP λ121 ≠ 0 (top left), RPV 
sneutrino NLSP λ233 ≠ 0 (top 
right), RPV gluino NLSP λ133 ≠ 0 
(bottom) 
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4 lepton – RESULTS 

•  different choices of λ parameters correspond to differently colored bands 
•  observed and expected 95% CL limit contours for RPV models with chargino NLSP (left) and gluino 
NLSP (right), assuming a promptly decaying LSP 
• in RPV models where the LSP decays only to electrons and muons, the 95% CL lower mass limits 
are: 1350 GeV for the gluino, 750 GeV for wino-like charginos 
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•  the 95% CL exclusion limit contours for the RPV L-
slepton NLSP (top left) , (R-slepton NLSP (top right) 
and sneutrino NLSP (bottom) simplified models, 
assuming a promptly decaying LSP 
•  for decays only to electrons and muons, the 95% 
CL lower mass limits are: 490 (410) GeV for L(R)-
sleptons and 400 GeV for sneutrinos 
•  less stringent limits are placed for RPV models with 
tau-rich decays 
•  for slepton and stau decays: mass of the LSP is 
assumed to be at least as large as 20% of the NLSP 
mass  


