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Two	
  general-­‐purpose	
  experiments:	
  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	
  interacBons	
   ~35	
   ~40	
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Task: measure transverse energy 4	
  



1: “Standard” Dark Matter Searches at Colliders 
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SUSY: 
﹣  High-pT jets from squark & gluino decays 

﹣  Leptons from gaugino & slepton decays 

﹣  Missing transverse energy from LSPs 
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Natural SUSY searches 
Search for 3rd generation squarks, leptons, b-jets, jets, missing Et 
Probe	
  SUSY	
  as	
  soluBon	
  to	
  the	
  hierarchy	
  problem	
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h`ps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/index.html#ATLAS_SUSY_StopAll	
  	
  



2: Dark Matter Pair Searches at Colliders 8	
  

mass	
  

Dark	
  ma`er	
  

Everything	
  else	
  

Δm	
  very	
  large	
  

Assume	
  contact	
  
interacBon	
  with	
  mass	
  
suppression	
  scale	
  M*.	
  
	
  
Dark	
  ma`er	
  mass	
  mχ,	
  plus	
  
higher-­‐dimensional	
  
operators	
  (e.g.	
  D1-­‐D11),	
  fix	
  
cross	
  secBons.	
  

/W/Z�

David	
  Berge	
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  &	
  Nikhef	
  

“mono-X” = �
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ATLAS	
  Monojet	
  
jet	
  pT	
  551	
  GeV	
  	
  
missing	
  ET	
  542	
  GeV	
  



ATLAS Mono-X Suite 
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Monojets	
  

•  8	
  TeV,	
  10.5	
  i-­‐1,	
  ATLAS-­‐CONF-­‐2012-­‐147	
  
•  7	
  TeV,	
  5	
  i-­‐1,	
  JHEP	
  04	
  (2013)	
  075	
  
•  Central	
  leading	
  jet,	
  balanced	
  by	
  missing	
  
ET	
  

•  Veto	
  on	
  leptons	
  
•  Main	
  background	
  Zà	
  νν,	
  esBmated	
  
with	
  W/Z	
  à	
  lepton	
  control	
  region	
  

q/g �



ATLAS Mono-X Suite 
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  Nikhef	
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Mono-­‐W/Zàqq	
  

•  8	
  TeV,	
  20	
  i-­‐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	
  Zà	
  νν & Wà	
  lν,	
  
esBmated	
  with	
  W/Z	
  à	
  µ	
  control	
  region	
  

W/Z �



ATLAS Mono-X Suite 
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Mono-­‐Zàll	
  

•  8	
  TeV,	
  20	
  i-­‐1,	
  PRD	
  (submi`ed),	
  
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 �



Dark matter contact interactions 
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ParBcle	
  Dark	
  Ma`er	
  Searches	
  based	
  on:	
  

Indirect	
   Direct	
   Colliders	
  

M*	
  and	
  mχ	
  fix	
  dark-­‐ma`er	
  nucleon	
  
sca`ering	
  and	
  annihilaBon	
  cross	
  secBons	
  
(for	
  given	
  interacBon	
  type)!	
  

M*	
   M*	
   M*	
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Monojets 7 TeV 

•  M*	
  fixes	
  coupling	
  SM-­‐χ	


•  Coupling	
  fixes	
  annihilaBon	
  cross	
  
secBon	
  χ	
  to	
  SM	
  

•  Relic	
  density	
  (WMAP)	
  corresponds	
  to	
  
cross	
  secBon	
  

•  Probe	
  thermal	
  relic	
  dark	
  ma`er	
  
parBcle	
  at	
  LHC!	
  

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

– Wrong	
  assumpBons	
  

arXiv:1210.4491	
  Suppression	
  scale	
  M*	
  lower	
  limits	
  

χ	



χ	



SM	
  

SM	
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Mono-W/Zàqq vs Monojets 
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  Berge	
  /	
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  Nikhef	
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ConstrucBve	
  interference	
  with	
  potenBally	
  large	
  effect!	
  	
  

arXiv:1309.4017	
  



Mono-Zàll – EFT validity? 
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EffecBve	
  Field	
  Theory	
  /	
  assumpBons	
  of	
  contact	
  interacBons	
  not	
  always	
  valid	
  (cf.	
  C.McCabe’s	
  talk)	
  à	
  start	
  to	
  
explore	
  simplified	
  models!	
  
	
  
Limits	
  on	
  χ-­‐η	
  coupling	
  constant	
  f	
  shown.	
  Above	
  black	
  line,	
  lower	
  limit	
  on	
  f	
  below	
  f	
  from	
  relic	
  abundance	
  
calculaBons.	
  

arXiv:1404.0051	
  



Higgs portal to dark sector 17	
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Higgs portal to dark sector 
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Direct	
  search	
  for	
  invisible	
  Higgs	
  decays	
  
PRL	
  (submi`ed),	
  arXiv:1402.3244	
  
Constrain	
  invisible	
  Higgs	
  width	
  to	
  
<75%	
  of	
  the	
  full	
  SM	
  width	
  

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



Higgs portal to dark sector 
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A.	
  Djouadi	
  et	
  al.,	
  Phys.	
  Le`.	
  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	
  (submi`ed),	
  arXiv:1402.3244	
  
Constrain	
  invisible	
  Higgs	
  width	
  to	
  
<75%	
  of	
  the	
  full	
  SM	
  width	
  



Conclusions 

•  The	
  one	
  model	
  independent	
  result	
  we	
  have	
  about	
  dark	
  ma`er:	
  
!
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Conclusions 

•  The	
  one	
  model	
  independent	
  result	
  we	
  have	
  about	
  dark	
  ma`er:	
  
!

We have not discovered a dark matter 
candidate particle yet at the LHC!!

David	
  Berge	
  /	
  GRAPPA	
  &	
  Nikhef	
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Conclusions 

•  The	
  one	
  model	
  independent	
  result	
  we	
  have	
  about	
  dark	
  ma`er:	
  
!

We have not discovered a dark matter 
candidate particle yet at the LHC!!
•  Intense	
  search	
  program	
  opBmised	
  for	
  dark	
  ma`er	
  (mono-­‐X)	
  or	
  SUSY	
  (R	
  parity!)	
  
•  LHC	
  Run-­‐2	
  will	
  hopefully	
  tell	
  us	
  more	
  at	
  13	
  or	
  14	
  TeV	
  

•  ATLAS	
  public	
  results:	
  
–  Journal	
  publicaBons:	
  h`ps://twiki.cern.ch/twiki/bin/view/AtlasPublic/PublicaBons	
  
–  Conference	
  notes	
  with	
  preliminary	
  results,	
  internally	
  reviewed:	
  

h`ps://twiki.cern.ch/twiki/bin/view/AtlasPublic/CONFnotes	
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PS	
  

SPS	
  

LHC	
  

The Large Hadron Collider	
  

2012	
  performance	
   Design	
  performance	
  
Colliding	
  bunches	
   1331	
   2808	
  

Energy	
   4	
  TeV	
  x	
  4	
  TeV	
   7	
  TeV	
  x	
  7	
  TeV	
  

Bunch	
  spacing	
   50	
  ns	
   25	
  ns	
  

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

Pile-­‐up	
  interacBons	
   ~35	
   ~25	
  

24	
  



Z → µµ event in ATLAS with 25 reconstructed vertices 

Difficulty:	
  event	
  pile-­‐up	
   25	
  

ATLAS-­‐CONF-­‐2013-­‐082	
  

With	
  pile-­‐up	
  suppression	
  algorithms	
  



Galaxy	
  cluster	
  Abell	
  2744	
  

χ	



χ	



SM	
  

SM	
  

χ	



SM	
  

χ	



SM	
  

SM	
  

SM	
  

χ	
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ParBcle	
  Dark	
  Ma`er	
  Searches	
  based	
  on:	
  

Indirect	
   Direct	
   Colliders	
  

Data	
  combinaBons	
  and	
  
interpretaBons	
  require	
  assumpBons	
  
about	
  the	
  red	
  bubble!	
  

Going	
  a?er	
  the	
  Dark	
  at	
  the	
  LHC	
   26	
  



Monojets 7 TeV 
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  /	
  GRAPPA	
  &	
  Nikhef	
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arXiv:1210.4491	
  



Monojets 7 TeV 
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arXiv:1210.4491	
  



Mono-W/Zàqq 
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Monojets 7 TeV 
arXiv:1210.4491	
  

Reminder:	
  

Suppression	
  scale	
  M*	
  lower	
  limits	
  

χ	



χ	



SM	
  

SM	
  

•  M*	
  fixes	
  coupling	
  SM-­‐χ	


•  Coupling	
  fixes	
  annihilaBon	
  cross	
  
secBon	
  χ	
  to	
  SM	
  

•  Relic	
  density	
  (WMAP)	
  corresponds	
  to	
  
cross	
  secBon	
  

•  Probe	
  thermal	
  relic	
  dark	
  ma`er	
  
parBcle	
  at	
  LHC!	
  

•  Red	
  above	
  green	
  line:	
  conflict!	
  
–  Exclusion	
  for	
  this	
  operator,	
  or	
  
– NegaBve	
  interference	
  needed,	
  or	
  
– AddiBonal	
  annihilaBon	
  (leptons!)	
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Where do we start? 

Huge parameter space, but guiding principles 

SUSY searches strategy driven by cross section and luminosity 
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Figure 9.3: Feynman diagrams for gluino and squark producti on at hadron colliders from strong quark-
antiquark annihilation and quark-quark scattering.

belong to theC +
1 C

−
1 and C 1N 2 channels, because they have signi!cant couplings to γ, Z and W bosons,

respectively, and because of kinematics. At the LHC, the sit uation is typically reversed, with production
of gluinos and squarks by gluon-gluon and gluon-quark fusion usually dominating, unless the gluino and
squarks are heavier than 1 TeV or so. At both colliders, one ca n also have associated production of a
chargino or neutralino together with a squark or gluino, but most models predict that the cross-sections
(of mixed electroweak and QCD strength) are much lower than f or the ones in (9.1)-(9.6). Slepton pair
production as in (9.2) may be rather small at the Tevatron, bu t might be observable there or at the
LHC [210]. Cross-sections for sparticle production at hadr on colliders can be found in refs. [211], and
have been incorporated in computer programs including [186],[212]-[217].

The decays of the produced sparticles result in !nal states w ith two neutralino LSPs, which escape
the detector. The LSPs carry away at least 2 mN 1

of missing energy, but at hadron colliders only
the component of the missing energy that is manifest in momenta transverse to the colliding beams
(denoted /E T ) is observable. So, in general the observable signals for su persymmetry at hadron colliders
are n leptons + m jets + /E T , where either n or m might be 0. There are important Standard Model
backgrounds to many of these signals, especially from proce sses involving production of W and Z
bosons that decay to neutrinos, which provide the /E T . Therefore it is important to identify speci!c
signals for which the backgrounds can be reduced. Of course, this depends on which sparticles are
being produced and how they decay.

The classic /E T signal for supersymmetry at hadron colliders is events with jets and /E T but no
energetic isolated leptons. The latter requirement reduce s backgrounds from Standard Model processes
with leptonic W decays, and is obviously most e"ective if the relevant spart icle decays have sizable
branching fractions into channels with no leptons in the !na l state. One must choose the /E T cut high
enough to reduce backgrounds from detector mismeasurements o# et energies. The jets+ /E T signature
is one of the main signals currently being searched for at the Tevatron, and is also a favorite possibility
for the !rst evidence for supersymmetry to be found at the LHC . It can get contributions from every
type of sparticle pair production, except sleptons.

The trilepton signal [218] is another possible discovery mo de, featuring three leptons plus /E T , and
possibly hadronic jets. At the Tevatron, this would most lik ely come about from electroweak C 1N 2
production followed by the decays indicated in eq. (8.4), in which case high-pT hadronic activity should
be absent in the event. A typical Feynman diagram for such an e vent is shown in !g. 9.4. It could

89

Strong SUSY 
production	
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Nada! Set limits… 
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CMS	
  EXO-­‐12-­‐048	
  

CMS	
  mono-­‐jet,	
  20	
  i-­‐1	
  at	
  8	
  TeV	
  



Nada! Set limits… 
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arxiv:1209.4625	
  

ATLAS	
  mono-­‐γ,	
  4.6	
  i-­‐1	
  at	
  7	
  TeV	
  



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
ria

bl
e	
  
2	
  

Control	
  
region	
  W/top	
  

Control	
  
QCD	
  

Signal	
  region	
  BSM 

SM 

CR à SR transfer factors taken from MC 
simulation (many systematic effects cancel). 



LHC Mission: Complete the Standard Model and 
Discover the Dark Sector (and more…) 
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χ	



1	
   5	
  :	
  



p	
  

p	
   Underlying	
  event	
  

X	
  =	
   	
  jets,	
  W,	
  Z,	
  top,	
  Higgs,	
   	
  SUSY,	
  …	
  	
  
Q	
  

2	
  =	
  MX	
    
x1 ⋅pp

  
x2 ⋅pp

Searches	
  for	
  weakly	
  interacBng	
  parBcles	
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SUSY	
  (more	
  than)	
  duplicates	
  spectrum	
  of	
  parBcle	
  states	
  wrt.	
  Standard	
  Model	
  
	
  
SparBcles	
  decay	
  in	
  jets,	
  leptons,	
  taus,	
  photons,	
  invisible	
  (MET),	
  …	
  

1.  R-­‐parity	
  conserving	
  (RPC)	
  signatures:	
  

•  SparBcles	
  produced	
  in	
  pairs,	
  each	
  decays	
  to	
  (WIMP)	
  LSP,	
  mostly	
  lightest	
  neutralino	
  or	
  
graviBno	
  

•  One	
  invisible	
  LSP	
  per	
  decay	
  chain	
  →	
  MET	
  

2.  R-­‐parity	
  violaBng	
  (RPV)	
  signatures:	
  

•  Resonances	
  or	
  mulBjets	
  /	
  mulBleptons:	
  single	
  sparBcle	
  producBon	
  or	
  LSP	
  decay	
  	
  
•  Displaced	
  verBces	
  from	
  late	
  LSP	
  decay	
  	
  

3.  Long-­‐lived	
  parBcles	
  from:	
  

•  Weak	
  couplings	
  (eg,	
  RPV,	
  graviBno)	
  
•  High	
  virtuality	
  from	
  heavy	
  mediator	
  sparBcles	
  (eq,	
  heavy	
  squarks	
  in	
  split	
  SUSY)	
  
•  Mass	
  degeneracy	
  (eg,	
  m	
  (chargino)	
  ~	
  m	
  (LSP)	
  in	
  AMSB)	
  

How to search for SUSY at the LHC 39	
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So what?  

mass	
  
squark,	
  gluino	
  

LSP	
  /	
  Neutralino	
  

Δm	
  ≈	
  missing	
  ET!	
  

Amount	
  of	
  missing	
  ET	
  depends	
  on	
  mass	
  difference!	
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Can	
  sBll	
  search	
  for	
  pairs	
  of	
  “ISR-­‐tagged”	
  dark-­‐ma`er	
  
parBcles,	
  not	
  parBcular	
  SUSY	
  signatures	
  



Dark matter contact interactions 

Just	
  like	
  Fermi	
  did	
  to	
  describe	
  β	
  decay	
  

en.wikipedia.org/wiki/Fermi's_interacBon	
  

42	
  

David	
  Berge	
  (GRAPPA)	
  



Dark matter contact interactions 

Mass	
  suppression	
  scale	
  

M* �
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Dark matter contact interactions 

χ	



χ	



SM	
  

SM	
  

χ	



SM	
  

χ	



SM	
  

SM	
  

SM	
  

χ	



χ	



ParBcle	
  Dark	
  Ma`er	
  Searches	
  based	
  on:	
  

Indirect	
   Direct	
   Colliders	
  

Data	
  combinaBons	
  require	
  
assumpBons	
  about	
  the	
  red	
  bubble!	
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Dark matter contact interactions 

χ	



χ	
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SM	
  

χ	



SM	
  

χ	



SM	
  

SM	
  

SM	
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Dark matter contact interactions 

“ISR	
  tag”	
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