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In	
  1933,	
  Fritz	
  Zwicky	
  calculated	
  the	
  mass	
  of	
  the	
  Coma	
  
cluster	
  using	
  galaxies	
  on	
  the	
  outer	
  edge,	
  and	
  came	
  up	
  
with	
  a	
  number	
  170	
  Fmes	
  larger	
  than	
  expected.
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GALACTIC ROTATION

• StarFng	
  in	
  the	
  1970’s,	
  measured	
  velocity	
  vs.	
  
radius	
  of	
  edge-­‐on	
  spiral	
  galaxies	
  

• They	
  found	
  them	
  to	
  be	
  flat,	
  consistent	
  with	
  
~6x	
  as	
  much	
  “dark”	
  mass...
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...and	
  not	
  just	
  one	
  galaxy

luminous	
  maKer

dark	
  maKer	
  halo

halo

disk



EVIDENCE PILING UP...
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• Bullet	
  Cluster;	
  colliding	
  galaxies	
  
– Composite	
  x-­‐ray,	
  visible	
  image,	
  10x	
  DM	
  
– Does	
  not	
  really	
  match	
  modified	
  gravity

• GravitaFonal	
  Lensing	
  
– much	
  more	
  lensing	
  than	
  can	
  
be	
  explained	
  by	
  visible	
  mass



THE UNIVERSE, THEN AND NOW

• Strong	
  astrophysical	
  evidence	
  for	
  the	
  existence	
  of	
  dark	
  maKer	
  	
  
– Evidence	
  from	
  bullet	
  cluster,	
  gravitaFonal	
  lensing,	
  rotaFon	
  curves	
  
– DM	
  is	
  six	
  Fmes	
  more	
  abundant	
  than	
  baryons	
  	
  
– Contributes	
  ~1/4	
  of	
  the	
  total	
  energy	
  budget!
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Par2cle	
  descrip2on	
  of	
  DM...	
  testable	
  at	
  the	
  LHC?



WIMPS

• Perhaps	
  Dark	
  MaKer	
  is	
  a	
  parFcle	
  with	
  weak-­‐scale	
  mass?	
  
– Weakly	
  Interac2ng	
  Massive	
  Par2cles	
  (WIMPs)	
  
– Produced	
  in	
  the	
  Big	
  Bang,	
  interact	
  via	
  χ	
  +	
  χ	
  ➞	
  q	
  +	
  q	
  	
  

• As	
  the	
  universe	
  expands	
  and	
  the	
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  drops...	
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  oqen	
  and	
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  out’.	
  

– Higher	
  cross-­‐secFon	
  (<σv>)	
  yields	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
lower	
  relic	
  density
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Weakly-­‐interac2ng	
  massive	
  par2cles	
  naturally	
  
provide	
  the	
  right	
  relic	
  abundance	
  -­‐	
  “WIMP	
  miracle”



COMPLEMENTARITY AND COLLIDER PRODUCTION

	
  	
  	
  	
  	
  	
  DM	
  complementarity:	
  	
  

• Colliders	
  make,	
  direct	
  detecFon	
  
shakes,	
  indirect	
  detecFon	
  breaks…	
  
and	
  also	
  CMB	
  (bake	
  it!)	
  

	
  	
  “Generic”	
  Collider	
  searches:	
  	
  

• Dark	
  MaKer	
  producFon	
  gives	
  
missing	
  transverse	
  energy	
  (MET)	
  

• IniFal-­‐State	
  RadiaFon	
  results	
  in	
  
“mono-­‐something”	
  plus	
  MET
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UA1 MONOJETS
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UA1 MONOJETS
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QCD AND ISR;  THEN AND NOW

• MulFjet	
  events	
  from	
  QCD	
  
– ~60%	
  in	
  CDF	
  Run	
  0	
  
– ~8%	
  in	
  CDF	
  Run	
  1,	
  2	
  
– ~<0.1%	
  in	
  ATLAS	
  &	
  CMS	
  

• Backgrounds	
  from	
  QCD,	
  beam,	
  cosmics	
  
– suppressed	
  by	
  jet	
  cleanup	
  
– suppressed	
  by	
  high	
  jet/MET	
  cuts	
  
– killed	
  by	
  angular	
  and	
  mulFplicity	
  cuts	
  

• “Tagging”	
  iniFal-­‐state	
  radiaFon	
  (ISR)	
  	
  
– LHC	
  uses	
  ISR	
  “mono-­‐X”	
  for	
  many	
  searches	
  
– Generic	
  search	
  for	
  “invisible”	
  new	
  physics

17

[CDF Tevatron Run II: hep-ex/0309051]

CDF Results



MONOJET DARK MATTER (CMS RUN I)
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[arXiv:1408.3583]

Best	
  limits	
  with	
  ETmiss	
  >	
  500	
  GeV

• Search	
  for	
  Pair-­‐produced	
  Dark	
  MaKer	
  	
  
– Search	
  for	
  missing	
  energy	
  and	
  	
  	
  	
  
radiated	
  jet	
  (or	
  two)	
  

– Dark	
  MaKer	
  will	
  appear	
  as	
  excess	
  
events	
  on	
  the	
  tail	
  

• Monojet	
  Event	
  SelecFon	
  
– Leading	
  jet	
  pT	
  >	
  ~120	
  GeV	
  
– topological	
  cuts	
  to	
  reduce	
  QCD	
  
– veto	
  events	
  with	
  isolated	
  leptons	
  
– primary	
  backgrounds	
  taken	
  from	
  data

S. Worm                                                                                                    
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.



MONOJET DARK MATTER (CMS RUN I)

• Derived	
  EffecFve	
  Field	
  Theory	
  (EFT)	
  limits	
  compared	
  to	
  direct-­‐detecFon
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[arXiv:1408.3583]
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MONO-MANIA!

• For	
  the	
  next	
  few	
  years:	
  
– Hundreds	
  of	
  phenomenology	
  papers	
  
– Thousands	
  of	
  citaFons	
  for	
  collider	
  DM	
  
– “ISR	
  tagging”	
  established	
  technique	
  for	
  
all	
  new	
  parFcle	
  searches	
  (not	
  just	
  DM)

20
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CMS	
  MonoTop	
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  (2015)	
  101801	
  

MONO-MANIA!
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MONOJETS: EFT LIMITS AND STEPS BEYOND

• EffecFve	
  Field	
  Theory	
  limit	
  validity	
  
– BoKom	
  corner:	
  large	
  couplings,	
  small	
  phase	
  space	
  	
  
– Limits	
  from	
  perturbaFve	
  bound,	
  unitarity	
  limit	
  
– StarFng	
  to	
  include	
  these	
  bounds	
  in	
  results	
  

• Moving	
  beyond	
  simple	
  EFT	
  
– Include	
  mediaFng	
  parFcle	
  (e.g.	
  s-­‐channel	
  Z’),	
  look	
  
at	
  limits	
  vs	
  mZ’	
  	
  

– EFT	
  gives	
  good/conservaFve	
  results	
  above	
  a	
  few	
  
hundred	
  GeV	
  (high	
  M)

22

[arXiv:1408.3583, ATLAS-CONF-2012-147]
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[Haisch, Bishara]

RELEVANT SCALES FOR DM SEARCHES

momentum 
transfer

nuclear response 
functions

non-pert. EFT 
w/ NR nucleons

3- or 4-
flavour QCD

EFT w/ non-ren. 
DM interactions

Heavy DM EFT + 
5-flavour QCD

particle 
mass

theory 
EFT
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SIMPLIFIED MODELS OF DARK MATTER

• EffecFve	
  Field	
  Theory	
  InterpretaFon	
  and	
  validity	
  
– EFT	
  is	
  a	
  simple	
  esFmate	
  of	
  LHC	
  sensiFvity	
  to	
  an	
  explicit	
  coupling/mediator	
  
– Good	
  for	
  back-­‐of-­‐envelope,	
  but	
  maybe	
  not	
  the	
  full	
  picture	
  

24S. Worm                                                                                                    

tim tait plot here…?

More
 complete

Complete 
Dark Matter

Models

Dark Matter 
Effective Field Theories

Minimal 
Supersymmetric 
Standard Model

Universal 
Extra

Dimensions
Little
Higgs

Contact
Interactions

“Sketches of models”

Z′ boson
Simplified

Dark Matter
Models

Higgs
Portal “Squarks”

Dark
Photon

Dipole
Interactions

Less complete

[arXiv:1506.03116, 1507.00966]



SIMPLIFIED MODELS OF DARK MATTER

• Simplified	
  Models	
  	
  
– Overcomes	
  (mostly?)	
  the	
  issues	
  of	
  EFT	
  validity	
  	
  
– More	
  parameters	
  to	
  scan;	
  similar	
  to	
  MSSM	
  in	
  SUSY	
  
– More	
  informaFon,	
  beKer	
  way	
  to	
  make	
  a	
  general	
  comparison	
  

• Basic	
  language	
  agreed,	
  and	
  now	
  in	
  use	
  	
  

Provides	
  a	
  new	
  language	
  for	
  the	
  Dark	
  MaTer	
  field	
  (not	
  just	
  colliders)
25S. Worm                                                                                                    

[arXiv:1506.03116, 1507.00966]



SIMPLIFIED MODELS

Scans	
  of	
  (s-­‐channel)	
  simplified	
  models	
  in	
  mDM	
  vs	
  nucleon	
  xsecFon	
  (vs	
  coupling)

26

[arXiv:1408.3583]



SIMPLIFIED MODELS

• Plots	
  vs	
  mDM,	
  coupling,	
  MMed	
  etc	
  well-­‐received:	
  more	
  ways	
  to	
  view	
  the	
  data	
  

• Below:	
  mDM	
  vs	
  MMed	
  	
  for	
  four	
  different	
  couplings	
  (0.25-­‐1.45)

27

[arXiv:1408.3583]

Can	
  we	
  pass	
  the	
  
neutrino	
  bound?



ATLAS MONOJET: OUTLINE

• Signatures:	
  	
  
- Invisible	
  parFcles	
  recoiling	
  against	
  high	
  pT	
  jets	
  
- Large	
  missing	
  transverse	
  momentum	
  
- High-­‐pT	
  jet	
  +	
  up	
  to	
  three	
  jets	
  	
  

• Physics	
  models	
  of	
  interest:	
  
- DM	
  pair	
  prod	
  via	
  spin	
  1	
  and	
  spin	
  0	
  mediators	
  
- SUSY	
  strong	
  prod	
  in	
  compressed	
  scenario	
  
- ADD	
  gravitons	
  	
  

• 10x	
  sample	
  of	
  new	
  data	
  under	
  study

28



ATLAS MONOJET: DATA

• Signature:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
high-­‐pT	
  jet(s),	
  large	
  
Missing	
  Transverse	
  
Momentum	
  (MET)	
  

• Backgrounds:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Z(→vv)+jets	
  and	
  W+jets	
  
esFmated	
  from	
  W(→μv),	
  
W(→ev),	
  Z(→μμ)+jets	
  
control	
  regions	
  

• Results:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
publicaFon	
  on	
  2015	
  
(3.2�-­‐1),	
  2015+2016	
  
(36.1�-­‐1)	
  coming	
  soon

29
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ATLAS MONOJET: RESULTS

• Results	
  for	
  simplified	
  model	
  with	
  Avial	
  Vector	
  mediator

30

[arXiv:1604.07773]



CMS MONOJET SIMPLIFIED MODEL SCAN

31S. Worm                                                                                                    

[CMS-PAS-EXO-16-048]

Vector

Scalar

Axial Vector

Pseudoscalar



NEW COLLIDER DARK MATTER STRATEGIES

• Mono-­‐X:	
  look	
  for	
  MET	
  +	
  ISR	
  to	
  “tag”	
  DM	
  pair-­‐producFon	
  (X	
  =	
  jet,	
  γ,	
  
W/Z,	
  H,	
  bb,	
  tt)	
  

• Mediator:	
  look	
  directly	
  for	
  the	
  mediator	
  instead,	
  to	
  infer	
  limits	
  on	
  
DM.	
  	
  Mediator	
  couples	
  to	
  quarks	
  (decays	
  to	
  dijets),	
  leptons,	
  etc.

32
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HEAVY RESONANCE DECAYING TO DIJET

• Dark-­‐MaKer	
  mediator,	
  also	
  W'/Z',	
  RS	
  
LED,	
  excited	
  quarks,	
  strong	
  gravity	
  

• Large	
  uncertainty	
  on	
  QCD	
  →	
  look	
  
for	
  resonance	
  above	
  fit	
  of	
  the	
  data	
  

• Analysis	
  limited	
  by	
  trigger:	
  
– 1-­‐jet	
  trigger	
  ET~380	
  GeV	
  
– implies	
  m(jj)	
  ≳	
  1.1	
  TeV	
  

• Dedicated	
  analysis	
  used	
  for	
  	
  	
  	
  	
  	
  
lower-­‐mass	
  resonance	
  search	
  

Strong	
  limits	
  on	
  DM	
  mediator

33

[ATLAS-CONF-2016-069] 



Highest mass dijet event: m(jj) = 8.12 TeV



LOW-MASS DIJET+ISR RESONANCE

• Reaches	
  lower	
  resonance	
  mass	
  by	
  
requiring	
  ISR	
  photon	
  or	
  jet	
  

• Same	
  trigger	
  and	
  offline	
  thresholds	
  	
  	
  
(jets:380	
  →	
  440,	
  photons:	
  140	
  →	
  150)

35S. Worm                                                                                                    

[ATLAS-CONF-2016-070] 



TRIGGER-LEVEL DIJET RESONANCE

• Lower	
  trigger	
  threshold	
  by	
  keeping	
  only	
  parFal	
  informaFon	
  for	
  the	
  event	
  

• AddiFonal	
  jet	
  calibraFon	
  and	
  cleaning	
  applied	
  online

36S. Worm                                                                                                    

[ATLAS-CONF-2016-030] 



DIJET RESONANCE SEARCHES: SUMMARY

37S. Worm                                                                                                    



DIJET RESONANCE SEARCHES: SUMMARY

38S. Worm                                                                                                    
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[ATLAS, arXiv:1306.2629]



MONO-X VS. DIJET DARK MATTER

39S. Worm                                                                                                    



MONO-X VS. DIJET DARK MATTER
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DARK MATTER:  ATLAS VS. LUX
• LHC	
  comparable	
  with	
  direct	
  detecFon	
  (for	
  specific	
  model	
  assumpFons)	
  

• Complementarity	
  approaches:	
  	
  
– Direct	
  searches	
  loose	
  sensiFvity	
  at	
  low	
  mass	
  (nuclear	
  recoil)	
  	
  
– LHC	
  (Mono-­‐X)	
  searches	
  loose	
  sensiFvity	
  at	
  high	
  mass	
  (	
  	
  	
  	
  	
  )

41S. Worm                                                                                                    

p
s

LHC	
  compe22ve	
  for	
  spin-­‐
dependent	
  interac2ons



ATLAS MONO-𝛾 DARK MATTER

42S. Worm                                                                                                    

[arXiv:1704.03848]



DARK MATTER IN MONO-H

• Dark	
  MaKer	
  and	
  Mono-­‐Higgs	
  to	
  bb,	
  γγ	
  

• Results	
  for	
  Z’B,	
  Z’-­‐2HDM,	
  heavy	
  scalar	
  boson	
  models	
  

• Huge	
  improvement	
  over	
  previous	
  search	
  	
  

• Mono-­‐h(bb)	
  beKer	
  limits	
  for	
  pT(h)	
  >	
  150	
  GeV

43S. Worm                                                                                                    

[ATLAS-CONF-2017-028, ATLAS-CONF-2017-024]

Mono-­‐Higgs	
  to	
  γγMono-­‐Higgs	
  to	
  bb



THEORY PAPERS VS. YEAR
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[A. Belyaev]



CONCLUSIONS

Searches	
  for	
  Dark	
  MaKer	
  are	
  thriving	
  at	
  the	
  LHC,	
  monojet	
  the	
  flagship	
  

Community	
  using	
  Simplified	
  Model	
  interpretaFon,	
  with	
  focus	
  on	
  mediator	
  

Huge	
  number	
  of	
  new	
  results	
  coming	
  in	
  13	
  TeV,	
  across	
  many	
  channels	
  

LHC	
  trying	
  to	
  re-­‐invent	
  itself	
  as	
  a	
  Dark	
  MaTer	
  factory!	
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DM@LHC WORKSHOPS

• MeeFng	
  Themes	
  
-­‐ 1st:	
  Sort	
  out	
  EFTs!	
  
-­‐ 2nd:	
  Adopt	
  set	
  of	
  Simplified	
  Models	
  
-­‐ 3rd:	
  Extend	
  SM’s	
  and	
  deploy	
  in	
  searches	
  
-­‐ 4th:	
  ConnecFons	
  

• Many	
  talks	
  on	
  the	
  connec2ons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
to	
  other	
  areas	
  
• Experiment:	
  DM/BSM	
  overlap	
  
• Direct/Indirect	
  detecFon	
  
• Theory	
  (models)	
  evolving	
  and	
  	
  	
  	
  
connecFng	
  to	
  more	
  areas;	
  SUSY,	
  
cosmological	
  constraints,	
  long	
  lived
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Second International Workshop on 

Dark Matter @ LHC  
25-27 September 2014 

Merton College, Oxford 

http://indico.cern.ch/e/DM-LHC2014!

Organising Committee: 
Steven Worm (STFC Rutherford Appleton Laboratory)  

Subir Sarkar (University of Oxford & Niels Bohr Institute, Copenhagen)  
Sarah Alam Malik (Imperial College London)  

Valentin Khoze (IPPP Durham) 
Ulrich Haisch (University of Oxford)  

Caterina Doglioni (Université de Genève)  
David Berge (GRAPPA & Nikhef, University of Amsterdam) 

DM@LHC is a discussion-oriented workshop featuring 
short talks by theorists and experimentalists actively working 

on LHC signals of Dark Matter 

Dark Matter at the Large Hadron Collider
https://indico.cern.ch/event/342623/Amsterdam   30 march—01 April 2016

Organising Committee: 
David Berge (GRAPPA and Nikhef) 
Gianfranco Bertone (GRAPPA) 
Paul de Jong (Nikhef) 
Christopher McCabe (GRAPPA) 
David Šálek (GRAPPA and Nikhef)

Come to Amsterdam to discuss the new results from the 2015 LHC datasets! 
What can the various Beyond the Standard Model searches at the LHC tell us about Dark Matter? 
What can we learn from the full palette of results from the LHC and non-collider experiments?  
How should the LHC searches for Dark Matter evolve in the upcoming years?

Antonio Boveia (CERN) 
Florencia Canelli (University of Zurich) 
Caterina Doglioni (Lund University) 
Felix Kahlhoefer (DESY) 
Bjoern Penning (Imperial College London)



DM@LHC 2017

Thanks	
  to	
  our	
  hosts!	
  

• Timothy	
  Tait	
  

• Arvind	
  Rajaraman	
  

• Daniel	
  Whiteson	
  

• Mani	
  Tripathi	
  

• Jan	
  Strudwick*	
  

DM@LHC	
  2017:	
  

• 3	
  full	
  days	
  of	
  talks	
  

• 45	
  presentaFons,	
  7	
  posters
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ROLE OF DM@LHC

Dark	
  MaTer	
  as	
  the	
  central	
  pillar	
  of	
  the	
  LHC	
  programme!
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J. Feng
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