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This	  presentaDon	  

Searches	  
	  for	  SUSY	  

Knowledge	  	  
of	  QCD	  
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	  MulDjet	  topologies,	  
	  parton	  shower	  and	  	  	  	  
	  resummaDons.	  

	  MulDjet	  topologies,	  
	  Boosted	  objects,	  	  
	  High	  mass,	  	  non-‐back-‐to-‐back	  
	  topologies,	  IniDal	  state	  radiaDon	  



Outline	  

•  Part	  1:	  Concept	  of	  hadronic	  SUSY	  searches	  
•  Part	  2:	  Recent	  analysis	  as	  an	  example	  
•  Part	  3:	  Overview	  of	  hadronic	  SUSY	  searches	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  limits	  
•  Part	  4:	  A	  quick	  look	  at	  13	  TeV…	  
•  Part	  5:	  Summary	  for	  discussion	  
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ProducDon	  rate	  
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If	  R-‐Parity	  is	  conserved	  
then	  SUSY	  parDcles	  are	  	  
pair	  produced	  



Where	  are	  we	  going?	  
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Analysis	  model	  -‐	  control	  regions	  
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W	  control	  
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Top	  
control	  
region	  

Z	  control	  
region	  

-‐	  Measure	  number	  of	  events	  in	  control	  selecDons	  
-‐ 	  Predict	  number	  of	  events	  in	  signal	  region	  via	  a	  fit	  to	  control	  regions	  
-‐ 	  Important	  :	  Test	  model	  and	  transfer	  funcDons	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (e.g.	  by	  alternaDve	  control	  regions	  or	  methods)	  

Transfer	  func9ons	  
mostly	  taken	  from	  MC	  



Analysis	  model	  -‐	  control	  regions	  
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control	  
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W	  control	  
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Top	  
control	  
region	  

Z	  control	  
region	  

-‐	  Measure	  number	  of	  events	  in	  control	  selecDons	  
-‐ 	  Predict	  number	  of	  events	  in	  signal	  region	  via	  a	  fit	  to	  control	  regions	  
-‐ 	  Important	  :	  Test	  model	  and	  transfer	  funcDons	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (e.g.	  by	  alternaDve	  control	  regions	  or	  methods)	  

Transfer	  func9ons	  
mostly	  taken	  from	  MC	  



Large	  range	  of	  jet	  mulDpliciDes	  needed	  
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Typical	  signals	  



Large	  range	  of	  jet	  mulDpliciDes	  needed	  
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Compressed	  “Monojets”:	  
	  
AnD-‐tag	  on	  low	  30	  GeV	  
P_t	  jets	  
è Needs	  descripDon	  of	  low	  
Jet	  mulDpliciDes	  	  
and	  missing	  transverse	  	  
momentum	  object,	  relying	  on	  	  
IniDal	  state	  radiaDon	  

Typical	  decay:	  2-‐6	  jets	   Long	  decay	  7-‐10	  jets	  
Typical	  signals	  



Large	  range	  of	  jet	  mulDpliciDes	  needed	  
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Compressed	  “Monojets”:	  
	  
AnD-‐tag	  on	  low	  30	  GeV	  
P_t	  jets	  
è Needs	  descripDon	  of	  low	  
Jet	  mulDpliciDes	  	  
and	  missing	  transverse	  	  
momentum	  object,	  relying	  on	  	  
IniDal	  state	  radiaDon	  

Typical	  decay:	  2-‐6	  jets	   Long	  decay	  7-‐10	  jets	  



Part	  2:	  Example	  analysis	  

Let’s	  have	  a	  detailed	  look	  at	  a	  recent	  search	  
for	  coloured	  SUSY	  by	  CMS	  to	  illustrate	  the	  	  	  	  	  
background	  determinaDon	  
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Recent	  searches	  with	  M_T2	  
Two	  signal	  regions:	  
a)  Jets,	  high	  pt,	  high	  M_T2	  
b)  Search	  for	  mass	  peak	  

with	  Higgs	  èbbar	  
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JHEP	  1505	  (2015)	  078	  	  

M_T2	  is	  generalizaDon	  
of	  transverse	  mass	  concept	  
for	  2	  invisible	  parDcles	  

DefiniDon	  of	  signal	  regions	  and	  their	  backgrounds	  and	  subsequent	  division	  in	  HT	  and	  Etmiss	  



Recent	  searches	  with	  M_T2	  
•  Each	  of	  these	  regions	  is	  examined	  in	  M_T2	  (Model-‐
dependent	  test)	  

•  Example	  M_T2	  distribuDons	  for	  medium	  and	  high	  
sum	  of	  jet	  pt	  (Ht)	  
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Recent	  searches	  with	  M_T2	  
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Example	  of	  background	  determina9on	  QCD	  mul9jets:	  
-‐  QCD	  dominated	  region	  at	  low	  minimal	  delta	  phi	  between	  jet	  and	  MET	  
-‐  AssumpDon	  is	  that	  transfer	  factor	  r	  (from	  control	  to	  signal	  region)	  is	  described	  
	  	  	  	  	  by	  this	  parameterizaDon:	  

The	  parameters	  a	  and	  b	  are	  obtained	  from	  a	  fit	  
to	  data	  in	  the	  region	  50	  <	  MT2	  <	  80	  GeV,	  see	  
next	  slide,	  procedure	  validated	  with	  simulated	  
QCD	  mulDjet	  events	  



Recent	  searches	  with	  M_T2	  
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r	  is	  fixed	  to	  a	  constant	  (conservaDvely)	  
for	  high	  	  M_T2.	  
	  
Various	  uncertainDes	  on	  method	  
considered	  
	  
Note	  that	  QCD	  mulDjet	  background	  is	  
small	  at	  high	  M_T2	  



Recent	  searches	  with	  M_T2	  
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W+jets	  background	  and	  top	  background	  Mainly	  stemming	  from	  “lost”	  
	  lepton	  events,	  40%	  are	  taus	  
è 1.	  Determined	  for	  each	  signal	  region	  by	  re-‐versing	  the	  zero	  lepton	  	  
	  	  	  	  	  requirement	  and	  asking	  1	  lepton	  and	  small	  transverse	  mass	  <	  100	  GeV	  
	  	  	  	  	  2.	  A	  “lost	  lepton”	  factor	  is	  applied	  to	  determine	  the	  expected	  	  	  	  	  
	  	  	  	  	  number	  of	  background	  events	  in	  signal	  region	  taking	  into	  account	  	  	  	  
	  	  	  	  	  the	  lepton	  efficiencies/acceptance	  “per	  signal	  region”.	  Uncertain)es	  
	  	  	  	  	  e.g.	  by	  tag-‐and-‐probe	  method.	  

Z	  (νν)+jets	  background	  is	  esDmated	  by	  
selecDng	  a	  control	  sample	  	  
of	  γ+jets	  events	  and	  then	  subtracDng	  the	  
photon	  momentum	  in	  the	  computaDon	  of	  all	  
the	  relevant	  event	  quanDDes,	  e.g.	  M_T2.	  Z	  and	  
gamma	  coupling	  expected	  to	  behave	  constant	  for	  pT_Z	  >	  M_Z	  
(difference	  modeled	  with	  MC	  simula)on)	  



Recent	  search	  with	  M_T2	  
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Results:	  Many	  many	  signal	  regions	  (6	  plots	  from	  many	  ):	  



Recent	  searches	  with	  M_T2	  
•  Higgs	  searches	  requires	  two	  b-‐tags	  close	  in	  delta	  R	  in	  

mass(bb)	  bins	  
•  Shape	  of	  mass(bb)	  is	  taken	  from	  low	  M_T2	  regions	  since	  no	  

correlaDon	  between	  M_T2	  and	  mass(bb)	  is	  expected	  from	  
simulaDon	  
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Recent	  search	  with	  M_T2	  
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Here	  is	  an	  example	  from	  Higgs	  signal	  region	  
Signal	  is	  gluino	  with	  Higgs	  decays..	  

InterpretaDon:	  >40	  signal	  regions	  considered	  
and	  tested	  against	  SUSY	  predicDons.	  
	  
Regions	  are	  combined	  into	  a	  likelihood	  
funcDon	  and	  exclusion	  limits	  are	  calculated	  
for	  various	  different	  models…	  

q	  q	   q	  

q	   q	  

h	  	  	  	  	  	  



Limits	  and	  Signal	  Regions	  
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Examples:	  Limits	  on	  gluino	  pair	  producDon	  for	  different	  gluino	  decays.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Longer	  decay	  chain	  limits	  problemaDc,	  first	  limit	  on	  gluinos	  with	  Higgs	  decays	  

q	   q	  

q	  q	  



Run-‐1	  data	  Overview	  	  

•  Recent	  result	  from	  ATLAS	  2015	  summary	  papers	  
•  Goals:	  Combina9on,	  complementarity,	  coverage	  
in	  the	  landscape	  of	  minimal	  SUSY	  (MSSM)	  
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-‐	  	  	  	  Summary	  of	  ATLAS	  constraints	  in	  the	  pMSSM,	  1508.06608,	  Accepted	  by	  JHEP	  
-‐  Inclusive	  squark/gluino	  searches	  ,	  1507.05525, 	  Accepted	  by	  JHEP	  
-‐  Third	  generaDon	  squarks	  (direct	  producDon),	  1506.08616,	  Submited	  to	  EPJC	  



Complementarity:	  1st	  and	  2nd	  
generaDon	  squarks	  

•  Let’s	  start	  with	  a	  result:	  
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SensiDvity	  of	  different	  methods	  and	  search	  channels	  needed	  already	  
for	  simplest	  decay	  scenario!	  

Note	  400	  GeV	  limits	  
for	  non-‐degenerated	  
Squarks	  even	  in	  simplest	  
decay	  chain	  



Background	  and	  signal	  regions	  
“Monojets”:	  Z-‐>neutrinos	  	  
and	  W-‐>lepton	  neutrino	  	  
dominant	  
	  
	  
Medium	  (2-‐6)	  jets:	  	  
Z+jets	  and	  top	  pairs	  
	  
	  
Many	  (7-‐10)	  jets:	  	  
QCD,	  top	  pairs	  
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Signal	  regions	  in	  ATLAS	  are	  typically	  
cut-‐and-‐count	  and	  limits	  derived	  
by	  “best	  signal	  region”	  only	  
(CMS	  usually	  combines	  signal	  regions)	  



Coverage	  beyond	  	  
simplified	  models	  

-‐	  Coverage	  studies	  by	  
running	  >20	  run-‐1	  
analyses	  over	  >300000	  
MSSM	  points	  
-‐	  All	  MSSM	  points	  
selected	  to	  fulfill	  all	  
worldwide	  constraints	  
(e.g.	  on	  Dark	  Mater)	  
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Coverage	  beyond	  simplified	  models	  

FracDon	  models	  in	  	  
	  	  gluino-‐neutralino	  space	  
(well	  covered	  by	  simplified	  models)	  	  
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FracDon	  of	  models	  in	  min(squark)	  
vs	  neutralino	  space	  
è Less	  well	  covered	  by	  simplified	  models	  

è Different	  decays	  q_L	  and	  q_R,	  different	  
Masses?	  
è	  Low	  mass	  squarks	  not	  excluded	  yet!	  

Here	  ATLAS,	  Similar	  studies	  from	  CMS	  

Most	  constraining	  search	  is	  2-‐6	  jets	  +	  MET	  



R_p	  violaDon	  mulDjets	  
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no	  MET	  and	  a	  huge	  background	  from	  QCD.	  
2	  recent	  results	  on	  this:	  
htps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-‐2013-‐07/	  	  
(RPV	  gluino	  decays	  -‐>	  jets)	  
htps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-‐CONF-‐2015-‐026/	  	  
(RPV	  stop	  -‐>	  jets)	  



R_p	  violaDon	  mulDjets	  
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no	  MET	  and	  a	  huge	  background	  from	  QCD.	  
2	  recent	  results	  on	  this:	  
htps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-‐2013-‐07/	  	  
(RPV	  gluino	  decays	  -‐>	  jets)	  
htps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-‐CONF-‐2015-‐026/	  	  
(RPV	  stop	  -‐>	  jets)	  

InteresDng	  searches	  
-‐  Using	  large	  R	  jets	  (reclustering	  of	  anD-‐kt	  jets)	  
-‐  Using	  data-‐driven	  QCD	  esDmaDon	  	  



R_p	  violaDon	  mulDjets	  
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no	  MET	  and	  a	  huge	  background	  from	  QCD.	  
2	  recent	  results	  on	  this:	  
htps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-‐2013-‐07/	  	  
(RPV	  gluino	  decays	  -‐>	  jets)	  
htps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-‐CONF-‐2015-‐026/	  	  
(RPV	  stop	  -‐>	  jets)	  



Run-‐2	  	  
•  Various	  control	  distribuDon	  from	  ATLAS	  and	  
CMS	  well	  described…even	  for	  7	  jets	  
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ETmiss/√HT	  template	  (exactly	  6	  jets)	  applied	  to	  
data	  with	  exactly	  7	  jets.	  	  

0-‐lepton	  2	  jet	  selecDon	  control	  region	  

Run-‐2	  ATLAS	  example	  



Inclusive search with MT2 in bins of HT, Nj and Nb. 
MT2 = sTransverse mass, designed for final states with 2 missing particles 
 

An important background is W or top with missed leptons or taus. 
Measure MT2 shape in single lepton control sample. 

All-hadronic search using MT2 

30 

CMS-DP-2015-035 

Run-‐2	  CMS	  example	  



Material	  for	  discussion	  

Run-‐2	  provides	  13	  TeV	  center-‐of-‐mass:	  	  
•  If	  DM	  parDcle	  is	  at	  100	  GeV	  sDll,	  likely	  to	  expect	  
mulDple	  decay	  steps	  (squarks	  to	  heavy	  neutralinos/
charginos)	  

è Possibly	  boosted	  mulD-‐boson	  decays	  
è High	  jet	  mul9plici9es	  become	  even	  more	  important	  
è High	  boson	  mul9plici9es	  become	  even	  more	  
important	  (maybe	  2-‐3	  W/Z/h	  bosons	  per	  event)	  

•  On	  the	  other	  side	  we	  should	  not	  forget	  the	  low	  mass	  
squarks….	  Low	  jet	  pt,	  low	  MET	  è	  precision	  physics!?	  
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Summary	  

•  Final	  analyses	  of	  8	  TeV	  data	  with	  “highly	  
developed	  techniques”	  also	  for	  background	  
determinaDon	  

•  SDll	  relying	  on	  MCs	  for	  signal	  and	  background	  
	  	  	  	  (note	  that	  Pdf	  uncertain)es	  will	  become	  	  	  	  	  
	  	  	  	  	  important	  at	  high	  susy	  masses)	  
•  First	  13	  TeV	  data	  
•  High	  jet	  and	  boson	  mul9plici9es	  becoming	  more	  
important	  for	  SUSY	  searches	  
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AddiDonal	  material	  
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All-hadronic search using MT2 
Inclusive search with MT2 in bins of HT, Nj and Nb. 
MT2 = sTransverse mass, designed for final states with 2 missing particles 
 

Another important background is Z→νν. Estimate with photon sample, multiplied by Z/γ ratio. 
Validate this by measuring the Z→ℓℓ to γ ratio & validating photon purity measurement. 
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Run-‐2	  CMS	  example	  

CMS-DP-2015-035 



M_t2	  gamma+jet	  background	  
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MT_2	  systemaDcs	  
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Overview	  plots	  
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SUSY	  overview	  
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