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The	
  Standard	
  Model	
  (SM)	
  	
  
•  Electroweak	
  Model	
  	
  

–  SU(2)	
  x	
  U(1)	
  gauge	
  theory	
  
–  Unifies	
  EM	
  &	
  weak	
  forces	
  

–  Symmetry	
  spontaneously	
  broken	
  
via	
  the	
  Higgs	
  mechanism,	
  giving	
  
the	
  γ	
  ,	
  massive	
  W±,	
  Z0	
  bosons	
  

•  Quantum	
  Chromodynamics	
  
–  SU(3)	
  gauge	
  theory	
  
–  Gluons	
  bind	
  quarks	
  in	
  colorless	
  
bound	
  states	
  of	
  baryons,	
  mesons	
  

–  AsymptoCc	
  freedom	
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Failures	
  of	
  the	
  Standard	
  Model	
  	
  
•  Hierarchy	
  Problem	
  

–  1-­‐loop	
  Higgs	
  mass	
  correcCon	
  
is	
  quadraCcally	
  divergent:	
  

–  Unnatural	
  fine	
  tuning	
  
•  Astrophysical	
  composiVon	
  

–  Baryon	
  asymmetry	
  
•  MaRer,	
  anCmaRer	
  nearly	
  equal	
  in	
  SM	
  	
  

–  CP	
  violaCon	
  is	
  rare	
  

•  Observe	
  far	
  more	
  maRer	
  
	
  than	
  anCmaRer	
  

–  Dark	
  MaXer	
  ~	
  22%	
  of	
  total	
  maXer	
  
•  Strong	
  Astrophysical	
  evidence	
  

•  Neutrino	
  Masses	
  
–  SM	
  neutrino	
  is	
  massless	
  	
  
–  Experiment:	
  	
  0	
  <	
  mν	
  <	
  	
  2	
  eV	
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Baryonic	
  maXer	
  observed	
  from	
  X-­‐Rays	
  
Total	
  maXer	
  observed	
  from	
  
gravitaVonal	
  lensing	
  

Dark	
  MaXer	
  Evidence	
  
in	
  the	
  Bullet	
  Cluster	
  



Supersymmetry	
  (SUSY)	
  
•  Postulates	
  a	
  “Superpartner”	
  for	
  each	
  SM	
  parVcle	
  

–  Spin	
  quantum	
  numbers	
  differ	
  by	
  ½	
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•  Dark	
  MaXer	
  Candidate	
  
–  Lightest	
  SUSY	
  ParCcle	
  (LSP)	
  
–  Example:	
  Neutralino	
  

–  Mixture	
  of	
  Bino,	
  Wino,	
  Higgsino	
  

Standard	
  Model	
   Superpartner	
  

Lepton	
  (S=½)	
  

Gauge	
  Boson	
  (S=1)	
  

Slepton	
  (S=0)	
  

Quark	
  (S=½)	
   Squark	
  (S=0)	
  

Gaugino	
  (S=½)	
  

•  New	
  R-­‐Parity	
  quantum	
  number	
  
–  (-­‐1)	
  3(B-­‐L)	
  +	
  2S	
  	
  

§  (Baryon,	
  Lepton,	
  Spin)	
  

–  Results	
  in	
  SUSY	
  pair	
  producCon	
  
–  Stable	
  LSP	
  could	
  be	
  dark	
  maRer	
  



Hierarchy	
  Problem	
  
•  SUSY	
  naturally	
  solves	
  the	
  Hierarchy	
  Problem	
  

–  SM	
  fermions	
  have	
  complimentary	
  sfermion	
  partners	
  (bosons)	
  

•  The	
  divergent	
  SM	
  fermion	
  loop	
  correcVon	
  to	
  the	
  Higgs	
  mass	
  
is	
  exactly	
  cancelled	
  by	
  the	
  sfermion	
  correcVon	
  in	
  SUSY	
  	
  
–  Couplings	
  cancel	
  exactly:	
  λS	
  =	
  |λf2|	
  ,	
  also	
  works	
  at	
  higher	
  orders	
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The	
  Detector	
  



The	
  Compact	
  Muon	
  Solenoid	
  (CMS)	
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CMS	
  is	
  a	
  tool	
  used	
  to	
  observe	
  pp	
  collision	
  products	
  



DetecVng	
  ParVcles	
  

	
   	
   	
  Muon	
  	
  	
  Electron	
  	
  	
  Charged	
  &	
  Neutral	
  Hadrons	
  	
  	
  Photon	
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Tracker	
  

•  Measures	
  charged	
  parVcle:	
  
– Momentum	
  (δPT/PT	
  ~	
  1.5%	
  @	
  100	
  GeV)	
  
–  Impact	
  	
  parameters	
  

•  d0	
  resoluCon	
  <	
  35	
  μm	
  above	
  10	
  GeV	
  (pixels)	
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CMS	
  Tracker:	
  Silicon	
  Strip	
  Detectors	
  

•  Silicon	
  doped	
  with	
  P	
  (acceptor)	
  &	
  N	
  (donor)	
  atoms	
  develops	
  potenCal	
  gradient.	
  Electrons	
  
move	
  to	
  P	
  side,	
  holes	
  move	
  to	
  N	
  side	
  unCl	
  equilibrium	
  is	
  reached.	
  

•  DepleCon	
  zone	
  has	
  no	
  free	
  charge	
  carriers	
  once	
  equilibrium	
  is	
  reached.	
  
–  Charged	
  parVcles	
  traversing	
  depleVon	
  zone	
  ionize	
  electron-­‐hole	
  pairs	
  that	
  can	
  be	
  measured.	
  

–  External	
  electric	
  field	
  widens	
  depleCon	
  zone,	
  moves	
  holes	
  to	
  p+	
  side.	
  Small	
  “leakage	
  current”	
  flows.	
  

–  CMS	
  silicon	
  strip	
  detectors	
  read	
  out	
  holes	
  on	
  p	
  strips.	
  
–  Fast	
  response	
  (~10	
  ns),	
  good	
  signal	
  (1	
  MIP	
  loses	
  260	
  eV	
  /	
  μm,	
  takes	
  ~	
  3.6	
  eV	
  to	
  free	
  e-­‐h	
  pair).	
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CMS	
  Tracker	
  Modules:	
  Readout	
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•  Preamplifier	
  

–  Charge	
  sensiCve,	
  few	
  ns	
  rise	
  Cme,	
  μs	
  width	
  	
  

•  Inverter	
  

–  Increases	
  dynamic	
  range	
  

•  Shaper	
  

–  Designed	
  to	
  maximize	
  S/N	
  and	
  sample	
  at	
  up	
  to	
  the	
  peak	
  LHC	
  rate	
  of	
  25	
  ns	
  

•  Analog	
  Pipeline	
  

–  192	
  cells	
  store	
  charge	
  measurement	
  for	
  up	
  to	
  4	
  μs	
  awaiCng	
  trigger	
  

•  Designed	
  for	
  less	
  than	
  3,000	
  electron	
  noise	
  equivalent	
  (1	
  MIP	
  signal	
  is	
  >	
  20,000	
  electrons)	
  

1	
  of	
  128	
  channels	
  per	
  “APV”	
  chip	
  



Tracker	
  
•  Strip	
  Tracker	
  

–  10	
  M	
  strips	
  

–  26	
  M	
  wires	
  

–  78	
  k	
  chips	
  
–  All	
  Silicon	
  

•  207	
  m2	
  

•  100	
  kg	
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1)  Outer	
  Barrel	
  
2)  End	
  Cap	
  
3)  Inner	
  Barrel	
  
4)  Inner	
  Disk	
  
5)  Pixel	
  Barrel	
   1

2

5

4

3

The	
  Outer	
  Barrel	
  and	
  half	
  of	
  the	
  outer	
  3	
  of	
  the	
  7	
  End	
  Cap	
  rings	
  
were	
  built	
  in	
  the	
  U.S.	
  (at	
  UC	
  Santa	
  Barbara	
  &	
  Fermilab)	
  	
  



CMS	
  Tracker	
  Modules	
  
•  US	
  (UCSB/FNAL)	
  responsible	
  for	
  the	
  Tracker	
  “Outer	
  Barrel”	
  &	
  

part	
  of	
  the	
  “End	
  Cap”.	
  Assembly,	
  wire-­‐bonding,	
  electrical	
  
tesVng,	
  and	
  integraVon	
  of	
  ~	
  7,200	
  modules,	
  135	
  m2	
  of	
  Si.	
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TEC R6 TEC R5P 

TOB r-phi TOB stereo 



CMS	
  Tracker	
  Modules	
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“Hybrid”	
  Readout	
  Card	
  
4	
  or	
  6	
  chips,	
  128	
  channels	
  /	
  chip	
  

Silicon	
  Strip	
  Sensors	
  

Carbon	
  fiber	
  frame	
  
&	
  HV	
  Kapton	
  circuit	
  Pitch	
  Adapter	
  

Tracker	
  “Module”	
  



CMS	
  Tracker	
  Modules:	
  Mechanical	
  Assembly	
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RoboVc	
  Assembly.	
  Sensors	
  handled	
  
by	
  pneumaCc	
  vacuum	
  chucks.	
  	
  Before	
  Assembly	
  

Assembled	
  Module	
  

1)  Mechanical	
  Assembly	
  

2)  Wire-­‐bonding	
  

3)  Electrical	
  TesCng	
  
4)  IntegraCon	
  &	
  InstallaCon	
  



CMS	
  Tracker	
  Modules:	
  Mechanical	
  Assembly	
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S1 

S2 

S1 

S2 

OpVcal	
  Metrology	
  

(2,600	
  entries)	
  

Alignment	
  important	
  for	
  PT	
  
resoluVon!	
  

DegradaVon	
  for	
  
ΔX	
  >	
  10	
  micron	
  

1)  Mechanical	
  Assembly	
  

2)  Wire-­‐bonding	
  

3)  Electrical	
  TesCng	
  
4)  IntegraCon	
  &	
  InstallaCon	
  



CMS	
  Tracker	
  Modules:	
  Wire-­‐bonding	
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Automated	
  wire-­‐bonding	
  (K&S)	
  

Wire-­‐bonds:	
  
1)  Sensor	
  to	
  Sensor	
  
2)  Sensor	
  to	
  Pitch	
  Adapter	
  
3)  Pitch	
  Adapter	
  to	
  Chip	
  	
  

1 2 3

Si	
  Strip	
  Tracker	
  has	
  26	
  Million	
  wire-­‐bonds	
  (13	
  Million	
  US)	
  

1)  Mechanical	
  Assembly	
  

2)  Wire-­‐bonding	
  

3)  Electrical	
  TesCng	
  
4)  IntegraCon	
  &	
  InstallaCon	
  



CMS	
  Tracker	
  Modules:	
  TesVng	
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1)  Mechanical	
  Assembly	
  

2)  Wire-­‐bonding	
  

3)  Electrical	
  TesVng	
  
4)  IntegraCon	
  &	
  InstallaCon	
  

•  TesVng	
  is	
  criVcal	
  for	
  
verifying	
  design	
  goals	
  

•  10	
  years	
  of	
  conVnuous	
  
running	
  once	
  installed	
  

Module	
  Test	
  StaCon	
  



CMS	
  Tracker	
  Modules:	
  TesVng	
  
•  Poten&al	
  Faults	
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Noisy	
  Channels	
  (micro-­‐discharge)	
   Shorts	
   Opens	
  

“Pinholes”	
  –	
  Short	
  between	
  Al	
  strip	
  &	
  p+	
  implant	
  



CMS	
  Tracker	
  Modules:	
  TesVng	
  
•  Noise	
  Test	
  

– Noisy	
  Channels	
  
– Opens:	
  Low	
  noise	
  

•  Less	
  Capacitance	
  
•  Can	
  disCnguish	
  near	
  
&	
  far	
  sensor	
  opens	
  

–  Pinholes	
  
•  Very	
  low	
  noise	
  

–  Shorts	
  
•  high	
  or	
  low	
  noise	
  

–  Channels	
  automaCcally	
  flagged	
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Channel	
  



CMS	
  Tracker	
  Modules:	
  TesVng	
  
•  Pulse	
  Shape	
  Test	
  

–  Charge	
  is	
  injected	
  per	
  channel	
  by	
  an	
  on-­‐chip	
  calibraCon	
  circuit	
  
capable	
  of	
  supplying	
  up	
  to	
  25	
  fC	
  (~7	
  MIP).	
  The	
  signal	
  is	
  shaped	
  on-­‐
chip	
  by	
  a	
  CR-­‐RC	
  shaper.	
  

–  SensiCve	
  to	
  the	
  chip	
  input	
  
capacitance	
  and	
  can	
  detect	
  
opens,	
  shorts,	
  &	
  pinholes.	
  

–  Opens:	
  lower	
  C,	
  lower	
  τ	
  
–  Shorts:	
  C	
  doubled,	
  parallel	
  

R	
  halved,	
  τ	
  unchanged.	
  Q	
  
shared	
  between	
  2	
  channels,	
  
Amplitude	
  is	
  halved.	
  

–  Pinholes:	
  Virtually	
  no	
  signal.	
  

SLAC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  December	
  2015	
  

Derek	
  Michael	
  Barge	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
UC	
  Santa	
  Barbara	
  	
  |	
  	
  CMS	
  CollaboraCon	
   22	
  

τ	
  =	
  RC	
  =	
  50	
  ns	
  

Pinhole	
  illustraCon	
  (not	
  actual	
  data)	
  



CMS	
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  Modules:	
  TesVng	
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“Pinholes”	
  –	
  Short	
  between	
  Al	
  strip	
  &	
  p+	
  
implant	
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  Modules:	
  TesVng	
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Fiber	
  outputs	
  	
  
from	
  Infrared	
  LED	
  



CMS	
  Tracker	
  Modules:	
  TesVng	
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ProducVon	
  or	
  R&D?	
  
•  Several	
  serious	
  problems	
  discovered	
  &	
  solved	
  during	
  produc&on:	
  

–  Common	
  Mode	
  Noise	
  in	
  silicon	
  sensors	
  
•  Order	
  of	
  more	
  than	
  12,000	
  sensors	
  switched	
  to	
  new	
  vendor	
  

–  Opens	
  in	
  hybrid	
  readout	
  connector	
  
•  Integrate	
  problem	
  areas	
  into	
  kapton	
  layers	
  

–  Failure	
  of	
  power	
  connecBon	
  to	
  chips	
  on	
  hybrid	
  (poorly	
  plated	
  through	
  vias)	
  
•  Worked	
  with	
  vendor,	
  added	
  intermediate	
  kapton	
  layer	
  	
  

–  Failure	
  of	
  silver	
  epoxy	
  sensor	
  to	
  sensor	
  bias	
  connecBon	
  
•  Make	
  bias	
  connecBon	
  with	
  wirebonds	
  

–  Sensor	
  damage	
  due	
  to	
  spark	
  discharge	
  from	
  HV	
  bias	
  bonds	
  
•  Encapsulate	
  wirebonds	
  

–  Wirebonds	
  broken	
  due	
  to	
  vibraBon	
  (shipping	
  &	
  handling)	
  
•  Encapsulate	
  wirebonds	
  

–  Etc...	
  
•  Produc&on	
  of	
  ~	
  7,200	
  modules	
  compressed	
  to	
  about	
  a	
  1	
  year	
  schedule	
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Common	
  Mode	
  Noise	
  
•  Noisy	
  channels	
  from	
  discharge	
  in	
  silicon	
  sensor	
  

–  Associated	
  with	
  abnormal	
  leakage	
  current	
  vs.	
  bias	
  voltage	
  curve	
  
–  Can	
  disable	
  enCre	
  chips.	
  Problem	
  appeared/worsened	
  with	
  Cme.	
  

•  UlCmately	
  aRributed	
  to	
  sensor	
  corrosion	
  (Al	
  by	
  H3PO4)	
  
–  Solu&on:	
  Switch	
  vendor	
  for	
  ~	
  12,000	
  sensors	
  during	
  produc&on	
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Sensor	
  Leakage	
  Current	
  vs.	
  Voltage	
  Test	
  

Bias	
  Voltage	
  

Noise	
  vs.	
  Channel	
  
(	
  for	
  6	
  bias	
  voltages	
  )	
  

Chip	
  
Boundary	
  



Results	
  
•  Highly	
  Automated	
  ProducVon	
  

– Developed	
  automated	
  fault	
  finding	
  algorithm	
  

•  TesVng	
  StaVsVcs	
  
–  27 bad modules out of 7115 ( 0.3% ) 
–  2,423 bad channels out of 3,900,408 ( 0.06% ) 
– Design Goal: Less than 1% bad channels 
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Test	
  Type	
   Noise	
   Pulse	
  
Height	
  

Peak	
  Time	
   Pinhole	
  
Difference	
  

Pinhole	
  
Max	
  Fault	
  Type	
  

Open	
   low	
   high	
   low	
   high	
  

Short	
   high	
  or	
  low	
   low	
  (~1/2)	
   low	
   low	
  (~1/2)	
  

Noisy	
  	
   high	
  

Pinhole	
   very	
  low	
   very	
  low	
   very	
  high	
  



CMS	
  Tracker	
  IntegraVon	
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1)  Mechanical	
  Assembly	
  

2)  Wire-­‐bonding	
  

3)  Electrical	
  TesCng	
  

4)  IntegraVon	
  &	
  InstallaVon	
   Tracker	
  Outer	
  Barrel	
  



CMS	
  Tracker	
  IntegraVon	
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ElectromagneVc	
  Calorimeter	
  (ECAL)	
  

•  Measures	
  energies	
  &	
  posiVons	
  of	
  electrons	
  &	
  photons	
  
–  Lead	
  tungstate	
  absorber	
  

•  Depth	
  of	
  ~	
  26	
  radiaCon	
  lengths	
  
•  RadiaCon	
  	
  length: 	
  ~	
  1	
  cm	
  
•  Moliere	
  radius: 	
   	
  ~	
  2	
  cm	
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ECAL	
  



Hadronic	
  Calorimeter	
  (HCAL)	
  
•  Measures	
  energies	
  and	
  posiVons	
  of	
  hadronic	
  jets	
  

– Sampling	
  calorimeter	
  
•  ScinCllator	
  interleaved	
  
with	
  brass	
  absorber	
  

•  Missing	
  Energy	
  Transverse	
  (MET)	
  

–  Inferred	
  from	
  energy	
  conservaCon	
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HCAL	
  

η	
  =	
  0	
  η	
  =	
  15	
  



Muon	
  System	
  
•  Muon	
  Id,	
  triggering,	
  and	
  momentum	
  measurement	
  

•  Momentum	
  resoluVon	
  (standalone)	
  

SLAC	
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Dri{	
  Tubes	
  
• 	
  	
  σ	
  ~	
  100	
  μm	
   Cathode	
  Strip	
  Chambers	
  

• 	
  	
  σ	
  ~	
  100	
  μm	
  

ResisVve	
  Plate	
  Chambers	
  
• 	
  	
  ~	
  2	
  ns	
  Vming	
  resoluVon	
  
• 	
  	
  σ	
  ~	
  1	
  cm	
  



Analysis	
  



MoVvaVon	
  (1)	
  
•  This	
  is	
  a	
  signature	
  based	
  search	
  for	
  new	
  physics	
  

–  Interpreted	
  in	
  terms	
  of	
  SUSY,	
  sensiCve	
  to	
  non-­‐SUSY	
  
too	
  

•  The	
  Signature	
  
1.   Two	
  leptons	
  of	
  opposite	
  charge	
  (	
  by	
  choice	
  )	
  
2.   Missing	
  Transverse	
  Energy	
  (	
  MET	
  )	
  

•  MoCvated	
  by	
  the	
  (indirect)	
  observaCon	
  Dark	
  MaRer	
  

3.   Hadronic	
  Jet	
  AcVvity	
  
•  Highest	
  cross	
  secCon	
  from	
  strong	
  producCon	
  
•  Metrics:	
  Jet	
  MulVplicity	
  ,	
  HT	
  (	
  Scalar	
  sum	
  of	
  Jet	
  PT	
  )	
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MoVvaVon	
  (2)	
  
•  Why	
  dileptons?	
  

–  “Clean”	
  experimental	
  signature	
  
•  Prompt	
  leptons	
  tend	
  to	
  be	
  isolated	
  
•  Good	
  resoluCon	
  in	
  momentum	
  and	
  energy	
  

•  Which	
  dileptons?	
  
–  Opposite	
  Sign	
  (OS)	
  and	
  not	
  from	
  a	
  Z	
  boson	
  
–  Other	
  choices:	
  Same	
  Sign,	
  Opposite	
  Sign	
  with	
  a	
  Z	
  

•  CounVng	
  experiments	
  
–  Define	
  2	
  dimensional	
  signal	
  regions	
  in	
  plane	
  of	
  (	
  MET	
  ,	
  HT	
  )	
  
–  EsCmate	
  Background	
  in	
  each	
  signal	
  region	
  
–  Excess	
  could	
  be	
  a	
  discovery	
  
–  Otherwise	
  set	
  limits	
  to	
  constrain	
  new	
  physics	
  models	
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MoVvaVon	
  (3)	
  

•  Dominant	
  background:	
  top	
  pairs	
  

•  Lesser	
  backgrounds	
  
–  Residual	
  Drell-­‐Yan	
  +	
  Jets	
  
– WW	
  ,	
  Top	
  ,	
  Fake	
  Leptons	
  

SLAC	
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Backgrounds	
  

Signal	
  Examples	
  (SUSY)	
  

Same	
  Flavor	
  Only	
  
(	
  could	
  see	
  excess	
  )	
  

Same	
  Flavor	
  Or	
  
Opposite	
  Flavor	
  

Dilepton	
  Final	
  States	
  



Outline	
  

1.  Overview	
  

2.   Basic	
  SelecVons	
  

3.  DefiniCon	
  of	
  Signal	
  Regions	
  

4.  Background	
  EsCmaCon	
  Methods	
  

5.  Results	
  

SLAC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  December	
  2015	
  

Derek	
  Michael	
  Barge	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
UC	
  Santa	
  Barbara	
  	
  |	
  	
  CMS	
  CollaboraCon	
   38	
  



Basic	
  SelecVons	
  
•  Lepton	
  SelecVons	
  

–  Data	
  collected	
  on	
  high	
  PT	
  dilepton	
  triggers	
  
•  ε(μμ)	
  ~	
  90%	
  ,	
  ε(eμ)	
  ~	
  95%	
  ,	
  ε(ee)	
  ~	
  100%	
  ,	
  σ	
  ~	
  2%	
  	
  

–  2	
  leptons	
  of	
  opposite	
  charge	
  
•  Well	
  idenCfied	
  &	
  isolated	
  leptons;	
  (PTMAX,	
  PTMIN)	
  >	
  (20,	
  10)	
  GeV	
  

–  SelecCon	
  efficiency	
  is	
  (90	
  –	
  95)%	
  above	
  PT	
  ~	
  20	
  GeV	
  

•  Data	
  
–  Analysis	
  with	
  early	
  data:	
  5	
  �-­‐1	
  of	
  integrated	
  luminosity,	
  7	
  TeV	
  
–  StaCsCcal	
  errors	
  dominate.	
  Emphasis	
  on	
  first	
  results	
  with	
  
reasonable	
  data/MC	
  agreement.	
  	
  	
  	
  

SLAC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  December	
  2015	
  

Derek	
  Michael	
  Barge	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
UC	
  Santa	
  Barbara	
  	
  |	
  	
  CMS	
  CollaboraCon	
   39	
  



Dilepton	
  Invariant	
  Mass	
  

•  Data	
  &	
  Monte	
  Carlo	
  agree	
  within	
  ~	
  5%	
  in	
  Z	
  Peak	
  (76	
  GeV	
  <	
  Mll	
  <	
  106	
  GeV)	
  
–  Monte	
  Carlo	
  normalized	
  to	
  data	
  &	
  corrected	
  for	
  trigger	
  ε	
  
–  Level	
  of	
  agreement	
  covered	
  by	
  uncertainCes	
  in	
  luminosity	
  (	
  ~	
  4.5	
  %	
  ),	
  

lepton	
  Id	
  &	
  IsolaCon	
  (	
  ~	
  2	
  %	
  ),	
  and	
  dilepton	
  trigger	
  efficiency	
  (	
  ~	
  2	
  %	
  )	
  
SLAC	
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Cleaning	
  the	
  top	
  Background	
  
•  A	
  sample	
  of	
  opposite	
  sign,	
  isolated	
  dileptons	
  has	
  been	
  selected.	
  

•  Next,	
  a	
  “PreselecVon”	
  is	
  defined	
  as:	
  
–  Basic	
  SelecVons	
  
–  Missing	
  Transverse	
  Energy	
  >	
  50	
  GeV	
  
–  2	
  Jets	
  or	
  more	
  

•  30	
  GeV	
  Threshold	
  on	
  Jet	
  PT	
  
•  Separated	
  by	
  ΔR	
  >	
  0.4	
  from	
  nearest	
  lepton	
  

–  HT	
  >	
  100	
  GeV	
  (Scalar	
  Sum	
  of	
  Jet	
  PT)	
  
–  Z	
  Veto:	
  Discard	
  events	
  with 	
  76	
  GeV	
  <	
  Mll	
  <	
  106	
  GeV	
  

•  The	
  PreselecVon	
  is	
  designed	
  to	
  further	
  reject	
  non-­‐top	
  backgrounds	
  
–  Drell-­‐Yan	
  in	
  parCcular;	
  top	
  is	
  le�	
  as	
  the	
  principal	
  irreducible	
  background	
  
–  Check	
  data	
  &	
  Monte-­‐Carlo	
  agreement	
  prior	
  to	
  counCng	
  experiments	
  

–  Expect	
  kinemaCcs	
  to	
  be	
  top-­‐like	
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Key	
  DistribuVons	
  a{er	
  PreselecVon	
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•  a...	
  

HT	
  

MET	
  

#	
  Jets	
  

PTll	
  



PreselecVon	
  Yields	
  
•  SelecVons:	
  MET	
  >	
  50	
  GeV	
  ,	
  HT	
  >	
  100	
  GeV	
  ,	
  #	
  Jets	
  ≥	
  2	
  ,	
  Z	
  Veto	
  ,	
  Dilepton	
  SelecVon	
  

•  Data	
  well	
  predicted	
  by	
  Standard	
  Model	
  Monte-­‐Carlo	
  
SLAC	
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ee µµ eµ all 

tt −> dileptons 1465.8 ± 32.6  1872.4 ± 41.5  4262.2 ± 94.1  7600.4 ± 167.5  

tt −> tau(s) 302.8 ± 7.0  397.5 ± 9.1  888.6 ± 19.9  1588.9 ± 35.3  

tt −> other 50.2 ± 1.4  15 ± 0.6  90 ± 2.3  155.2 ± 3.7  

Drell Yan 192.6 ± 11.3  236.6 ± 12.6  311.8 ± 14.7  740.9 ± 26  

WW 55.0 ± 1.7  66.2 ± 1.9  150.7 ± 3.8  272.0 ± 6.5  

WZ 13.4 ± 0.4  15.0 ± 0.4  24.6 ± 0.6  53.0 ± 1.3  

ZZ 2.6 ± 0.1  3.3 ± 0.1  3.3 ± 0.1  9.1 ± 0.3  

Single Top 94.6 ± 3.1  119.6 ± 3.7  278.1 ± 7.3  492.3 ± 12.1  

W + jets 47.3 ± 10.6  9.8 ± 4.6  59.4 ± 11.5  116.6 ± 16.4  

Total MC 2224.3 ± 51.5  2735.4 ± 61.8  6068.8 ± 135  11028.5 ± 244.3 

Data 2333 2873 6184 11390 



Outline	
  

1.  Overview	
  

2.  Basic	
  SelecCons	
  

3.   DefiniVon	
  of	
  Signal	
  Regions	
  

4.  Background	
  EsCmaCon	
  Methods	
  

5.  Results	
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Signal	
  Regions	
  
•  Define	
  4	
  signal	
  regions	
  in	
  the	
  MET	
  vs.	
  HT	
  Plane	
  

– Look	
  for	
  new	
  physics	
  at	
  large	
  
MET	
  and	
  /	
  or	
  HT	
  

•  Signal	
  Regions	
  (“SR”)	
  are	
  
disjoint	
  in	
  (MET,	
  HT)	
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SR 1  
SR 2 

SR 3 

SR 4 

MET HT 

275 GeV < MET 300 GeV < HT < 600 GeV 

275 GeV < MET 600 GeV < HT 

200 GeV < MET < 275 GeV 600 GeV < HT 

275 GeV < MET 125 GeV < HT < 300 GeV 



Outline	
  

1.  Overview	
  

2.  Basic	
  SelecCons	
  

3.  DefiniCon	
  of	
  Signal	
  Regions	
  

4.   Background	
  EsVmaVon	
  Methods	
  

5.  Results	
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  Method:	
  IntroducCon	
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PTll	
  (uncorrected)	
  

X	
  Monte	
  Carlo	
  



W	
  polarizaVon	
  (1)	
  	
  
•  Why	
  does	
  W	
  polarizaVon	
  affect	
  the	
  	
  momentum	
  spectrum	
  of	
  

the	
  leptons	
  &	
  Neutrinos?	
  
–  Consider	
  2	
  cases:	
  

1.   Neutrino	
  has	
  maximum	
  E	
  
•  Allowed	
  by	
  le�-­‐handed	
  W	
  

2.   Lepton	
  has	
  maximum	
  E	
  
•  Fails	
  to	
  conserve	
  JZ	
  due	
  

to	
  right-­‐handed	
  W	
  

•  Momentum	
  spectra:	
  

Hard	
  neutrinos,	
  so{	
  leptons	
  	
  (basis	
  of	
  PTll  KC	
  correcCon)	
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1.	
   2.	
  

mb	
  ~	
  0	
  



W	
  polarizaVon	
  (2)	
  	
  
•  The	
  top	
  differenVal	
  decay	
  rate	
  is:	
  

•  In	
  top	
  decays:	
  
–  f+	
  =	
  0	
   	
   	
  W	
  (SZ=	
  +1)	
  

–  f0	
  ~	
  70%	
   	
  W	
  (SZ=	
  0)	
  

–  f-­‐	
  ~	
  30% 	
   	
  W	
  (SZ=	
  -­‐1)	
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PTll	
  Method:	
  Overview	
  	
  
Use	
  PTll	
  to	
  predict	
  MET:	
  

1.   Correct	
  for	
  W	
  PolarizaVon	
  
•  Scale	
  PTll	
  up	
  by	
  MC	
  correcCon	
  KC	
  
•  Explained	
  Previously	
  

2.   Renormalize	
  PTll	
  distribuVon	
  a{er	
  MET	
  Cut	
  
•  MET	
  cut	
  truncates	
  MET	
  distribuCon,	
  reduces	
  PTll	
  distribuCon	
  
•  Scale	
  PTll	
  up	
  by	
  correcCon	
  K	
  

3.   Correct	
  For	
  Drell-­‐Yan	
  ContaminaVon	
  
•  Subtract	
  residual	
  Drell-­‐Yan	
  le�	
  over	
  a�er	
  MET	
  Cut	
  ,	
  Z	
  Veto	
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PTll	
  



PTll	
  Method:	
  RenormalizaCon	
  
•  The	
  	
  	
  	
  	
  	
  	
  method	
  predicts	
  	
  	
  	
  	
  	
  	
  	
  from	
  	
  	
  	
  	
  	
  	
  	
  in	
  dileptonic	
  top	
  pairs	
  

•  Drell-­‐Yan	
  largely	
  suppressed	
  
–  	
  	
  	
  	
  	
  	
  	
  	
  >	
  50	
  GeV.	
  Increase	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  >	
  75	
  GeV	
  for	
  Same	
  Flavor.	
  Z	
  Veto.	
  

–  MET	
  distribuCon	
  is	
  truncated	
  below	
  the	
  cut.	
  

–  PTll distribuCon	
  stats	
  reduced	
  by	
  MET	
  	
  	
  	
  	
  	
  	
  
cut.	
  DistribuCon	
  domain	
  is	
  unchanged.	
  

•  Scale	
  up	
  	
  	
  	
  	
  	
  	
  	
  to	
  predict	
  	
  	
  	
  	
  	
  	
  >	
  X	
  
–  Call	
  this	
  renormalizaCon	
  factor	
  K	
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MET	
  
PTll	
  



PTll	
  Method:	
  Summary	
  of	
  CorrecCon	
  Factors	
  
•  KC	
  is	
  derived	
  from	
  Monte-­‐Carlo	
  

–  Corrects	
  for	
  W-­‐polarizaCon	
  	
  

–  1.0	
  <	
  KC	
  <	
  1.7	
  ±	
  (	
  13%	
  -­‐	
  46%	
  )	
  KC	
  	
  	
  	
  	
  	
  (	
  will	
  be	
  used	
  later	
  )	
  

•  K	
  is	
  measured	
  in	
  data	
  
–  Renormalizes	
  N	
  (	
  PTll	
  >	
  X	
  )	
  so	
  it	
  predicts	
  N	
  (	
  MET	
  >	
  X	
  )	
  

–  1.4	
  <	
  K	
  <	
  1.9	
  ±	
  (	
  3%	
  -­‐	
  35%	
  )	
  K	
  	
  	
  	
  	
  (	
  will	
  be	
  used	
  later	
  )	
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Signal Region K KC 
* 

SR1 1.65 ± 0.12   1.66 ± 0.70   

SR2 1.56 ± 0.41   1.66 ± 0.37   

SR3 1.40 ± 0.49   1.29 ± 0.17   

SR4 1.90 ± 0.05   0.98 ± 0.45  

*	
  KC	
  now	
  includes	
  systemaVc	
  error	
  
due	
  to	
  7.5	
  %	
  Jet	
  Energy	
  Scale	
  variaVon	
  



Drell-­‐Yan	
  Background:	
  EsCmaCon	
  Method	
  
•  Need	
  to	
  esVmate	
  residual	
  off-­‐peak	
  Drell-­‐Yan	
  background	
  

–  In-­‐peak	
  Drell-­‐Yan	
  removed;	
  off-­‐peak	
  reduced	
  by	
  MET	
  >	
  50	
  GeV	
  

– Method:	
  Use	
  data	
  events	
  in	
  the	
  Z-­‐Peak	
  
apply	
  MC	
  correcCon	
  to	
  predict	
  off-­‐peak	
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out	
  out	
  
in	
  

Signal	
  Region	
   Drell	
  Yan	
  

SR1 1.82 ± 1.96 

SR2 0.91 ± 0.91 

SR3 0.78 ± 0.78 

SR4 0.39 ± 0.39 



Outline	
  

1.  Overview	
  

2.  Basic	
  SelecCons	
  

3.  DefiniCon	
  of	
  Signal	
  Regions	
  

4.  Background	
  EsCmaCon	
  Methods	
  

5.   Results	
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PTll	
  Method:	
  Results	
  (1)	
  
•  Background	
  predicVons	
  from	
  the	
  PTll	
  Method	
  

•  a	
  

•  Syst.	
  error	
  contribuCons	
  from	
  K	
  ,	
  KC	
  ,	
  Rout	
  /	
  in	
  

•  No	
  evidence	
  of	
  new	
  physics	
  observed	
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Signal	
  
Region	
  

Observed	
  
(PTll	
  >	
  X	
  )	
   Drell-­‐Yan	
   K	
   KC	
   PTll	
  Method	
  PredicVon	
   Data	
  

SR1 6 1.82 1.65 ± 0.12 1.66 ± 0.7 11.5 ± 7.3 ± 5.6 (sys) 19 

SR2 5 0.91 1.56 ± 0.41 1.66 ± 0.4 10.6 ± 5.8 ± 3.8 (sys) 11 

SR3 7 0.78 1.40 ± 0.49 1.29 ± 0.2 11.3 ± 4.8 ± 4.2 (sys) 18 

SR4 7 0.39 1.90 ± 0.05 0.98 ± 0.4 12.3 ± 4.9 ± 5.7 (sys) 6 



PTll	
  Method:	
  Results	
  (2)	
  
•  PredicVon	
  of	
  MET	
  shape	
  from	
  the	
  PTll	
  Method	
  

•  Signal	
  regions	
  indicated	
  by	
  verCcal	
  dashed	
  lines	
  
•  MET	
  shape	
  well	
  predicted	
  by	
  data-­‐driven	
  PTll	
  Method	
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SR1:	
  300	
  GeV	
  <	
  HT	
  <	
  600	
  GeV,	
  275	
  GeV	
  <	
  MET	
   SR4:	
  125	
  GeV	
  <	
  HT	
  <	
  600	
  GeV,	
  275	
  GeV	
  <	
  MET	
  



Summary	
  of	
  Results	
  
•  PTll	
  Method	
  &	
  Monte	
  Carlo	
  predicCons	
  have	
  been	
  found	
  

so	
  far	
  for	
  4	
  signal	
  regions:	
  

•  Data	
  agrees	
  with	
  Monte	
  Carlo	
  and	
  PTll	
  Method	
  predicCons	
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Signal	
  Region	
   Observed	
   Monte	
  Carlo	
   PTll	
  PredicVon	
  

SR1 19 18.9 ± 1.1 (stat)   11.5 ± 7.3 (stat) ± 5.6 (sys) 

SR2 11 11.5 ± 0.6 (stat) 10.6 ± 5.8 (stat) ± 3.8 (sys) 

SR3 18 19.1 ± 0.8 (stat) 11.3 ± 4.8 (stat) ± 4.2 (sys) 

SR4 6 4.2 ± 0.3 (stat) 12.3 ± 4.9 (stat) ± 5.7 (sys) 

Signal Region MET HT 

SR1 275 GeV < MET 300 GeV < HT < 600 GeV 

SR2 275 GeV < MET 600 GeV < HT 

SR3 200 GeV < MET < 275 GeV 600 GeV < HT 

SR4 275 GeV < MET 125 GeV < HT < 300 GeV 



Upper	
  Limits	
  
•  No	
  evidence	
  for	
  new	
  physics	
  observed	
  

•  Set	
  upper	
  limit	
  on	
  the	
  non-­‐Standard	
  Model	
  
contribuVon	
  to	
  each	
  signal	
  region	
  
–  95%	
  confidence	
  level	
  limit	
  set	
  using	
  CLS	
  staCsCc	
  
– Model-­‐independent	
  limits	
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Signal	
  Region	
   Observed	
   Predicted	
  (PTll	
  Method)	
   Upper	
  Limit	
  

SR1 19 11.5 ± 7.3 (stat) ± 5.6 (sys) 20 

SR2 11 10.6 ± 5.8 (stat) ± 3.8 (sys) 11 

SR3 18 11.3 ± 4.8 (stat) ± 4.2 (sys) 18 

SR4 6 12.3 ± 4.9 (stat) ± 5.7 (sys) 6.5 



Exclusion	
  Limits	
  
•  Use	
  flavor	
  informaVon	
  for	
  SMS,	
  CMSSM	
  limits	
  

–  Perform	
  6	
  bin	
  shape	
  analysis	
  by	
  separaCng	
  SR1	
  ,	
  SR2	
  ,	
  SR3	
  into	
  same	
  and	
  opposite	
  flavor	
  bins	
  	
  
–  Improves	
  sensiCvity	
  to	
  signal	
  models	
  with	
  more	
  same	
  flavor	
  than	
  opposite	
  flavor	
  dileptons	
  

•  Do	
  shape	
  analysis	
  in	
  6	
  bins	
  of	
  signal	
  region	
  &	
  flavor	
  	
  
–  The	
  predicCon	
  for	
  each	
  flavor	
  bin	
  is	
  half	
  of	
  the	
  total	
  

•  Same	
  flavor	
  and	
  opposite	
  flavor	
  predicCons	
  are	
  taken	
  to	
  be	
  the	
  same	
  
–  The	
  staCsCcal	
  errors	
  on	
  the	
  flavor	
  predicCons	
  are	
  2-­‐½	
  of	
  the	
  total	
  staCsCcal	
  error	
  
–  The	
  systemaCc	
  error	
  on	
  the	
  flavor	
  predicCons	
  are	
  ½	
  the	
  total	
  systemaCc	
  errors	
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Signal	
  Region	
   SF	
   OF	
   Predicted	
  (PTll	
  Method)	
  

SR1 9 10 5.7 ± 5.1 (stat) ± 2.8 (sys) 

SR2 6 5 5.2 ± 4.1 (stat) ± 1.9 (sys) 

SR3 5 13 5.6 ± 3.4 (stat) ± 2.1 (sys) 



Simplifed	
  Model	
  Spectra	
  
•  Simplified	
  Model	
  Spectra	
  (SMS)	
  try	
  to	
  express	
  
limits	
  in	
  a	
  simple,	
  more	
  model-­‐independent	
  manner	
  
–  Small	
  number	
  of	
  unambiguous	
  physical	
  parameters	
  

•  Physical	
  parCcle	
  masses,	
  Branching	
  raCos	
  

–  Express	
  limits	
  (on	
  σ	
  x	
  B.R.)	
  in	
  terms	
  of	
  physical	
  parVcle	
  masses	
  	
  

–  Collapses	
  some	
  of	
  the	
  fine-­‐structure	
  to	
  full	
  SUSY	
  mass	
  spectra	
  (CMSSM)	
  

–  Results	
  in	
  same	
  essenCal	
  phenomenology	
  as	
  more	
  complicated	
  models	
  

•  T1lh	
  is	
  an	
  SMS	
  model	
  in	
  which	
  pair	
  produced	
  gluinos	
  
decay	
  into	
  OS	
  leptons	
  and	
  jets	
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SMS	
  Exclusion	
  
•  Exclusion	
  contour	
  for	
  SMS	
  T1lh	
  model	
  in	
  (mg,mLSP)	
  plane	
  

–  	
  Set	
  at	
  95%	
  confidence	
  level	
  using	
  CLS	
  staCsCc	
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Obs.	
  /	
  Exp.	
  Exclusion	
  Contours	
  SelecVon	
  Efficiency	
  x	
  Acceptance	
  



Conclusion	
  
•  Searched	
  for	
  new	
  physics	
  in	
  the	
  opposite-­‐sign	
  dilepton	
  
final	
  state	
  
–  Signature	
  of	
  Missing	
  Transverse	
  Energy	
  and	
  Jets	
  	
  

•  No	
  evidence	
  for	
  new	
  physics	
  was	
  observed	
  

•  Set	
  upper	
  limits	
  on	
  the	
  non-­‐Standard	
  Model	
  
contribuVon	
  to	
  yields	
  in	
  the	
  signal	
  regions	
  
– Most	
  stringent	
  limit	
  in	
  this	
  channel	
  at	
  the	
  Cme	
  of	
  publicaCon	
  	
  

•  Published	
  in	
  Phys.	
  LeR.	
  B	
  718,	
  815	
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Backup	
  



Data	
  vs.	
  Monte	
  Carlo	
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ee mm em Total 

MC 4.0 ± 0.5 4.8 ± 0.7 10.1 ± 0.7 18.9 ± 1.1 

Data 7 2 10 19 

ee mm em Total 

MC 1.0 ± 0.1  1.1 ± 0.2 2.2 ± 0.2 4.2 ± 0.3 

Data 2 1 3 6 

ee mm em Total 

MC 2.2 ± 0.2 2.9 ± 0.2 6.3 ± 0.5 11.5 ± 0.6 

Data 3 3 5 11 

ee mm em Total 

MC 3.5 ± 0.2 5.0 ± 0.5 10.6 ± 0.5 19.1 ± 0.8 

Data 3 2 13 18 

SR1	
  

SR2	
  

SR3	
  

SR4	
  

Data	
  and	
  MC	
  agree	
  well	
  in	
  all	
  signal	
  regions	
  (errors	
  stat.	
  only)	
  



W	
  polarizaVon	
  	
  
•  The	
  W	
  has	
  three	
  polarizaVon	
  states	
  

– W	
  (SZ	
  =	
  0)	
  ,	
  W	
  (SZ	
  =	
  -­‐1)	
  are	
  allowed	
  

– W	
  (SZ	
  =	
  1)	
  is	
  forbidden	
  

•  No	
  configuraCon	
  conserves	
  JZ	
  	
  

•  W’s	
  from	
  top	
  are	
  longitudinally	
  or	
  negaVvely	
  polarized	
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St	
   =	
   SW	
   +	
   Sb	
  

+1/2	
   =	
   0	
   +	
   +1/2	
  

+1/2	
   =	
   +1	
   +	
   +1/2	
  

+1/2	
   =	
   -­‐1	
   +	
   +1/2	
  

-­‐1/2	
   =	
   0	
   +	
   +1/2	
  

-­‐1/2	
   =	
   +1	
   +	
   +1/2	
  

-­‐1/2	
   =	
   -­‐1	
   +	
   +1/2	
   W	
  (SZ	
  =	
  -­‐1)	
  
mb	
  ~	
  0	
  



SystemaVc	
  Errors	
  
•  Luminosity,	
  lepton,	
  &	
  trigger	
  efficiencies	
  

–  SystemaCc	
  errors	
  taken	
  as	
  constant	
  for	
  all	
  signal	
  models	
  	
  
•  Luminosity	
  uncertainty 	
   	
   	
   	
   	
   	
  ~	
  4.5	
  %	
  

•  Trigger	
  efficiency	
  uncertainty 	
   	
   	
   	
   	
  ~	
  2.0	
  %	
  

•  Dilepton	
  idenCficaCon	
  &	
  isolaCon	
  uncertainty	
  	
  ~	
  2.0	
  %	
  

•  Hadronic	
  Energy	
  Scale	
  
–  SystemaCc	
  errors	
  determined	
  from	
  sensiCvity	
  of	
  signal	
  region	
  
yields	
  to	
  7.5	
  %	
  variaCon	
  in	
  the	
  hadronic	
  energy	
  scale	
  

–  Computed	
  separately	
  for	
  each	
  signal	
  model	
  
•  Varies	
  from	
  20	
  %	
  −	
  50	
  %	
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SMS	
  Limits	
  

•  Top:	
  Observed	
  
•  BoRom:	
  Expected	
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CMSSM	
  Limits	
  



CMSSM	
  
•  SUSY	
  models	
  can	
  have	
  many	
  parameters	
  

–  The	
  Minimal	
  Supersymmetric	
  Standard	
  Model	
  
(MSSM)	
  has	
  105	
  parameters,	
  for	
  example	
  

•  Many	
  can	
  be	
  eliminated	
  by	
  experimental	
  constraints	
  

–  The	
  Constrained	
  MSSM	
  (CMSSM)	
  has	
  5	
  parameters	
  
•  The	
  gluino	
  and	
  scalar	
  masses	
  are	
  taken	
  to	
  unify	
  at	
  the	
  GUT	
  scale	
  
•  m0	
  ,	
  m½	
  are	
  the	
  gaugino	
  ,	
  scalar	
  masses	
  respecCvely	
  (	
  GUT	
  scale	
  )	
  
•  A0	
  is	
  3-­‐gaugino	
  coupling	
  at	
  the	
  GUT	
  scale	
  	
  	
  
•  μ	
  is	
  the	
  Higgsino	
  mass	
  (	
  GUT	
  scale	
  )	
  
•  tan	
  β	
  is	
  the	
  raCo	
  of	
  VEV	
  ‘s	
  of	
  the	
  Higgs	
  doublets	
  (	
  EWK	
  scale	
  )	
  

•  The	
  CMSSM	
  is	
  o�en	
  used	
  to	
  interpret	
  experimental	
  results	
  
–  Limits	
  on	
  new	
  physics	
  expressed	
  in	
  (m0	
  ,	
  m½)	
  plane	
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CMSSM	
  Exclusion	
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CMSSM	
  Exclusion:	
  Discussion	
  
•  Acceptance	
  UncertainCes	
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13

els. For others that depend strongly on the kinematic properties of the event, the systematic
uncertainties must be quoted model-by-model.

The systematic uncertainty in the lepton acceptance consists of two parts: the trigger efficiency
uncertainty, and the identification and isolation uncertainty. The trigger efficiency for two lep-
tons of pT > 10 GeV, with one lepton of pT > 20 GeV is measured using samples of Z ! ``,
with an uncertainty of 2%. The simulated events reproduce the lepton identification and isola-
tion efficiencies measured in data using samples of Z ! `` within 2% for lepton pT > 15 GeV
and within 7% (5%) for electrons (muons) in the range pT = 10–15 GeV. The uncertainty of the
trigger efficiency (5%) of the th triggers is estimated with the tag-and-probe method [37]. The
th identification efficiency uncertainty is estimated to be 6% from an independent study using
a tag-and-probe technique on Z ! tt events. This is further validated by obtaining a Z ! tt
enhanced region showing consistency between simulation and data. Another significant source
of systematic uncertainty is associated with the jet and Emiss

T energy scale. The impact of this
uncertainty is final-state dependent. Final states characterized by very large hadronic activity
and Emiss

T are less sensitive than final states where the Emiss
T and HT are typically close to the

minimum requirements applied to these quantities. To be more quantitative, we have used the
method of Ref. [14] to evaluate the systematic uncertainties in the acceptance for three bench-
mark SUSY points. The energies of jets in this analysis are known to within 7.5%; the correction
accounting for the small difference between the hadronic energy scales in data and MC is not
applied [38].

The uncertainty on the LM1 signal efficiency in the region HT > 300 GeV, Emiss
T > 150 GeV

used to search for the kinematic edge is 6%. The uncertainties for the four benchmark SUSY
scenarios in the signal regions used for the counting experiments of Section 5 are displayed in
Table 6. The uncertainty in the integrated luminosity is 2.2%.

Table 6: Summary of the relative uncertainties in the signal efficiency due to the jet and Emiss
T

scale, for the four benchmark SUSY scenarios in the signal regions used for the counting exper-
iments of Section 5.

Signal Model high Emiss
T high HT tight low HT

LM1 22% 33% 40% 19%
LM3 26% 34% 42% 18%
LM6 11% 15% 19% 10%
LM13 26% 31% 40% 14%

7 Limits on New Physics
7.1 Search for a kinematic edge

An upper limit on the signal yield is extracted from the fit to the dilepton mass distribution,
assuming the triangular shape (a = 1) of Eq. (2). The 95% CL upper limit is extracted us-
ing a hybrid frequentist-bayesian CLS method [39], including uncertainties in the background
model, resolution model and Z-boson yield. We scan the position of the kinematic edge mmax
and extract a signal yield upper limit for each value, as shown in Fig. 5. The extracted up-
per limits on nS vary in the range 5–30 events; these upper limits do not depend strongly on
the choice of signal shape parameter when using two different shapes specified by a concave
(a = 4) and convex curvature (hatched band).



CMSSM	
  Comparison	
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Outreach	
  



Efficiency	
  Model	
  (1)	
  
•  How	
  can	
  one	
  tell	
  if	
  a	
  new	
  physics	
  model	
  is	
  excluded	
  or	
  not?	
  

–  Yields	
  for	
  an	
  arbitrary	
  new	
  physics	
  model	
  can	
  be	
  
found	
  at	
  generator	
  level	
  for	
  each	
  signal	
  region	
  

•  The	
  lepton	
  selecVon	
  efficiency	
  is	
  needed	
  
–  “selecCon	
  efficiency”	
  =	
  Id	
  &	
  isolaCon	
  	
  

–  Signal	
  selecCon	
  efficiencies	
  needed	
  also	
  

–  Trigger	
  ε	
  (100%	
  ee	
  ,	
  95%	
  eμ	
  ,	
  90%	
  μμ)	
  

•  FuncVons	
  fit	
  to	
  the	
  lepton	
  efficiencies	
  
are	
  provided:	
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Param	
   Electrons	
   Muon	
  

C	
   10	
  GeV	
   10	
  GeV	
  

e	
  (∞)	
   0.78	
   0.89	
  

e	
  (C)	
   0.34	
   0.62	
  

σ	
   18	
  GeV	
   30	
  GeV	
  



Efficiency	
  Model	
  (2)	
  
•  How	
  can	
  one	
  tell	
  if	
  a	
  new	
  physics	
  model	
  is	
  excluded	
  or	
  not?	
  

–  The	
  signal	
  region	
  selecCon	
  efficiencies	
  are	
  needed	
  

–  Trigger	
  efficiencies	
  &	
  lepton	
  
selecCon	
  efficiencies	
  given	
  

•  FuncVons	
  fit	
  to	
  the	
  signal	
  
selecVon	
  efficiencies	
  are	
  
provided:	
  

•  Efficiency	
  model	
  reproduces	
  full	
  reconstrucVon	
  results	
  to	
  ~	
  5%	
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Param	
   MET	
  >	
  
200	
  GeV	
  

MET	
  >	
  
275	
  GeV	
  

e	
  (∞)	
   1	
   1	
  

C	
   211	
  GeV	
   291	
  GeV	
  

σ	
   33	
  GeC	
   39	
  GeV	
  

Param	
   HT	
  >	
  300	
  
GeV	
  

HT	
  >	
  600	
  
GeV	
  

e	
  (∞)	
   1	
   0.99	
  

C	
   283	
  GeV	
   582	
  GeV	
  

σ	
   75	
  GeC	
   93	
  GeV	
  



Trigger	
  &	
  Data	
  AcquisiVon	
  
•  Select	
  &	
  save	
  “interesVng”	
  events	
  

–  Defined	
  by	
  trigger	
  menu	
  (	
  example:	
  2	
  muons	
  with	
  PT	
  >	
  20	
  GeV	
  )	
  

•  The	
  LHC	
  collision	
  rate	
  is	
  40	
  MHz	
  
–  Can	
  only	
  store	
  a	
  few	
  100	
  events	
  /	
  s	
  

•  Event	
  size	
  is	
  ~	
  1	
  MB	
  
•  Two	
  Cer	
  trigger	
  chooses	
  events	
  	
  

–  Level	
  1	
  Trigger	
  
•  100	
  kHz	
  event	
  bandwidth	
  
•  Local	
  to	
  subsystems,	
  fast	
  custom	
  hardware	
  

–  High	
  Level	
  Trigger	
  (	
  ~	
  a	
  few	
  100	
  Hz	
  )	
  
•  Global	
  trigger,	
  synchronizes	
  L1	
  
•  So�ware	
  distributed	
  across	
  ~1k	
  processors	
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~	
  3	
  μs	
  

~	
  0.1s	
  



SelecVons	
  



Data	
  &	
  Triggers	
  
•  Data	
  

–  5	
  �-­‐1	
  of	
  integrated	
  luminosity	
  collected	
  on	
  dilepton	
  triggers	
  

•  Triggers: 	
  High	
  PT	
  dilepton	
  triggers	
  (ee,	
  μμ,	
  eμ)	
  

–  Good	
  trigger	
  efficiency:	
  5%	
  inefficiency	
  measured	
  per-­‐muon	
  

–  Uncertainty	
  in	
  trigger	
  efficiency:	
  2%	
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Trigge
r	
  

Efficiency	
   Pt	
  Threshold	
  of	
  
Leading	
  Lepton	
  

Pt	
  Threshold	
  of	
  
Trailing	
  Lepton	
  

ee	
   100%	
   17	
  GeV	
   8	
  GeV	
  

eμ	
   95%	
   17	
  GeV	
   8	
  GeV	
  

μμ	
   90%	
   7	
  GeV	
   7	
  GeV	
  

13	
  GeV	
   7	
  GeV	
  ,	
  8	
  GeV	
  

17	
  GeV	
   8	
  GeV	
  

Online	
  selecCons:	
  

Leading	
  lepton	
  PT	
  >	
  20	
  GeV	
  	
  

Trailing	
  lepton	
  PT	
  >	
  10	
  GeV	
  	
  



Lepton	
  SelecVons	
  
Electrons	
  

•  Impact	
  Parameter	
  
–  d0	
  <	
  400	
  μm	
  

–  dZ	
  <	
  1	
  cm	
  

•  IsolaVon	
  <	
  0.15	
  
–  Cone	
  of	
  ΔR	
  =	
  0.3	
  (	
  1	
  GeV	
  subtracCon	
  EB	
  )	
  

•  IdenCficaCon	
  
–  σ	
  iη-­‐iη	
   	
  <	
  0.01	
  (	
  0.03	
  Endcap	
  )	
  

–  dφ	
   	
  <	
  0.15	
  (	
  0.10	
  Endcap	
  )	
  

–  dη	
   	
  <	
  0.007 	
  (	
  0.009	
  Endcap	
  )	
  

–  H	
  /	
  E	
   	
  <	
  0.1 	
   	
  (	
  0.075	
  Endcap	
  )	
  

•  Conversion	
  RejecCon:	
  	
  
–  |	
  dist	
  |	
   	
  <	
  0.02	
  cm	
  

–  |	
  d	
  (cot	
  θ)	
  |	
   	
  <	
  0.02	
  

–  Less	
  than	
  2	
  missing	
  expected	
  inner	
  hits	
  

•  Muon	
  Veto	
  
–  Veto	
  if	
  a	
  muon	
  is	
  within	
  a	
  cone	
  of	
  ΔR	
  =	
  0.1	
  

•  |ηSC|	
  <	
  1.444	
  	
  	
  OR	
  	
  	
  |ηSC|	
  >	
  1.556	
  

Muons	
  
•  Impact	
  Parameter	
  

–  d0	
  <	
  200	
  μm	
  

–  dZ	
  <	
  1	
  cm	
  

•  IsolaVon	
  <	
  0.15	
  
–  Cone	
  of	
  ΔR	
  =	
  0.3	
  

•  Global	
  Muon	
  &	
  Tracker	
  Muon	
  

•  χ2	
  /	
  (#	
  degrees	
  of	
  freedom)	
  <	
  10	
  

•  11	
  or	
  more	
  tracker	
  muon	
  fit	
  hits	
  

•  ≥	
  1	
  stand	
  alone	
  hits	
  in	
  global	
  muon	
  fit	
  

•  δpt	
  /	
  pt	
  <	
  0.1	
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Dilepton	
  SelecVons	
  
•  Dilepton	
  SelecVon	
  

–  2	
  leptons	
  of	
  opposite	
  charge	
  
–  Must	
  pass	
  a	
  dilepton	
  trigger	
  

–  Transverse	
  Momentum	
  

•  PT	
  >	
  10	
  GeV	
  (	
  Both	
  leptons	
  )	
  

•  PT	
  >	
  20	
  GeV	
  (	
  Highest	
  PT	
  lepton	
  )	
  

–  Pseudo	
  rapidity	
  
•  |η|	
  <	
  2.5	
  (	
  Electrons	
  )	
  

•  |η|	
  <	
  2.4	
  (	
  Muons	
  )	
  

–  Must	
  pass	
  lepton	
  selecCons	
  
•  Described	
  on	
  previous	
  slide	
  

•  IsolaCon	
  <	
  0.15	
  (	
  cone	
  of	
  ΔR	
  =	
  0.3	
  )	
  

•  d0	
  <	
  400	
  μm	
  (	
  200	
  μm	
  )	
  electrons	
  (	
  muons	
  )	
  

–  Event	
  SelecCons	
  (	
  listed	
  previously	
  )	
  
•  Good	
  verCces	
  with	
  more	
  than	
  4	
  D.O.F.	
  

•  d0	
  <	
  2	
  cm	
  ,	
  dZ	
  <	
  24	
  cm	
  (	
  Vertex	
  )	
  

•  Dilepton	
  SelecVon	
  Efficiency	
  
–  Electrons	
  

•  20	
  GeV	
  <	
  PT	
   	
   	
   	
  ~	
  90	
  %	
  

•  15	
  GeV	
  <	
  PT	
  <	
  20	
  GeV 	
  ~	
  70	
  %	
  

•  10	
  GeV	
  <	
  PT	
  <	
  15	
  GeV 	
  ~	
  50	
  %	
  

–  Muons	
  
•  20	
  GeV	
  <	
  PT	
   	
   	
   	
  ~	
  95	
  %	
  

•  15	
  GeV	
  <	
  PT	
  <	
  20	
  GeV 	
  ~	
  85	
  %	
  

•  10	
  GeV	
  <	
  PT	
  <	
  15	
  GeV 	
  ~	
  75	
  %	
  

–  Uncertainty	
  on	
  selecCon	
  efficiency	
  
•  2%	
  	
  (	
  IdenCficaCon	
  and	
  IsolaCon	
  )	
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Tag	
  &	
  Probe	
  
•  e	
  

•  μ	
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Ptll	
  



PTll	
  Method:	
  CalculaCon	
  of	
  KC	
  
•  KC	
  is	
  a	
  correcCon	
  for	
  W	
  PolarizaVon	
  in	
  Xbar	
  −>	
  ll	
  

– Applied	
  to	
  N	
  (	
  PTll	
  >	
  X	
  )	
  to	
  predict	
  N	
  (	
  MET	
  >	
  X	
  )	
  

•  KC	
  is	
  calculated	
  from	
  Monte-­‐Carlo	
  
–  Trust	
  based	
  in	
  precision	
  electroweak	
  measurements	
  

– Depending	
  on	
  kinemaCcs:	
  1.0	
  <	
  KC	
  <	
  1.7	
  	
  ±	
  (	
  6%	
  -­‐	
  12%	
  )	
  KC	
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Signal Region KC 
* 

SR1 1.66 ± 0.12   
SR2 1.66 ± 0.13  
SR3 1.29 ± 0.07 
SR4 0.98 ± 0.12   *	
  Errors	
  here	
  are	
  staCsCcal	
  only	
  



PTll	
  Method:	
  CalculaCon	
  of	
  K	
  
•  The	
  PTll	
  method	
  predicts	
  MET	
  from	
  PTll	
  in	
  Rbar	
  

–  If	
  a	
  selecCon	
  on	
  MET	
  is	
  applied,	
  the	
  PTll	
  distribuCon	
  
must	
  be	
  scaled	
  up	
  by	
  a	
  factor	
  K	
  to	
  predict	
  MET	
  
• MET	
  >	
  50	
  GeV	
  (75	
  GeV)	
  OF	
  (SF)	
  to	
  suppress	
  Drell-­‐Yan	
  

•  K	
  agrees	
  well	
  
between	
  data	
  
&	
  Monte-­‐Carlo	
  

•  K	
  measured	
  in	
  data	
  will	
  be	
  used	
  (	
  1.4	
  <	
  K	
  <	
  1.9	
  )	
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Signal 
Region K MC K Data 

SR1 1.73 ± 0.01   1.65 ± 0.12   
SR2 1.46 ± 0.05   1.56 ± 0.41   
SR3 1.46 ± 0.05   1.40 ± 0.49   
SR4 2.00 ± 0.01   1.90 ± 0.05   



PTll	
  Method:	
  SystemaCc	
  Errors	
  
•  SystemaVc	
  error	
  PTll	
  background	
  predicVon	
  

•  Example	
  (SR1):	
  
–  K: 	
   	
  (	
  0.12	
  /	
  1.65	
  )2	
  	
  (	
  11.47	
  )2 	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
  =	
  0.70	
  
–  KC: 	
   	
  (	
  0.70	
  /	
  1.66	
  )2	
  	
  (	
  11.47	
  )2	
   	
   	
  	
   	
   	
  	
   	
  =	
  23.39	
  
–  Rout/in: 	
  (	
  1.65	
  )2	
  (	
  1.66	
  )2	
  (	
  0.07	
  )2	
  (	
  15	
  –	
  1.13*1	
  )2	
   	
  =	
  7.07	
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PTll	
  Method:	
  MET	
  ResoluCon	
  
•  The	
  PTll resoluCon	
  is	
  much	
  beRer	
  than	
  
the	
  MET	
  resoluCon	
  

•  MET	
  resoluCon	
  effects	
  can	
  be	
  modeled	
  
with	
  a	
  MET	
  bias	
  term	
  and	
  Gaussian	
  term	
  

•  It	
  turns	
  out	
  to	
  be	
  a	
  ~	
  10	
  %	
  effect	
  in	
  the	
  PTll 

background	
  predicVons	
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PTll	
  Method:	
  Signal	
  ContaminaCon	
  
•  Signal	
  contaminaVon	
  in	
  the	
  PTll signal	
  regions	
  used	
  to	
  

predict	
  MET	
  is	
  inevitable.	
  
–  This	
  leads	
  to	
  overesCmaCon	
  of	
  MET	
  

•  OveresVmaVon	
  can	
  be	
  large	
  
–  Factor	
  of	
  1.7	
  (LM0)	
  to	
  2.5	
  (LM1)	
  

•  However,	
  the	
  excess	
  can	
  sVll	
  be	
  observable	
  
–  LM0:	
   	
  Observed:	
  71 	
  Predicted:	
  23	
  	
  
–  LM1:	
   	
  Observed:	
  38 	
  Predicted:	
  16	
  

•  Upon	
  observaVon	
  of	
  an	
  excess,	
  the	
  game	
  changes	
  
–  Examine	
  all	
  distribuCons	
  to	
  understand	
  signal	
  character	
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Drell-­‐Yan	
  



Z	
  Peak	
  Yields	
  
•  Yields	
  for	
  76	
  GeV	
  <	
  Mll	
  <	
  106	
  GeV	
  

–  Basic	
  selecCons	
  applied	
  

Z	
  Peak	
  yields	
  in	
  data	
  &	
  MC	
  agree	
  within	
  ~	
  5%	
  or	
  beXer	
  
–  Significant	
  uncertainCes	
  in	
  luminosity	
  (	
  ~	
  4.5	
  %	
  ),	
  lepton	
  Id	
  
&	
  IsolaCon	
  (	
  ~	
  2	
  %	
  ),	
  and	
  dilepton	
  trigger	
  efficiency	
  (	
  ~	
  2	
  %	
  )	
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Sample	
   N(ee)	
   N(μμ)	
   N(μμ)	
  /	
  N(ee)	
  

Data	
   1,402,167	
   1,787,957	
   1.28	
  

MC	
   1,400,681	
   1,704,862	
   1.22	
  

Data	
  /	
  MC	
   1.00	
   1.05	
  



Drell-­‐Yan	
  Background:	
  EsCmaCon	
  Method	
  
(1)	
  

•  The	
  Drell-­‐Yan	
  background	
  is	
  largely	
  removed	
  
–  MET	
  >	
  50	
  GeV	
  (	
  75	
  GeV	
  )	
  Opposite	
  Flavor	
  (	
  Same	
  Flavor	
  )	
  
–  Z	
  resonance	
  removed: 	
  76	
  GeV	
  <	
  M	
  l+l-­‐	
  <	
  106	
  GeV 	
  vetoed	
  

•  Need	
  to	
  esVmate	
  residual	
  off-­‐peak	
  Drell-­‐Yan	
  
–  Use	
  data	
  events	
  in	
  the	
  Z-­‐Peak	
  
–  Apply	
  a	
  correcCon	
  factor	
  from	
  Monte-­‐	
  

Carlo	
  to	
  predict	
  off-­‐peak	
  Drell-­‐Yan	
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out	
  out	
  

in	
  



Drell-­‐Yan	
  Background:	
  EsCmaCon	
  Method	
  
(2)	
  

•  EsCmate	
  off-­‐peak	
  Drell-­‐Yan	
  from	
  in-­‐peak	
  	
  

•  But	
  there	
  is	
  Xbar	
  in	
  the	
  data	
  Z-­‐Peak	
  too	
  
–  Causes	
  overesCmaCon	
  of	
  Drell-­‐Yan	
  background	
  
–  Xbar	
  contribuVon	
  to	
  the	
  Z-­‐Peak	
  can	
  be	
  corrected	
  for	
  

•  It	
  is	
  half	
  of	
  the	
  opposite	
  flavor	
  yield	
  in	
  the	
  Z-­‐Peak,	
  
corrected	
  for	
  differences	
  in	
  electron	
  &	
  muon	
  efficiencies	
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Drell-­‐Yan	
  Background:	
  Results	
  (1)	
  
•  CalculaVon	
  of	
  Drell-­‐Yan	
  background	
  esVmates:	
  

•  Data-­‐driven	
  Drell-­‐Yan	
  background	
  esVmaVon	
  confirms	
  
Monte-­‐Carlo	
  predicVon	
  that	
  Drell-­‐Yan	
  is	
  negligible	
  

SLAC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  December	
  2015	
  

Derek	
  Michael	
  Barge	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
UC	
  Santa	
  Barbara	
  	
  |	
  	
  CMS	
  CollaboraCon	
   92	
  

Signal	
  Region	
   ee	
   μμ	
   eμ	
   DY	
  EsVmate	
   Drell-­‐Yan	
  MC	
  

SR1 2 0 0 +0.26 ± 0.26 2.0 ± 0.9 

SR2 0 1 2 -0.13 ± 0.32 0.3 ± 0.3 

SR3 1 0 1 +0.00 ± 0.20 0.7 ± 0.5 

SR4 0 0 0 +0.00 ± 0.00 0.0 ± 0.0 

~	
  1	
  



Drell-­‐Yan	
  Background:	
  Results	
  (2)	
  
•  The	
  PTll	
  method	
  (previously	
  discussed)	
  works	
  for	
  Xbar	
  

–  Residual	
  Drell-­‐Yan	
  inevitably	
  contaminates	
  the	
  signal	
  regions	
  
–  This	
  Drell-­‐Yan	
  contaminaCon	
  to	
  PTll can	
  be	
  corrected	
  for	
  

•  Use	
  Drell-­‐Yan	
  EsVmaVon	
  Method	
  
–  SelecCon	
  in	
  PTll	
  used	
  to	
  predict	
  MET	
  
–  Replace	
  MET	
  cut	
  with	
  PTll	
  cut	
  

•  The	
  Drell-­‐Yan	
  esVmate	
  will	
  be	
  subtracted	
  from	
  each	
  SR	
  
–  Improves	
  the	
  PTll	
  esCmate	
  of	
  the	
  Rbar	
  bacgkround	
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Signal	
  
Region	
   Drell	
  Yan	
  

SR1 1.82 ± 1.96 
SR2 0.91 ± 0.91 
SR3 0.78 ± 0.78 
SR4 0.39 ± 0.39 



Drell-­‐Yan	
  Background:	
  EsCmaCon	
  Method	
  
•  The	
  Drell-­‐Yan	
  background	
  esCmate	
  from	
  before:	
  

•  Total	
  Drell-­‐Yan	
  background	
  is	
  the	
  sum	
  of	
  ee	
  ,	
  μμ:	
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Results	
  



PreselecVon	
  Yields	
  
•  CMSSM	
  Monte-­‐Carlo	
  predicCons	
  

–  Previously	
  showed	
  data	
  &	
  SM	
  MC	
  agreement	
  in	
  a	
  dilepton	
  R	
  sample	
  
–  SelecCons:	
  MET	
  >	
  50	
  GeV,	
  HT	
  >	
  100	
  GeV,	
  NJets	
  >	
  1,	
  Z	
  Veto,	
  Lepton	
  

–  Table	
  shows	
  comparison	
  of	
  CMSSM	
  &	
  Standard	
  Model	
  
Monte-­‐Carlo	
  predicVons	
  with	
  data	
  for	
  a	
  few	
  signal	
  points:	
  

–  LM1,	
  LM3	
  already	
  disfavored	
  by	
  Monte-­‐Carlo	
  
–  LM6	
  &	
  other	
  CMSSM	
  points	
  clearly	
  not	
  excludable	
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ee µµ eµ tot 
Total SM MC 2224.3 ± 51.5  2735.4 ± 61.8  6068.8 ± 135  11028.5 ± 244.3  

Data 2333 2873 6184 11390 

CMSSM LM1 MC 271.8 ± 8.3  342.1 ± 9.7  165.6 ± 5.7  779.6 ± 19.6  

CMSSM LM3 MC 106.9 ± 3.7  125.2 ± 4.1  180.7 ± 5.5  412.8 ± 10.7  

CMSSN LM6 MC 19.5 ± 0.6  23.2 ± 0.7  26.2 ± 0.8  68.8 ± 1.7  

Note:	
  Errors	
  shown	
  are	
  staCsCcal	
  



PTll	
  Method:	
  Dependence	
  of	
  KC	
  on	
  Jet	
  Energy	
  Scale	
  	
  
•  Calibrated	
  jet	
  energies	
  have	
  significant	
  systemaCcs	
  

•  SystemaCcs	
  on	
  KC	
  due	
  to	
  uncertainty	
  in	
  the	
  Jet	
  Energy	
  Scale	
  (JES)	
  
–  Uncertainty	
  on	
  KC	
  taken	
  to	
  be	
  its	
  response	
  to	
  ±7.5%	
  change	
  in	
  jet	
  energy	
  

•  Uncertainty	
  on	
  KC	
  due	
  to	
  JES	
  is	
  about	
  15%	
  to	
  70%	
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MADGRAPH	
   Nominal	
   JES	
  Up	
  7.5%	
   JES	
  Down	
  7.5%	
   Uncertainty	
  

SR1	
   1.66 ± 0.12	
   2.78 ± 0.20 1.01 ± 0.08	
   68	
  %	
  

SR2	
   1.66 ± 0.13 2.09 ± 0.13   1.23 ± 0.12   35	
  %	
  

SR3	
   1.29 ± 0.07 1.49 ± 0.06   1.16 ± 0.07   15	
  %	
  

SR4	
   0.98 ± 0.12 1.40 ± 0.18   0.72 ± 0.09   43	
  %	
  



PTll	
  Method:	
  Results	
  
•  SR1	
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PTll	
  Method:	
  Results	
  
•  SR2	
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PTll	
  Method:	
  Results	
  
•  SR3	
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PTll	
  Method:	
  Results	
  
•  SR4	
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Background	
  ComposiVon	
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59%	
  

10%	
  

13%	
  

15%	
  

3%	
  

Signal	
  Region	
  1	
  
275	
  GeV	
  <	
  MET	
  

	
  300	
  GeV	
  <	
  HT	
  <	
  600	
  GeV	
  

Rbar	
  

Drell-­‐Yan	
  

WW	
  

Single	
  Top	
  

Other	
  

66%	
  12%	
  

20%	
  

2%	
  

Signal	
  Region	
  4	
  
275	
  GeV	
  <	
  MET	
  

	
  125	
  GeV	
  <	
  HT	
  <	
  300	
  GeV	
  
Rbar	
  

Drell-­‐Yan	
  

WW	
  

Single	
  Top	
  

Other	
  

83%	
  

3%	
  
9%	
  4%	
  

Signal	
  Region	
  3	
  
200	
  GeV	
  <	
  MET	
  <	
  275	
  GeV	
  

600	
  GeV	
  <	
  HT	
  	
  
Rbar	
  

Drell-­‐Yan	
  

WW	
  

Single	
  Top	
  

Other	
  

74%	
  
2%	
  

13%	
  
8%	
   3%	
  

Signal	
  Region	
  2	
  
275	
  GeV	
  <	
  MET	
  
	
  600	
  GeV	
  <	
  HT	
  

Rbar	
  

Drell-­‐Yan	
  

WW	
  

Single	
  Top	
  

Other	
  



Top	
  Physics	
  



The	
  top	
  quark	
  	
  
•  Why	
  the	
  top	
  quark?	
  

–  Dominant	
  background	
  

•  Top	
  pair	
  producVon	
  
– Mass:	
  173	
  GeV	
  

–  Strong	
  producCon	
  @LHC	
  

–  Cross	
  secCon	
  ~	
  194	
  pb	
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The	
  top	
  quark	
  	
  
•  Xbar	
  decay	
  

–  ~	
  100%	
  Wb	
  
•  2	
  b-­‐jets	
  

•  Dileptonic	
  decay	
  
–  Branching	
  FracCon	
  ~	
  1/81	
  
–  2	
  neutrinos	
  give	
  MET	
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W	
  polarizaVon	
  	
  
•  The	
  W	
  has	
  three	
  polarizaVon	
  states	
  

– W	
  (SZ	
  =	
  0)	
  ,	
  W	
  (SZ	
  =	
  -­‐1)	
  are	
  allowed	
  

– W	
  (SZ	
  =	
  1)	
  is	
  forbidden	
  

•  No	
  configuraCon	
  conserves	
  JZ	
  	
  

•  W’s	
  from	
  top	
  are	
  longitudinally	
  or	
  negaVvely	
  polarized	
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St	
   =	
   SW	
   +	
   Sb	
  

+1/2	
   =	
   0	
   +	
   +1/2	
  

+1/2	
   =	
   +1	
   +	
   +1/2	
  

+1/2	
   =	
   -­‐1	
   +	
   +1/2	
  

-­‐1/2	
   =	
   0	
   +	
   +1/2	
  

-­‐1/2	
   =	
   +1	
   +	
   +1/2	
  

-­‐1/2	
   =	
   -­‐1	
   +	
   +1/2	
   W	
  (SZ	
  =	
  -­‐1)	
  
mb	
  ~	
  0	
  



W	
  polarizaVon	
  	
  
•  How	
  does	
  the	
  polarizaVon	
  of	
  W’s	
  from	
  top	
  affect	
  the	
  	
  
momentum	
  spectrum	
  of	
  the	
  lepton?	
  Neutrino	
  
–  Consider	
  2	
  cases:	
  

1.   Neutrino	
  has	
  maximum	
  E	
  
•  Allowed	
  by	
  le�-­‐handed	
  W	
  

2.   Lepton	
  has	
  maximum	
  E	
  
•  Fails	
  to	
  conserve	
  JZ	
  due	
  

to	
  right-­‐handed	
  W	
  

•  Momentum	
  spectra:	
  

Hard	
  neutrinos,	
  so{	
  leptons	
  	
  	
  (	
  basis	
  of	
  PTll  KC	
  cor.	
  	
  )	
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1.	
   2.	
  



W	
  polarizaVon	
  	
  
•  The	
  top	
  differenVal	
  decay	
  rate	
  can	
  be	
  wriXen	
  as:	
  

•  In	
  top	
  decays:	
  
–  f+	
  =	
  0	
   	
   	
  W	
  (SZ=	
  +1)	
  

–  f0	
  ~	
  70%	
   	
  W	
  (SZ=	
  0)	
  

–  f-­‐	
  ~	
  30%	
   	
  W	
  (SZ=	
  -­‐1)	
  

SLAC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  December	
  2015	
  

Derek	
  Michael	
  Barge	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
UC	
  Santa	
  Barbara	
  	
  |	
  	
  CMS	
  CollaboraCon	
   108	
  



Drell-­‐Yan	
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WW	
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top	
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Fake	
  Leptons	
  



Fake	
  Leptons	
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Cross	
  SecVons	
  &	
  PDF	
  ’s	
  



Cross	
  SecVons	
  at	
  the	
  LHC	
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Parton	
  DistribuVon	
  FuncVons	
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Monte-­‐Carlo	
  
•  Samples	
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Luminosity	
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LHC	
  
•  LHC	
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