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SEARCH FOR BLACK HOLES

• Search	
  for	
  microscopic	
  Black	
  Holes	
  in	
  12	
  C-­‐1	
  of	
  8	
  TeV	
  data
– HypotheHcal	
  BH	
  would	
  evaporate	
  into	
  many	
  high-­‐pt.	
  objects	
  
– EsHmate	
  by	
  ST,	
  the	
  pT	
  sum	
  of	
  physics	
  objects	
  with	
  pT	
  >	
  50	
  GeV

• Main	
  background	
  of	
  QCD	
  esHmated	
  by	
  fit	
  to	
  n=2	
  distribuHon
– Normalised	
  for	
  each	
  mulHplicity	
  bin	
  separately	
  at	
  ST	
  =	
  1.8–2.2	
  TeV
– Model-­‐independent	
  limits	
  vs	
  ST	
  and	
  mulHplicity	
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Significant	
  improvement	
  in	
  sensi9vity	
  (~15-­‐20%)	
  with	
  respect	
  to	
  7	
  TeV	
  data

[arXiv:1303:5338, EXO-12-009]



8-JET EVENT, ST = 3 TEV

3
Many	
  interes9ng	
  events	
  found!

[arXiv:1303:5338, EXO-12-009]



SEARCH FOR BLACK HOLES

• No	
  excess	
  of	
  events	
  above	
  expected	
  backgrounds	
  observed
– Limits	
  on	
  ADD	
  parameter	
  MD	
  assuming	
  specific	
  BH	
  models	
  (Charybdis,	
  BlackMax,	
  ...)
– Model-­‐specific	
  limits	
  on	
  semiclassical	
  BH	
  masses	
  in	
  the	
  4.3	
  –	
  6.2	
  TeV	
  range
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Also	
  interes9ng	
  as	
  a	
  model-­‐independent	
  search	
  vs	
  ST	
  and	
  mul9plicity	
  

[arXiv:1303:5338, EXO-12-009]



SEARCH FOR EXTRA DIMENSIONS IN DILEPTONS

• Extra	
  Dimension	
  search	
  in	
  dilepton	
  invariant	
  mass	
  spectra	
  (same	
  as	
  Z’)

• Analysis	
  selecHon	
  and	
  details	
  
– Event	
  selecHon:	
  	
  ET	
  (e1,e2)	
  >	
  35	
  GeV,	
  pT	
  (μ1,μ2)	
  >	
  45	
  GeV,	
  plus	
  isolaHon	
  criteria
– Backgrounds:	
  Z/γ*,	
  d,	
  tW,	
  VV,	
  Z	
  →	
  ττ,	
  mulHjets	
  with	
  ≥1	
  jet	
  reconstructed	
  as	
  lepton	
  
– Use	
  funcHonal	
  fit	
  to	
  data	
  for	
  background	
  parameterisaHon
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EXTRA DIMENSIONS IN DILEPTONS

• Simple	
  counHng	
  experiment	
  on	
  integral	
  above	
  a	
  mass	
  threshold	
  (Bayesian)

• Leading	
  systemaHcs	
  from	
  momentum	
  scale	
  (muons)	
  and	
  PDF	
  (electrons)
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EXTRA DIMENSIONS IN DILEPTONS
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MS	
  (ADD)	
  at	
  LO Lumi. δ=3 δ=3 δ=6 δ=6 ΛT	
  (GRW)
95%	
  CL	
  limits [C-­‐1] Exp.	
  

[TeV]
Obs.	
  
[TeV]

Exp.	
  
[TeV]

Obs.	
  
[TeV]

[TeV]	
  
(GRW)CMS	
  dimuon 20.6 4.34 4.33 3.07 3.06 3.64

CMS	
  dielectron 19.6 4.62 4.64 3.27 3.28 3.90
Combined: 20.6+19.6 4.76 4.77 3.37 3.37 4.01

Combined	
  limits	
  in	
  HLZ	
  
convenAon	
  at	
  NLO	
  (K=1.3)

[EXO-12-027, EXO-12-031]
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ADD AND DARK MATTER FROM MONOJETS

• Pair-­‐produced	
  Dark	
  Mader	
  or	
  Extra	
  Dimensions
– Search	
  for	
  missing	
  energy	
  and	
  radiated	
  jet
– Similar	
  searches	
  in	
  monophoton	
  and	
  other	
  channels

• Monojet	
  SelecHon:
– Leading	
  jet	
  pT	
  >	
  110	
  GeV,	
  |η|	
  <	
  2.4
– allow	
  a	
  second	
  jet	
  if	
  not	
  back-­‐to-­‐back;	
  Δϕ(j1,j2)<2.5
– veto	
  isolated	
  leptons

• Backgrounds	
  from	
  Data-­‐Driven	
  and	
  MC	
  
– Measure	
  Z(μμ)	
  +	
  jets	
  -­‐-­‐>	
  predict	
  Z(νν)	
  +	
  jets
– Measure	
  W(μμ)	
  +	
  jets	
  -­‐-­‐>	
  predict	
  W(lν)	
  +	
  jets
– smaller	
  backgrounds	
  from	
  top,	
  QCD,	
  non-­‐collision

• Missing	
  Energy	
  (ETmiss)	
  to	
  disHnguish	
  signal
– best	
  expected	
  limit	
  at	
  MET	
  >	
  400	
  GeV

8

4

q

q̄

�

�̄

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.

[EXO-12-048]



A MONOJET EVENT
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[EXO-12-048]



LARGE EXTRA DIMENSIONS FROM MONOJETS

Large	
  Extra	
  Dimensions:	
  Arkani-­‐
Hamed,	
  Dimopoulos,	
  Dvali	
  (ADD)

10
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DARK MATTER AND MONOJETS

• Pair-­‐producHon	
  of	
  DM	
  (χ)	
  characterised	
  by	
  a	
  contact	
  interacHon	
  effecHve	
  theory

• Derived	
  limits	
  then	
  compared	
  to	
  direct-­‐detecHon	
  experiments
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DARK MATTER AND MONOJETS

• StarHng	
  to	
  extend	
  simple	
  contact	
  interacHon	
  scenario	
  with	
  new	
  operators	
  and	
  a	
  
scan	
  over	
  mediator	
  mass
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CONCLUSIONS

• CMS	
  has	
  an	
  acHve	
  programme	
  searching	
  for	
  Extra	
  Dimensions	
  and	
  Dark	
  Mader

• New	
  results	
  presented	
  from	
  the	
  CMS	
  searches	
  for:	
  
– Black	
  Holes	
  [arXiv:1303:5338,	
  EXO-­‐12-­‐009]
– Large	
  Extra	
  Dimensions	
  in	
  the	
  dimuon	
  final	
  state	
  [EXO-­‐12-­‐027]
– Large	
  Extra	
  Dimensions	
  in	
  the	
  dielectron	
  final	
  state	
  [EXO-­‐12-­‐031]
– Large	
  Extra	
  Dimensions	
  in	
  Monojets	
  EXO-­‐12-­‐048
– Dark	
  Mader	
  in	
  Monojets	
  [EXO-­‐12-­‐048]
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Keep	
  watching-­‐-­‐	
  more	
  results	
  on	
  the	
  way!
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PRODUCTION OF DARK MATTER AT CMS

• Search	
  for	
  evidence	
  of	
  pair-­‐producHon	
  of	
  Dark	
  Mader	
  parHcles	
  (χ)

• Dark	
  Mader	
  producHon	
  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 ! ⌫⌫)+ 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
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In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
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Figure 1: Dark matter production in association with a single jet in a hadron collider.
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, /ET ) < 0.5. Any further jets with |⌘(j
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)| < 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
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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
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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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PHENOMENOLOGY

• Pair-­‐producHon	
  of	
  χ	
  can	
  be	
  characterised	
  by	
  a	
  contact	
  interacHon	
  with	
  operators	
  	
  

• Cross	
  secHon	
  depends	
  on	
  the	
  mass	
  (mχ)	
  and	
  the	
  scale	
  Λ	
  (for	
  couplings	
  gχ, gq)
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MONOJET SELECTION AND BACKGROUNDS

• Data-­‐driven	
  Background	
  EsHmaHon	
  (Lepton	
  IdenHficaHon)
– Require	
  isolated	
  muon	
  >	
  20	
  GeV/c;	
  select	
  1	
  and	
  2	
  muon	
  events
– Obtain	
  Z+jet	
  sample	
  from	
  M(μμ),	
  W+jet	
  sample	
  from	
  pT(μ)+MET

• Basic	
  topological	
  selecHon	
  
– Reject	
  events	
  with	
  isolated	
  leptons
– MET	
  >	
  250	
  GeV,	
  	
  #	
  of	
  Jets	
  =	
  1	
  or	
  2
– Leading	
  Jet:	
  pT	
  >	
  110	
  GeV,	
  |η|<2.4
– Second	
  Jet:	
  pT	
  >	
  30	
  GeV
– Δϕ(jet1,jet2)	
  <	
  2.5
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