
Searches	  for	  third	  genera0on	  and	  
gluino	  induced	  SUSY	  produc0on	  at	  

the	  LHC	  

Jad	  Marrouche	  
Imperial	  College	  London	  

on	  behalf	  of	  the	  ATLAS	  and	  CMS	  collabora0ons	  

1	   Jad	  Marrouche	  -‐	  Moriond	  EW	  2013	  



	  
Discovery	  of	  new	  boson	  has	  further	  shiKed	  aLen0on	  towards	  pieces	  relevant	  for	  SUSY	  to	  
solve	  the	  hierarchy	  problem.	  	  
	  
Require	  rela0vely	  light:	  
-‐  Gluino	  
-‐  Third-‐genera0on	  (3G)	  squarks:	  stop,	  sboLom	  	  
à Should	  be	  within	  mass	  reach	  of	  LHC:	   	   	   	   	  	  

Known	  as	  “Natural”	  SUSY:	  
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These	  simplified	  model	  spectra	  (SMS)	  assume	  a	  single	  produc0on	  and	  decay	  channel	  and	  
are	  used	  to	  interpret	  results	  of	  the	  searches.	  Predominant	  final	  state:	  	  
-‐  Jets,	  especially	  b-‐jets,	  and	  missing	  transverse	  energy	  (LSP)	  
-‐  Leptonic	  channels	  important	  via	  decay	  of	  the	  top	  quarks	  (and	  also	  via	  chargino)	  

“Natural”	  SUSY?	  
	  
Ini0al	  SUSY	  search	  strategies	  à	  inclusive,	  model	  independent	  
Now	  complemented	  by	  dedicated	  searches	  à	  especially	  for	  “Natural”	  SUSY	  signatures:	  
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0-‐lepton	  final	  states	  
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CMS-‐SUS-‐12-‐028_8TeV_11/S	  0-‐leptons:	  alphaT	  
Inclusive	  search	  using	  alphaT	  kinema0c	  variable	  
-‐  targets	  direct	  and	  gluino-‐induced	  3G	  produc0on	  
-‐  alphaT	  used	  as	  “QCD-‐killer”:	  
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Remaining	  backgrounds	  es0mated	  
from	  control	  regions	  in	  data	  
-‐  Major:	  W+Jets,	  Z+Jets,	  Lbar+Jets	  
	  
Binned	  in	  (67	  signal	  regions)	  
-‐  Number	  of	  jets	  (2-‐3,	  >=4)	  
-‐  Number	  of	  b-‐jets	  (0,1,2,3,>=4)	  
-‐  HT	  (8	  bins	  from	  275	  to	  >=875	  GeV)	  
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CMS-‐SUS-‐12-‐028_8TeV_11/S	  0-‐leptons:	  alphaT	  
Interpreta>on:	  gluino	  induced	  boWom-‐squark	  produc>on	  
-‐  The	  colour	  scale	  represents	  the	  upper	  limit	  on	  the	  

cross-‐sec>on	  (pb)	  assuming	  100%	  Branching	  Ra>o	  (BR)	  
-‐  not	  always	  shown	  on	  these	  plots!	  
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Take-‐home	  points	  for	  this	  
analysis	  limit:	  
	  
-‐  Best	  observed	  limit	  on	  

gluino	  mass	  in	  this	  model:	  
1125	  GeV	  	  
-‐  assuming	  100%	  BR	  
	  

-‐  Limits	  hold	  up	  to	  an	  LSP	  
mass	  of	  650	  GeV	  
-‐  assuming	  100%	  BR	  

g→ b b→ bb χ0
1

650	  GeV	  

1125	  GeV	  
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ATLAS-‐CONF-‐2012-‐145_8TeV_12/S	  0-‐leptons:	  Effec>ve	  mass	  
Dedicated	  search	  with	  at	  least	  3	  b-‐jets	  	  
-‐  specifically	  targe0ng	  gluino	  induced	  3G	  

produc0on	  
Discriminators:	  
-‐  Effec0ve	  mass	  (at	  least	  900	  GeV,	  3	  bins)	  
-‐  Number	  of	  jets	  (>=4,	  >=6)	  
-‐  DeltaPhi(jets,	  ETmiss)	  >	  0.4	  
-‐  ETmiss	  >=	  200	  GeV	  
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Data	  driven	  background	  es0mates:	  
-‐  Lbar+jets,	  mul0-‐jet	  
Interpreta0ons	  shown	  
-‐  gluino	  induced	  top-‐squark	  produc>on	  
-‐  gluino	  induced	  boWom-‐squark	  produc>on	  
	  
(see	  backup	  slides	  for	  ATLAS	  0-‐lepton	  searches	  
targe0ng	  direct	  3G	  produc0on)	  

1150	  GeV	  

440	  GeV	  
570	  GeV	  

1240	  GeV	  
Jad	  Marrouche	  -‐	  Moriond	  EW	  2013	  



CMS-‐SUS-‐12-‐024_8TeV_19/S	  0-‐leptons:	  HT	  vs	  ETmiss	  vs	  b-‐tag	  fit	  
Inclusive	  search	  with	  at	  least	  3	  jets	  	  
-‐  targe0ng	  gluino	  induced	  3G	  produc0on	  
Binned	  in	  (48	  Signal	  Regions)	  
-‐  Number	  of	  b-‐jets	  (1,2,>=3)	  
-‐  HT	  (4	  bins	  from	  400	  to	  >=1000	  GeV)	  
-‐  ETmiss	  (4	  bins	  from	  125	  to	  >=350	  GeV)	  
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data,	  simultaneously	  fit	  
Interpreta0on	  shown	  	  
-‐  gluino	  induced	  boWom-‐squark	  produc>on	  

NEW!!	  
19S-‐1	  

1200	  GeV	  
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1-‐lepton	  final	  states	  
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ATLAS-‐CONF-‐2012-‐166_8TeV_13/S	  1-‐lepton:	  Dedicated	  stop	  search	  
Targe0ng	  direct	  top	  squark	  produc0on:	  
-‐  an	  isolated	  electron	  or	  muon	  
-‐  at	  least	  4	  jets	  
-‐  at	  least	  1	  b-‐jet	  
-‐  ETmiss	  at	  least	  150	  GeV 	  	  
6	  signal	  regions	  defined	  by	  various	  binning	  in	  	  
-‐  transverse	  mass	  and	  variants	  of	  MT2	  

10	  

Main	  backgrounds:	  di-‐leptonic	  Lbar,	  W+jets	  
Interpreta0on	  shown	  
-‐  direct	  top-‐squark	  pair	  produc>on,	  decay	  	  

via	  neutralino	  
	  
	  

CMS	  search	  details	  in	  backup	  

560	  GeV	  

175	  GeV	  
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CMS-‐SUS-‐13-‐007_8TeV_19/S	  1-‐lepton:	  Gluino-‐induced	  stop	  search	  
Targe0ng	  gluino	  induced	  top	  squark	  produc0on	  
-‐  at	  least	  6	  jets	  
-‐  at	  least	  2	  b-‐jets	  
-‐  an	  isolated	  electron	  or	  muon	  
Two	  independent	  analyses	  using	  different	  data-‐
driven	  methods	  to	  es0mate	  backgrounds	  
-‐  Primarily	  Lbar+jets 	   	  	  
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NEW!!	  
19S-‐1	  

1.	  Lepton	  Spectrum	  :	  use	  lepton	  pT	  spectrum	  
to	  es0mate	  neutrino	  pT	  spectrum.	  	  
-‐  Use	  HT(>500)	  and	  ETmiss(>250)	  
	  
2.	  DeltaPhi(vec(ETmiss+lepton),	  lepton)	  
use	  correla0on	  between	  azimuthal	  angle	  of	  
W-‐direc0on	  and	  lepton	  as	  discriminator	  
-‐  Bin	  in	  ST	  =	  [lepton	  pT	  +	  ETmiss]	  (>250)	  
	  

Jad	  Marrouche	  -‐	  Moriond	  EW	  2013	  
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2-‐lepton	  final	  states	  
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2-‐leptons	  (Same	  Sign)	   ATLAS-‐CONF-‐2013-‐007_8TeV_20/S	  

Dedicated	  search	  requiring	  
-‐  2	  isolated	  same-‐sign	  electrons/muons	  
Three	  Signal	  Regions:	  
-‐  Effec>ve	  mass,	  transverse	  mass,	  ETmiss	  	  

-‐  Number	  of	  b-‐jets	  (0,	  >=1,	  >=3)	  
-‐  Number	  of	  jets	  (>=3,	  >=5) 	  	  

Jad	  Marrouche	  -‐	  Moriond	  EW	  2013	  

Backgrounds:	  	  
-‐  rare	  SM	  decays,	  fake	  leptons,	  charge	  flips	  
Interpreta0ons	  shown	  
-‐  gluino	  induced	  top-‐squark	  produc>on	  

NEW!!	  
20S-‐1	  

1020	  GeV	  

550	  GeV	  

For	  CMS,	  see	  backup	  and	  San3ago’s	  talk	  
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Mul0-‐lepton	  final	  states	  
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R-‐Parity	  Viola>ng	  Stop	  Search	   CMS-‐SUS-‐13-‐003_8TeV_19/S	  

Based	  on	  events	  with	  not	  as	  much	  ETmiss	  
-‐  3	  or	  4	  reconstructed	  leptons	  
-‐  at	  least	  1	  b-‐tag	  
Bin	  exclusively	  in:	  
-‐  ST	  =	  scalar	  sum	  of	  ETmiss,	  jet-‐pT	  and	  lepton-‐pT	  
-‐  Number	  of	  hadronic	  taus	  (0,	  1)	  
-‐  Number	  of	  leptons	  (3,	  4)	  

NEW!!	  
20S-‐1	  

LHE	  files	  provided	  by	  Jared	  Evans	  and	  Yevgeny	  Kats	  (arxiv:1209.0764)	  
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Summary	  Plots	  
ATLAS	  direct	  stop	  produc>on	  

R-‐Parity	  Conserving	   Direct	  stop	  
(neutralino)	  

Direct	  sboWom	  
(neutralino)	  

Gluino-‐induced	  
stop	  

Gluino	  induced	  
sboWom	  

Best	  limit:	   560	  GeV	   600	  GeV	   1280	  GeV	   1240	  GeV	  

No	  limit	  beyond	  LSP:	   175	  GeV	   300	  GeV	   570	  GeV	   650	  GeV	  

CMS	  gluino-‐induced	  stop	  produc>on	  
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100%	  
BR	  



•  Natural	  solu0on	  to	  hierarchy	  problem	  requires	  light	  top	  and	  boLom	  
squarks	  and	  gluinos	  
–  Should	  be	  within	  reach	  of	  LHC	  

•  Comprehensive	  array	  of	  searches	  at	  ATLAS	  and	  CMS	  targe0ng	  these	  
par0cles	  
–  Many	  discriminators,	  search	  regions,	  final	  states	  
–  Nothing	  found	  so	  far	  L	  

•  Placed	  stringent	  constraints	  in	  mass	  range	  relevant	  for	  hierarchy	  problem	  
in	  the	  context	  of	  simplified	  models	  
–  Gluino	  mass:	  1.2-‐1.3	  TeV,	  3G	  mass:	  500-‐600	  GeV	  (100%	  assump0ons)	  

•  Expect	  significant	  improvement	  in	  sensi0vity	  at	  14	  TeV	  
–  Much	  of	  the	  remaining	  SUSY	  parameter	  space	  yet	  to	  be	  probed	  
–  Stay	  tuned	  for	  future	  results	  

•  More	  informa0on:	  
–  hLps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS	  
–  hLps://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults	  
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Summary	  
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Other	  slides…	  



Overall	  SUSY	  search	  strategies	  
Strategy	  adopted	  for	  ini0al	  searches:	  
-‐  be	  as	  inclusive	  as	  possible	  
-‐  target	  mul0ple	  final	  state	  signatures	  

-‐  aLempt	  to	  discover	  New	  Physics	  model	  in	  variety	  of	  searches,	  dependent	  on	  
complexity	  of	  underlying	  spectra	  

	  
	  
	  
	  
	  
	  
	  
Strategy	  refinement:	  
-‐  add	  dedicated	  searches	  for	  different	  final	  states	  

-‐  especially	  stops	  and	  sboLoms	  

Zero	  
lepton	  

Single	  
lepton	  

Dilepton:	  
Opposite	  

Sign	  

Dilepton:	  
Same	  
Sign	  

Mul>	  
leptons	  

2-‐photons	   Photon	  +	  
Lepton	  
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CMS-‐SUS-‐12-‐028_8TeV_11/S	  0-‐leptons:	  alphaT	  
Inclusive	  search	  based	  on	  the	  alphaT	  kinema>c	  variable	  
Binned	  in	  (67	  signal	  regions)	  

	  -‐	  Number	  of	  jets	  (2-‐3,	  >=4)	  
	  -‐	  Number	  of	  b-‐jets	  (0,1,2,3,>=4)	  
	  -‐	  HT	  (8	  bins	  from	  275	  to	  >=875	  GeV)	  

Data	  driven	  background	  es0mates	  from	  control	  regions	  
	  -‐	  Major:	  W+Jets,	  Z+Jets,	  Lbar+Jets	  

Interpreta0ons	  in:	  
	  -‐	  gluino	  induced	  top-‐squark	  produc>on	  
	  -‐	  gluino	  induced	  boWom-‐squark	  produc>on	  
	  -‐	  direct	  boWom-‐squark	  produc>on	  
	  -‐	  more	  available	  in	  documentaNon	  
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0-‐leptons:	  alphaT	  



ATLAS-‐CONF-‐2012-‐145_8TeV_12/S	  0-‐leptons:	  Effec>ve	  mass	  
Dedicated	  search	  with	  at	  least	  3	  b-‐jets	  
Discriminators:	  

	  -‐	  Effec0ve	  mass	  (at	  least	  900	  GeV,	  3	  bins)	  
	  -‐	  Number	  of	  jets	  (>=4,	  >=6)	  
	  -‐	  DeltaPhi(jets,	  ETmiss)	  >	  0.4	  
	  -‐	  ETmiss	  >=	  200	  GeV	  

Data	  driven	  background	  es0mates:	  
	  -‐	  Lbar+jets,	  mul0-‐jet	  

Interpreta0ons	  in	  	  
	  -‐	  gluino	  induced	  top-‐squark	  produc>on	  
	  -‐	  gluino	  induced	  boWom-‐squark	  produc>on	  
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CMS-‐SUS-‐12-‐024_8TeV_19/S	  0-‐leptons:	  HT	  vs	  ETmiss	  vs	  b-‐tag	  fit	  
	  	   Inclusive	  search	  with	  >=3	  jets	  
Binned	  in	  (48	  Signal	  Regions)	  

	  -‐	  Number	  of	  b-‐jets	  (1,2,>=3)	  
	  -‐	  HT	  (4	  bins	  from	  400	  to	  >=1000	  GeV)	  
	  -‐	  ETmiss	  (4	  bins	  from	  125	  to	  >=350	  GeV)	  

Interpreta0ons	  in	  	  
	  -‐	  gluino	  induced	  top-‐squark	  produc>on	  
	  -‐	  gluino	  induced	  boWom-‐squark	  produc>on	  
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ATLAS-‐CONF-‐2012-‐165	  &	  2013-‐001_8TeV_13/S	  0-‐leptons:	  bb+MET	  
Search	  with	  exactly	  2	  b-‐jets	  and	  MET	  or	  exactly	  3	  jets	  where	  leading	  jet	  not	  tagged,	  sub-‐
leading	  2	  are.	  Targets	  direct	  sboLom	  produc0on	  
Discriminators:	  ETmiss,	  Effec0ve	  mass,	  DeltaPhi	  
Interpreta0ons	  shown	  for	  direct	  sboLom	  produc0on	  (neutralino)	  and	  stop	  (chargino)	  

b→ b χ0
1

t → b χ ±, Δm( χ ±, χ0
1 ) = 20 GeV

t → b χ ±, Δm( χ ±, χ0
1 ) = 5 GeV
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ATLAS-‐CONF-‐2012-‐166_8TeV_13/S	  1-‐lepton:	  Dedicated	  stop	  search	  
Targe0ng	  direct	  top	  squark	  produc0on:	  
-‐  an	  isolated	  electron	  or	  muon	  
-‐  at	  least	  4	  jets	  
-‐  at	  least	  1	  b-‐jet	  
-‐  ETmiss	  at	  least	  150	  GeV 	  	  
6	  signal	  regions	  defined	  by	  various	  binning	  in	  	  

	  -‐	  transverse	  mass	  
	  -‐	  two	  variants	  of	  kinema0c	  variable	  mT2	  

25	  

Main	  backgrounds:	  di-‐leptonic	  Lbar,	  W+jets	  
Interpreta0ons	  shown	  
-‐  direct	  top-‐squark	  pair	  produc>on,	  decay	  	  

via	  neutralino	  
-‐  direct	  top-‐squark	  pair	  produc>on,	  decay	  

via	  chargino	  with	  mass	  =	  150	  GeV	  
	  
CMS	  search	  details	  in	  backup	  

560	  GeV	  

175	  GeV	  

350	  GeV	  

60	  GeV	  
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1-‐lepton:	  Dedicated	  stop	  search	   CMS-‐SUS-‐12-‐023_8TeV_10/S	  

Targe0ng	  direct	  top	  squark	  produc0on:	  
-‐  an	  isolated	  electron	  or	  muon	  
-‐  at	  least	  4	  jets	  
-‐  at	  least	  1	  b-‐jet	  
7	  signal	  regions	  defined	  by	  binning:	  
-‐  ETmiss	  (>100	  GeV)	  
-‐  transverse	  mass	  (>120	  GeV)	  
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Main	  background:	  Lbar	  (fully	  and	  semi-‐
leptonic)	  
-‐  Es0mated	  from	  simula0on,	  corrected	  

and	  validated	  by	  data	  control	  samples	  
Interpreta0ons	  shown	  
-‐  direct	  top-‐squark	  pair	  produc>on,	  

decay	  via	  neutralino	  
-‐  direct	  top-‐squark	  pair	  produc>on,	  

decay	  via	  chargino	  

430	  GeV	  

110	  GeV	  

430	  GeV	  

120	  GeV	  
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ATLAS-‐CONF-‐2012-‐167_8TeV_13/S	  2-‐leptons	  (Opposite	  Sign)	  
Search	  requiring	  	  

-‐	  2	  isolated	  opposite-‐sign	  electrons	  or	  muons	  
Discriminators	  

	  -‐	  mT2	  
-‐	  Boost	  vector	  =	  vec(ETmiss+	  pT(lep1)+	  pT(lep2))	  

Main	  Backgrounds:	  	  
	  -‐	  top	  produc0on,	  diboson	  (data-‐driven)	  

Interpreta0ons	  in	  
	  -‐	  direct	  top-‐squark	  produc>on,	  decay	  via	  chargino	  
	  -‐	  more	  available	  in	  documentaNon	  
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CMS-‐SUS-‐12-‐017_8TeV_11/S	  
arXiv:1212.6194	  -‐-‐	  accepted	  by	  JHEP	  2-‐leptons	  (Same	  Sign)	  

Inclusive	  search	  requiring	  	  
-‐	  2	  isolated	  same-‐sign	  electrons	  or	  muons	  
	  -‐	  at	  least	  2	  b-‐jets	  

8	  Signal	  Regions	  with	  	  
	  -‐	  HT	  range	  from	  >80	  to	  >320	  
	  -‐	  ETmiss	  range	  from	  >0	  to	  >120	  

Backgrounds:	  	  
	  -‐	  rare	  SM	  decays,	  fake	  leptons,	  charge	  flips	  

Interpreta0ons	  in	  
	  -‐	  gluino	  induced	  top-‐squark	  produc>on	  

	   	  -‐	  direct	  boWom-‐squark,	  decay	  via	  chargino	  
	  -‐	  more	  available	  in	  documentaNon	  
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2-‐leptons	  (Same	  Sign)	   ATLAS-‐CONF-‐2013-‐007_8TeV_20/S	  

Jad	  Marrouche	  -‐	  Moriond	  EW	  2013	  

NEW!!	  
20S-‐1	  
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R-‐Parity	  Viola>ng	  Stop	  Search	   CMS-‐SUS-‐13-‐003_8TeV_19/S	  

NEW!!	  
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1ℓ	  top	  squark:	  Comparison	  with	  ATLAS	  

•  When	  correc0ng	  for	  luminosity	  and	  √s,	  the	  ATLAS	  limit	  covers	  more	  of	  the	  t	  →	  t	  χ0	  
space	  for	  two	  reasons:	  
–  1)	  Different	  signal	  model:	  CMS	  signal	  model	  has	  unpolarized	  tops	  from	  t→t	  χ0.	  ATLAS	  signal	  model	  

has	  top	  quarks	  which	  are	  mostly	  right-‐handed.	  This	  choice	  increases	  the	  large	  lepton	  pT	  and	  
MT(ℓ,MET)	  acceptance	  because	  it	  causes	  the	  lepton	  to	  be	  emiLed	  preferen0ally	  parallel	  to	  the	  top	  
boost.	  We	  es>mate	  the	  size	  of	  this	  effect	  to	  be	  ~25%.	  

–  2)	  Tuned	  kinema0cal	  requirements:	  The	  most	  important	  one	  appears	  to	  be	  the	  hadronic	  top	  
reconstruc>on.	  This	  is	  not	  currently	  implemented	  in	  the	  CMS	  analysis	  in	  order	  to	  maintain	  
sensi>vity	  to	  both	  the	  t	  →	  t	  χ0	  and	  t	  →	  b	  χ±	  decay	  modes.	  
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1-lepton!
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arxiv: 0811.1024"

In	  the	  limit	  of	  zero	  LSP	  mass,	  the	  parameter	  cos2θeff	  is	  the	  top	  quark	  polariza>on.	  
Atlas	  uses	  θt	  =	  	  π/3.2;	  	  At	  m(LSP)=0	  the	  top	  in	  the	  Atlas	  MC	  is	  almost	  fully	  polarized	  

Top	  Polariza0on	  
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4W	  final	  state	  
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