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OUTLINE

• Collider	  complimentarity,	  missing	  ET,	  and	  detectors	  

• “Monojet”	  results	  as	  an	  example

• Latest	  results	  and	  beyond	  EFT
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DM INTERACTIONS WITH ORDINARY MATTER

• Dark	  Ma:er	  interac=ons;	  important	  to	  get	  the	  right	  relic	  abundance

• Then	  why	  not	  	  

• Dark	  Ma:er	  as	  a	  par=cle	  hints	  at	  many	  interac=ons	  with	  ordinary	  ma:er
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...We	  can	  probe	  the	  same	  interac1on	  at	  the	  LHC
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PRODUCTION OF DARK MATTER AT THE LHC

• Search	  for	  evidence	  of	  pair-‐produc=on	  of	  Dark	  Ma:er	  par=cles	  (χ)

• Dark	  Ma:er	  produc=on	  gives	  missing	  transverse	  energy	  (MET)

• Photons	  (or	  jets	  from	  a	  gluon)	  can	  be	  radiated	  from	  quarks,	  giving	  
“mono”photon/jet	  plus	  MET:	  ini1al-‐state	  radia1on	  (ISR)
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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.
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THE CMS DETECTOR
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MONOJET EVENT
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• Search	  for	  Pair-‐produced	  Dark	  MaLer	  (or	  Extra	  Dimensions)
– Search	  for	  missing	  energy	  and	  radiated	  jet	  (or	  two)
– Dark	  MaLer	  would	  appear	  as	  excess	  events	  on	  the	  tail

• Monojet	  Event	  SelecRon:
– Leading	  jet	  pT	  >	  ~120	  GeV
– topological	  cuts	  to	  reduce	  QCD;	  Δϕ(j1,j2)<2.5
– veto	  events	  with	  isolated	  leptons

• Primary	  Backgrounds	  Measured	  from	  Data	  
– Measure	  Z	  +	  jets	  -‐-‐>	  predict	  Z(νν)	  +	  jets
– Measure	  W	  +	  jets	  -‐-‐>	  predict	  W(lν)	  +	  jets
– MC	  for	  small	  bkgnd	  from	  top,	  QCD,	  non-‐collision

CMS MONOJET DATA
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Best	  limits	  with	  ETmiss	  >	  400	  GeV



MONOJET EXPERIMENTAL RESULTS

• Main	  experimental	  result:	  table	  of	  expected	  &	  observed
– Simple	  cut-‐and-‐count	  approach	  used
– Compare	  expected	  and	  observed;	  limit	  on	  new	  physics
– Limits	  on	  new	  physics	  (cross	  secRon)	  proporRonal	  to	  the	  (systemaRc)	  error	  on	  bkgnd.

• “Generic”	  results	  very	  useful	  (see	  next	  slide)

12

[CMS EXO-12-048]



MONOJET MODEL-INDEPENDENT LIMITS

• Model-‐independent	  limits	  for	  generic	  applicability	  to	  SUSY	  compressed	  spectra,	  
invisible	  Higgs,	  or	  any	  other	  “monojet”	  signature	  (similar	  for	  ATLAS)
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EFFECTIVE FIELD THEORY: PHENOMENOLOGY

• Effec=ve	  Field	  Theory	  (EFT)
– Assume	  heavy	  mediaRng	  parRcle:	  contact	  interacRon	  

– For	  M	  ➝	  ~40	  TeV,	  where	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

• Simple	  model	  for	  comparison
✓Only	  a	  few	  parameters;	  dark	  maLer	  mass	  mχ	  and	  cut-‐off	  scale	  Λ
✓Much	  easier	  than	  e.g.	  a	  full	  Supersymmetric	  model
✓Easy	  comparison	  to	  direct	  or	  indirect	  DM	  experiments
✓DM	  can	  be	  fermion	  (Dirac	  or	  Majorana)	  or	  scalar	  (complex	  or	  real)
✓ independent	  of	  astrophysics,	  e.g.	  assumpRons	  of	  halo	  
✗ LimitaRons	  on	  model	  validity
✗ Probe	  only	  one	  interacRon	  at	  a	  Rme
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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
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, /ET ) < 0.5. Any further jets with |⌘(j
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, /ET ) < 0.5. Any further jets with |⌘(j
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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
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)| < 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
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) < 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.

≈ Λ-4E2  

[JHEP	  1012:048,	  Phys.Rev.D82:116010,	  JHEP	  1009:037]



EFT TO CROSS SECTION LIMITS
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PHENOMENOLOGY REVISITED

• Many	  operators/interacRons	  can	  contribute
– Typically	  pick	  a	  few	  expected	  to	  be	  dominant
– Gradually	  expanding	  to	  look	  at	  more
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DARK MATTER AND MONOJETS

• EFT	  limits	  compared	  to	  direct-‐detec=on	  experiments

• CMS	  results	  improved	  with	  8	  TeV	  (higher	  E,	  more	  data)
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MONOJETS: EFT LIMITS AND NEXT STEPS

• Effec=ve	  Field	  Theory	  limit	  validity
– BoLom	  corner:	  large	  couplings,	  small	  phase	  space	  
– Limits	  from	  perturbaRve	  bound,	  unitarity	  limit
– StarRng	  to	  include	  these	  bounds	  in	  results

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

– EFT	  gives	  good/conservaRve	  results	  above	  a	  few	  
hundred	  GeV	  (high	  M)
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MONO-EVERYTHING!

• In	  last	  two	  years:
– Hundreds	  of	  citaRons	  for	  collider	  DM
– Hundreds	  of	  phenomenology	  papers
– “ISR	  tagging”	  established	  technique	  for	  
all	  new	  parRcle	  searches	  (not	  just	  DM)
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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.
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Figure 1: Dark matter production in association with a single jet in a hadron collider.
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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
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)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
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) < 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.
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MONOLEPTON DARK MATTER (CMS)
• Dark	  Ma:er	  produc=on	  with	  a	  W

– W	  recoiling	  against	  pair-‐produced	  DM	  
– vector-‐	  and	  axial-‐vector	  couplings	  considered
– interference	  effects	  parameterised	  by	  	  	  	  	  	  	  	  	  	  	  	  	  
ξ	  (W+	  diagram	  at	  right)	  	  	  

• Limits	  can	  be	  quite	  strong	  (interference)
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MONO W/Z HADRONIC (ATLAS)

• ATLAS	  analysis	  looks	  for	  a	  radiated	  
hadronic	  W	  or	  Z	  (boosted	  topology)

• Also	  sensiRve	  to	  WH	  and	  ZH,	  where	  
H	  ➝	  χ	  χ
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[ATLAS arXiv1309.4017v2]



DARK MATTER IN TOP QUARK PAIRS (CMS)
• Select	  top	  quark	  pairs	  in	  di-‐lepton	  events

– Exactly	  two	  leptons,	  two	  or	  more	  jets,	  MET	  >	  320
– Cuts	  on	  scalar	  sum	  of	  leptons	  &	  jets,	  opening	  angles

• Scalar	  coupling,	  four-‐fermion	  contact	  interac=on	  
– Limits	  set	  on	  scale	  (M✳ ︎),	  translated	  to	  limits	  on	  σ
– σ	  >	  0.09	  (0.24)	  pb	  excluded	  for	  Mχ	  of	  50	  (1000)	  GeV	  
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MONOTOP DARK MATTER (CMS)
• Event	  SelecRon

– Three	  jets,	  with	  j2>60	  GeV	  and	  j3>40,	  one	  tagged	  b-‐jet
– Veto	  events	  with	  j4	  >	  35	  GeV	  or	  e(μ)	  >	  20(10)	  GeV	  
– M(j1j2j3)	  <	  250	  GeV,	  MET>	  350	  GeV	  

• Results
– Excellent	  agreement	  with	  data
– DM	  coupling	  set	  to	  0.1	  for	  q=u/d	  [arXiv:1106.199]
– Exclude	  scalar	  (vector)	  DM	  masses	  below	  327	  (655)	  GeV
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HIGGS “PORTAL” TO DARK MATTER

• DM	  can	  couple	  to	  the	  Higgs	  sector;	  H	  ➝	  χ	  χ	  	  
– Limits	  on	  branching	  fracRon	  of	  Higgs	  to	  “invisible”	  parRcles	  used	  for	  limits	  on	  DM
– Can	  be	  scalar,	  vector	  or	  fermionic	  couplings
– Limits	  only	  up	  to	  DM	  mass	  Mχ	  <	  MH/2

• First	  results	  from	  ATLAS,	  CMS	  set	  strong	  bounds	  on	  Higgs	  couplings	  to	  DM

24

[CMS HIG-13-003, arXiv1402.3244]



CONCLUSIONS

• Collider-‐based	  searches	  for	  Dark	  Ma:er	  are	  thriving	  at	  the	  LHC
– Publishing	  8	  TeV	  results	  
– ATLAS/CMS/Theorists	  working	  together	  on	  model	  interpretaRon
– DM@LHC	  Workshop	  September	  25-‐27:	  Merton	  College,	  Oxford

• Plans	  for	  DM	  searches	  for	  the	  next	  ~year
– Cover	  as	  many	  signatures/models	  as	  possible
– Prepare	  for	  Run	  2	  (analysis	  tools,	  triggers,	  simulaRons)	  
– Be	  ready	  to	  discover	  new	  physics	  as	  soon	  as	  13	  TeV	  arrives!
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