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Two	
  general-­‐purpose	
  experiments:	
  ATLAS	
  &	
  CMS	
  

ATLAS	
  

CMS	
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PS	
  

SPS	
  

LHC	
  

The Large Hadron Collider	
  

2012	
  performance	
   2015	
  likely	
  performance	
  

Colliding	
  bunches	
   1331	
   2520	
  

Energy	
   4	
  TeV	
  x	
  4	
  TeV	
   6.5	
  TeV	
  x	
  6.5	
  TeV	
  

Bunch	
  spacing	
   50	
  ns	
   25	
  ns	
  

Luminosity	
   7.7	
  x	
  1033	
  cm-­‐2	
  s-­‐1	
   1.5	
  x	
  1034	
  cm-­‐2	
  s-­‐1	
  

Pile-­‐up	
  interacWons	
   ~35	
   ~40	
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Task: measure transverse energy 7	
  



Z → µµ event in ATLAS with 25 reconstructed vertices 

Difficulty:	
  event	
  pile-­‐up	
   8	
  

ATLAS-­‐CONF-­‐2013-­‐082	
  



χ	



χ	



SM	
  

SM	
  

Dark matter production 

1. SUSY	
  cascades	
  

2. Lonely	
  pairs	
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1: “Standard” Dark Matter Searches at Colliders 
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jets/lepton	
  

ETmiss	
  

...	
  +	
  χ01


SUSY: 

﹣ High-pT jets from squark & gluino decays 

﹣  Leptons from gaugino & slepton decays 

﹣ Missing transverse energy from LSPs 

SM	
  

SM	
  

χ	



χ	





How do we search for SUSY ? 
A brief primer …	
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SUSY 

SM signal region 

Variable 1 

Variable 2 
SUSY search analyses look for tails in 
distributions of observables sensitive 
to new heavy particles. 

Can only exploit tails if detector 
response and SM backgrounds in 
signal region are understood. 

Trigger	
  threshold	
  



How do we search for SUSY ? 
A brief primer …	
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Variable	
  1	
  

Va
ri
ab
le
	
  2
	
  

Control	
  
region	
  W/top	
  

Control	
  
QCD	
  

Signal	
  region	
  BSM 

SM 

CR ! SR transfer factors taken from MC 
simulation (many systematic effects cancel). 
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Natural SUSY searches 
Search for 3rd generation squarks, leptons, c/b-jets, jets, missing Et 
Probe	
  SUSY	
  as	
  soluWon	
  to	
  the	
  hierarchy	
  problem	
  

David	
  Berge	
  /	
  GRAPPA	
  &	
  Nikhef	
  

14	
  

hgps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/index.html#ATLAS_SUSY_StopAll	
  	
  

Exclusion:	
  
mstop	
  <	
  645	
  GeV	
  for	
  
mLSP	
  <	
  230	
  GeV	
  



Weak production 
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Searches	
  for	
  chargino	
  /	
  neutralino	
  pair	
  producWon	
  
Clean	
  final	
  states	
  involving	
  mulW-­‐leptons	
  

JHEP	
  05	
  (2014)	
  071	
  



pMSSM reinterpretation 
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CMS-­‐SUSY-­‐13-­‐020	
  ReinterpretaWon,	
  LEP	
  constraints,	
  flavor	
  
physics,	
  neutralino	
  LSP,	
  msparWcle<3	
  TeV	
  

Blue	
  area:	
  w/o	
  CMS	
  data	
  
Lines:	
  w/	
  CMS	
  data	
  



pMSSM reinterpretation 
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CMS-­‐SUSY-­‐13-­‐020	
  ReinterpretaWon,	
  LEP	
  constraints,	
  flavor	
  
physics,	
  neutralino	
  LSP,	
  msparWcle<3	
  TeV	
  



2. Dark Matter Pair Production 
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Higgs portal to dark sector 19	
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Higgs	
  

ProducWon	
  at	
  colliders	
  

AnnihilaWon	
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Higgs portal to dark sector 
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Direct	
  search	
  for	
  invisible	
  Higgs	
  decays	
  
(PRL	
  112	
  (2014)	
  201802)	
  
Constrain	
  invisible	
  Higgs	
  width	
  to	
  
<75%	
  of	
  the	
  full	
  SM	
  width	
  

CMS	
  limit:	
  <60%	
  of	
  SM	
  width	
  (EPJC	
  74	
  
(2014)	
  2980)	
  

‘Light’	
  mediator,	
  simplest	
  connecWon	
  of	
  SM	
  
and	
  dark	
  sector.	
  



Higgs portal to dark sector 
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A.	
  Djouadi	
  et	
  al.,	
  Phys.	
  Leg.	
  B	
  709,	
  65	
  
(2012),	
  arXiv:1112.3299	
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This,	
  together	
  with	
  the	
  relic	
  density,	
  	
  basically	
  rules	
  out	
  the	
  
simplest	
  Higgs	
  portals	
  for	
  DM	
  up	
  to	
  half	
  the	
  Higgs	
  mass,	
  
except	
  right	
  at	
  the	
  Higgs	
  pole!	
  

Higgs	
  pole	
  

Direct	
  search	
  for	
  invisible	
  Higgs	
  decays	
  
(PRL	
  112	
  (2014)	
  201802)	
  
Constrain	
  invisible	
  Higgs	
  width	
  to	
  
<75%	
  of	
  the	
  full	
  SM	
  width	
  

CMS	
  limit:	
  <60%	
  of	
  SM	
  width	
  (EPJC	
  74	
  
(2014)	
  2980)	
  



2: Dark Matter Pair Production 22	
  

mass	
  

Dark	
  mager	
  

Everything	
  else	
  

Δm	
  very	
  large	
  

Assume	
  contact	
  interacWon	
  
with	
  mass	
  suppression	
  
scale	
  M*.	
  

Dark	
  mager	
  mass	
  mχ,	
  plus	
  
higher-­‐dimensional	
  
operators	
  (e.g.	
  D1-­‐D11),	
  fix	
  
cross	
  secWons.	
  

/W/Z
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ATLAS	
  Monojet	
  
jet	
  pT	
  551	
  GeV	
  	
  
missing	
  ET	
  542	
  GeV	
  



CMS Mono-jet 
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Monojets	
  

•  8	
  TeV,	
  20	
  s-­‐1,	
  arxiv:1408.3583	
  
•  Central	
  leading	
  jet,	
  balanced	
  by	
  missing	
  
ET	
  

•  Veto	
  on	
  leptons	
  
•  Main	
  background	
  Z!	
  νν,	
  esWmated	
  
with	
  W/Z	
  !	
  µ	
  control	
  region	
  

q/g





CMS Mono-jet 
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Monojets	
  

•  8	
  TeV,	
  20	
  s-­‐1,	
  arxiv:1408.3583	
  
•  Central	
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  jet,	
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  by	
  missing	
  
ET	
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  on	
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  Z!	
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ATLAS Mono-W/Z 
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Mono-­‐W/Z!qq	
  

•  8	
  TeV,	
  20	
  s-­‐1,	
  PRL	
  112,	
  041802	
  (2014)	
  
•  Central	
  massive	
  fat	
  jet,	
  50	
  GeV	
  <	
  mjet	
  <	
  
120	
  GeV,	
  validated	
  in	
  top	
  control	
  
region,	
  balanced	
  by	
  missing	
  ET	
  

•  Veto	
  on	
  leptons	
  and	
  photons	
  
•  Main	
  background	
  Z!	
  νν & W!	
  lν,	
  
esWmated	
  with	
  W/Z	
  !	
  µ	
  control	
  region	
  

W/Z





ATLAS Mono-Z 
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Mono-­‐Z!ll	
  

•  8	
  TeV,	
  20	
  s-­‐1,	
  PRD	
  (submiged),	
  arXiv:
1404.0051	
  

•  Two	
  leptons,	
  Z	
  invariant	
  mass	
  cut,	
  
balanced	
  by	
  missing	
  ET	
  

•  Veto	
  on	
  >2	
  leptons	
  and	
  jets	
  
•  Main	
  background	
  SM	
  ZZ/WZ	
  (from	
  
NLO	
  MC)	
  

Z





ATLAS Mono-Z 
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Mono-­‐Z!ll	
  

•  8	
  TeV,	
  20	
  s-­‐1,	
  PRD	
  (submiged),	
  arXiv:
1404.0051	
  

•  Two	
  leptons,	
  Z	
  invariant	
  mass	
  cut,	
  
balanced	
  by	
  missing	
  ET	
  

•  Veto	
  on	
  >2	
  leptons	
  and	
  jets	
  
•  Main	
  background	
  SM	
  ZZ/WZ	
  (from	
  
NLO	
  MC)	
  

Z



Plus	
  a	
  lot	
  more	
  from	
  both	
  ATLAS	
  and	
  CMS:	
  mono-­‐lepton,	
  mono-­‐b,	
  mono-­‐top,	
  mono-­‐photon	
  



Dark matter contact interactions 
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ParWcle	
  Dark	
  Mager	
  Searches	
  based	
  on:	
  

Indirect	
   Direct	
   Colliders	
  

M*	
  and	
  mχ	
  fix	
  dark-­‐mager	
  nucleon	
  
scagering	
  and	
  annihilaWon	
  cross	
  secWons	
  
(for	
  given	
  interacWon	
  type)!	
  

M*	
   M*	
   M*	
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Galaxy	
  cluster	
  Abell	
  2744	
  



Monojets 7 TeV 

• M*	
  fixes	
  coupling	
  SM-­‐χ	



•  Coupling	
  fixes	
  annihilaWon	
  cross	
  
secWon	
  χ	
  to	
  SM	
  

•  Relic	
  density	
  (WMAP)	
  corresponds	
  to	
  
cross	
  secWon	
  

•  Probe	
  thermal	
  relic	
  dark	
  mager	
  
parWcle	
  at	
  LHC!	
  

•  Red	
  above	
  green	
  line:	
  conflict!	
  
– Exclusion	
  for	
  this	
  operator,	
  or	
  
– AddiWonal	
  annihilaWon	
  channels	
  
(leptons!),	
  or	
  

– Wrong	
  assumpWons	
  

arXiv:1210.4491	
  Suppression	
  scale	
  M*	
  lower	
  limits	
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SM	
  

SM	
  
David	
  Berge	
  /	
  GRAPPA	
  &	
  Nikhef	
  

30	
  



More examples 
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EFT Validity – CMS monojets 

Address	
  with	
  simplified	
  models	
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  &	
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EFT validity – ATLAS mono-Z(ll) 
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t-­‐channel	
  diagram,	
  scalar	
  colored	
  mediator	
  η	



Limits	
  on	
  χ-­‐η	
  coupling	
  constant	
  f	
  shown.	
  Above	
  black	
  line,	
  lower	
  limit	
  
on	
  f	
  below	
  f	
  from	
  relic	
  abundance	
  calculaWons.	
  

arXiv:1404.0051	
  



EFT validity 

Check	
  event	
  kinemaWcs	
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ATLAS-­‐PHYS-­‐PUB-­‐2014-­‐007	
  



Run-II prospects 
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Run-II prospects 
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Conclusions 

•  The	
  one	
  model	
  independent	
  result	
  we	
  have	
  about	
  dark	
  
mager:	
  we	
  have	
  not	
  discovered	
  it	
  yet	
  at	
  the	
  LHC!	
  

•  Intense	
  search	
  program	
  ongoing	
  

•  Full	
  steam	
  ahead	
  to	
  run-­‐II	
  at	
  13	
  TeV	
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Mono-W/Z!qq vs Monojets 
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ConstrucWve	
  interference	
  with	
  potenWally	
  large	
  effect!	
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