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DARK MATTER... AT THE LHC?
• There	  is	  strong	  astrophysical	  evidence	  for	  the	  existence	  of	  dark	  maNer	  

– Evidence	  from	  bullet	  cluster,	  gravitaSonal	  lensing,	  rotaSon	  curves
– It	  is	  6	  Smes	  more	  abundant	  than	  baryons	  and	  contributes	  ~1/4	  of	  the	  total	  energy	  budget!	  

• Direct	  detecSon	  experiments	  
– Aim	  to	  observe	  recoil	  of	  dark	  maNer	  off	  nucleus
– Excesses	  observed	  by	  several	  experiments,	  not	  confirmed	  by	  others
– Consistent	  with	  a	  10	  GeV	  DM	  candidate?

• Need	  for	  independent	  verificaSon	  from	  non-‐astrophysical	  experiments
– Low	  mass	  region	  not	  accessible	  to	  direct	  detecSon	  experiments	  
– Limited	  by	  threshold	  effects,	  energy	  scale,	  backgrounds;	  less	  sensiSve	  to	  spin-‐dependent	  
couplings	  

‣Need	  for	  independent	  evidence	  from	  colliders
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PRODUCTION OF DARK MATTER AT CMS

• Search	  for	  evidence	  of	  pair-‐producSon	  of	  Dark	  MaNer	  parScles	  (χ)

• Dark	  MaNer	  producSon	  gives	  missing	  transverse	  energy	  (MET)

• Photons	  (or	  jets	  from	  a	  gluon)	  can	  be	  radiated	  from	  quarks,	  giving	  monophoton	  
(or	  monojet)	  plus	  MET
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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 → νν)+ j and (W → �invν)+ 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, |η(j1)| < 2, and events

are vetoed if they contain a second jet with pT (j2) > 30 GeV and |η(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |η(j1)| < 2, and events

are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV or

∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |η(j1)| < 2, and

events are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV

or ∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

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

|η(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with

the leading jet is ∆φ(j1, j2) < 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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Direct Detection (t-channel) Collider Searches (s-channel)

Monophoton + MET Monojet + MET



PHENOMENOLOGY

• Pair-‐producSon	  of	  χ	  can	  be	  characterised	  by	  a	  contact	  interacSon	  with	  operators	  	  

• Cross	  secSon	  depends	  on	  the	  mass	  (mχ)	  and	  the	  scale	  Λ	  (for	  couplings	  gχ, gq)

4

[Bai,	  Fox	  and	  Harnik,	  
JHEP	  1012:048(2010)]

axial-‐vector	  	  -‐-‐>	  	  spin-‐dependent	  (SD)

vector	  	  -‐-‐>	  	  spin	  independent	  (SI)	  

spin-‐independent	  
and	  spin-‐dependent	  
cross	  sec@ons
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MONOPHOTON – SEARCH DETAILS

• Require	  a	  photon	  in	  an	  event	  with
– High	  energy	  photon:	  pT(γ)	  >	  145	  GeV/c
– In	  the	  central	  part	  of	  the	  detector:	  |η|	  <	  1.442
– Shower	  shape	  consistent	  with	  photon:	  σiηiη	  >	  0.013	  
– MET	  >	  130	  GeV,	  using	  a	  parScle	  flow	  method

‣ Single	  photon	  plus	  significant	  missing	  energy

• Remove	  events	  with	  excessive	  nearby	  acSvity
– No	  central	  jet:	  veto	  events	  with	  pT(jet)	  >	  40	  GeV/c	  and	  |ηjet|<	  3.0
– Veto	  events	  with	  nearby	  tracks	  or	  pixel	  stubs
– Veto	  events	  with	  significant	  electromagneSc	  calorimeter	  acSvity	  (∆R	  <	  0.4)
– Veto	  events	  with	  significant	  hadronic	  acSvity	  (∆R	  <	  0.4,	  EHCAL/EECAL<	  0.05)
– All	  reconstructed	  verSces	  are	  used	  for	  isolaSon	  calculaSons.

‣Aggressive	  isola@on-‐based	  clean-‐up	  to	  ensure	  purity
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MONOPHOTON – EVENT DISPLAY
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MONOPHOTON – BACKGROUNDS

• Backgrounds	  from	  pp	  collisions

• Backgrounds	  unrelated	  to	  pp	  collisions

• Backgrounds	  esSmated	  from	  MC	  and	  data-‐driven	  techniques

‣ Look	  for	  excess	  of	  events	  above	  background	  (coun@ng	  experiment)
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pp ➝ Z γ ➝ νν γ irreducible	  background
pp ➝ W ➝ eν electron	  mis-‐idenSfied	  as	  photon
pp ➝ jets ➝ “γ” + MET one	  jet	  mimics	  photon,	  MET	  from	  jet	  mis-‐measurement
pp ➝ γ + jet MET	  from	  jet	  mis-‐measurement
pp ➝ W γ ➝ lν γ charged	  lepton	  escapes	  detecSon
pp ➝ γ γ one	  photon	  mis-‐measured	  to	  give	  MET

Showers	  induced	  by	  cosmics idenSfied	  and	  removed
Neutron-‐induced	  signals idenSfied	  and	  removed
Beam	  halo mostly	  removed;	  a	  residual	  contribuSon	  esSmated



MONOPHOTON – SEARCH RESULTS

‣No	  excess	  observed	  –	  good	  agreement	  with	  Standard	  Model	  
and	  background	  expecta@ons
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MONOPHOTON – DARK MATTER SIGNAL

• Signal	  GeneraSon
– Dark	  MaNer	  model	  follows	  effecSve	  theory	  outlined	  in	  earlier	  slide
– Madgraph4	  +	  Pythia6	  generaSon	  with	  10	  TeV	  mediator	  mass
– Similar	  sensiSvity	  to	  spin-‐dependent	  and	  spin-‐independent	  (no	  A2	  coherence	  factor)

• Acceptance	  Smes	  efficiency	  for	  Dark	  MaNer	  signal
– A	  ×	  ε	  ≈	  0.3,	  for	  both	  vector	  operator	  and	  axial-‐vector	  operator
– KinemaScs	  mainly	  from	  ISR	  photon;	  A	  ×	  ε	  is	  fairly	  constant	  in	  the	  range	  mχ	  =	  1-‐1000	  GeV

• SystemaSc	  uncertainSes
– Stats.	  uncertainty	   1.7%
– Photon	  PT	  uncertainty	   2.3%
– Jet	  Energy	  Scale	   1.2%
– MET	  modelling	  	  	   0.5%
– Pile-‐up	  modelling	   2.4%

‣Good	  efficiency	  and	  modest	  systema@cs	  
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MONOPHOTON – LIMIT SETTING

• Limit-‐se|ng
– CLs	  limits	  calculated	  for	  an	  integrated	  luminosity	  of	  4.67	  }-‐1	  
– 71.9	  ±	  9.1	  expected	  and	  73	  observed
– 90%	  CL	  limits	  shown	  below,	  “expected”	  limits	  in	  parenthesis	  (95%	  also	  available)

• ExtracSon	  of	  χ-‐nucleon	  cross	  secSon
– Upper	  limits	  on	  cross	  secSons	  give	  lower	  limits	  on	  Λ,	  assuming	  a	  Λ-‐4	  behaviour
– The	  lower	  limits	  on	  Λ	  are	  then	  used	  to	  plot	  the	  χ-‐nucleon	  cross	  secSon	  limits	  versus	  DM	  
mass
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MONOPHOTON – SPIN-INDEPENDENT LIMITS
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MONOPHOTON – SPIN-DEPENDENT LIMITS
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MONOJET – SEARCH DETAILS

• Select	  sample	  of	  Monojet+MET	  events	  (keeping	  muons)
– Basic	  cuts	  on	  jet	  consStuents–	  charged	  and	  neutral	  HAD	  and	  EM	  fracSons	  
– Removes	  cosmics,	  instrumental	  backgrounds,	  mismeasured	  jets

• Basic	  topological	  selecSon
– MET	  >	  200	  GeV,	  	  #	  of	  Jets	  =	  1	  or	  2
– ParScle	  flow	  jets;	  anS-‐kT	  with	  R	  =	  0.5
– Leading	  Jet:	  pT	  >	  110	  GeV,	  |η|<2.4
– Second	  Jet:	  pT	  >	  30	  GeV
– Δϕ(jet1,jet2)	  <	  2.5

• Monojet	  Signal	  Sample	  (Lepton	  RejecSon)	  
– Reject	  events	  with	  e,	  μ	  isolated	  in	  a	  cone	  of	  ∆R	  =	  0.3
– Reject	  events	  with	  tracks	  isolated	  in	  a	  cone	  of	  ∆R	  =	  0.3
– MET	  >	  350	  GeV	  for	  DM	  search

• Data-‐driven	  Background	  EsSmaSon	  (Lepton	  IdenSficaSon)
– Isolated	  muon	  >	  20	  GeV/c
– Obtain	  Z+jet	  sample	  from	  M(μμ),	  W+jet	  sample	  from	  pT(μ)+MET
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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 → νν)+ j and (W → �invν)+ 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, |η(j1)| < 2, and events

are vetoed if they contain a second jet with pT (j2) > 30 GeV and |η(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |η(j1)| < 2, and events

are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV or

∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |η(j1)| < 2, and

events are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV

or ∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

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

|η(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with

the leading jet is ∆φ(j1, j2) < 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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MONOJET – BASIC SELECTION

• Basic	  topological	  selecSon	  
– MET	  >	  200	  GeV,	  	  #	  of	  Jets	  =	  1	  or	  2
– Leading	  Jet:	  pT	  >	  110	  GeV,	  |η|<2.4
– Second	  Jet:	  pT	  >	  30	  GeV
– Δϕ(jet1,jet2)	  <	  2.5

‣QCD	  rejec@on	  accomplished	  by	  topological	  cuts
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MONOJET – DATA SAMPLE

• Final	  monojet	  signal	  sample	  obtained	  by
– RejecSng	  events	  with	  isolated	  e,	  μ	  
– RejecSng	  events	  with	  isolated	  tracks

• Good	  agreement	  for	  full	  MET	  range	  
– SensiSvity	  to	  new	  physics	  (DM,	  ADD)	  
in	  the	  tails

– OpSmise	  search	  for	  best	  expected	  
sensiSvity	  to	  new	  physics

– MET	  >	  350	  GeV	  for	  DM	  search

‣ Search	  high	  MET	  events	  for	  DM
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MONOJET – ANALYSIS CUT FLOW

• Primary	  backgrounds	  normalised	  to	  data-‐driven	  esSmaSon	  

• Remaining	  backgrounds	  a�er	  full	  event	  selecSon:	  Z(vv)	  (≈70%),	  W+jets	  (≈30%),	  

• Other	  backgrounds	  from	  QCD,	  top,	  Z+jets	  negligible	  (≈1%)	  –	  esSmated	  from	  MC	  

‣Good	  agreement	  between	  data	  and	  SM	  backgrounds

16



A MONOJET EVENT
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MET = 359 GeV
pT(jet1) = 331 GeV



MONOJET – BACKGROUND NORMALISATION

• Data-‐driven	  esSmaSon	  of	  Z+jets ➝ νν+jets	  
– Z+jets ➝ µµ+jets	  control	  sample	  derived	  directly	  from	  
our	  monojet	  data	  sample

– Require	  two	  muons	  passing	  selecSon
– Invariant	  mass	  60-‐120	  GeV,	  opposite	  sign	  
– Uncertainty	  in	  method	  is	  10.4%	  mainly	  from	  stats	  (9.5%)

• Similar	  for	  W+jets ➝ νl+jets,	  where	  lepton	  is	  “lost”
– lepton	  lost	  if	  outside	  detector	  acceptance	  or	  not	  
reconstructed/isolated

– Require	  single	  lepton	  and	  MT	  between	  50-‐100	  GeV	  
– Primary	  uncertainSes	  from	  error	  on	  acceptance	  (7.7	  %)	  
and	  selecSon	  efficiency	  (6.8	  %)

– Uncertainty	  in	  method	  is	  11.3%

‣Data-‐driven	  measure	  of	  main	  backgrounds	  	  
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MONOJET – DARK MATTER SIGNAL

• Monojet	  Signal	  GeneraSon
– Madgraph5	  +	  Pythia6	  generaSon	  with	  40	  TeV	  mediator	  mass

• SystemaSc	  uncertainSes	  ≤15%,	  main	  contribuSons	  from	  
– Jet	  Energy	  Scale	   ~10%
– PDF	  (PDF4LHC)	   	  2-‐4%
– Jet	  Energy	  ResoluSon	   	  	  	  	  2%
– Luminosity	   	   	  4.5%

• Final	  numbers	  for	  MET	  >	  350	  GeV:	  1224	  ±	  101	  background,	  1142	  data

‣Good	  efficiency	  and	  modest	  systema@cs	  ➝	  limit-‐sePng	  as	  before
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DARK MATTER SPIN-INDEPENDENT LIMITS

‣ Best	  limits	  for	  low	  mass	  DM,	  below	  3.5	  GeV,	  a	  region	  as	  yet	  unexplored	  
by	  direct	  detec@on	  experiments

20
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DARK MATTER SPIN-DEPENDENT LIMITS

‣ Limits	  represent	  the	  most	  stringent	  constraints	  by	  several	  orders	  of	  
magnitude	  over	  en@re	  1-‐1000	  GeV	  mass	  range
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CONCLUSIONS
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‣ For	  spin-‐independent	  models,	  best	  limits	  for	  low	  mass	  DM,	  below	  3.5	  GeV,	  a	  
region	  as	  yet	  unexplored	  by	  the	  direct-‐detec@on	  experiments.

‣ For	  spin-‐dependent	  models,	  limits	  represent	  the	  most	  stringent	  constraints	  by	  
several	  orders	  of	  magnitude	  over	  en@re	  1-‐1000	  GeV	  mass	  range	  studied.

Presented	  CMS	  searches	  for	  new	  physics	  in	  monojet	  and	  monophoton	  
channels	  using	  4.7	  }-‐1	  of	  data.

PredicSons	  for	  SM	  background	  consistent	  with	  observed	  data,	  no	  excess	  
found.	  	  Limits	  set	  on	  Dark	  MaNer	  producSon,	  resulSng	  in	  a	  significant	  
extension	  of	  previously	  excluded	  parameter	  space:

Further	  reading:	  EXO-‐11-‐059	  (monojet)	  and	  EXO-‐11-‐096	  (monophoton)	  at	  
hNps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
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DARK MATTER LIMITS FROM CDF

‣ Limits	  from	  CDF	  posted	  a	  few	  days	  ago...
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[http://arxiv.org/abs/1203.0742]



MONOPHOTON – ISOLATION

• Hadron	  Calorimeter	  (HCAL)	  isolaSon
– Hollow	  Cone:	  0.15	  <	  ∆R	  <	  0.4,	  ΣpT	  in	  hollow	  cone	  <	  2.2	  +	  0.0025	  *	  pT(γ)	  
– (EHCAL	  in	  cone)/EECAL<	  0.05

• EM	  Calorimeter	  (ECAL)	  isolaSon
– Hollow	  Cone:	  0.06	  <	  ∆R	  <	  0.4,	  ΣpT	  in	  hollow	  cone	  <	  4.2	  +	  0.006	  *	  pT(γ)

• Tracker	  isolaSon
– Hollow	  Cone:	  0.04	  <	  ∆R	  <	  0.4,	  ΣpT	  in	  hollow	  cone	  <	  2.0	  +	  0.001	  *	  pT(γ)
– Electrons	  vetoed	  by	  hits	  in	  pixel	  tracker

• All	  reconstructed	  verSces	  are	  used	  for	  isolaSon	  calculaSons.
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For	  selec@on	  of	  isolated	  photons	  in	  a	  cone	  ∆R2	  =	  ∆φ2	  +	  ∆η2	  ...	  


