
Steven	  Worm

SEARCHES	  FOR	  PHYSICS	  BEYOND	  THE	  
STANDARD	  MODEL

UK	  HEP	  Forum

23	  November	  2012



BSM AND EXOTICA: WHAT IS “EXOTIC”?
• Comprehensive	  search	  of	  the	  landscape	  of	  √s	  =	  8	  TeV	  proton	  collisions

– Unlike	  Higgs,	  no	  “EXO-‐Hunters	  Guide”	  to	  show	  you	  the	  way
– no	  SUSY-‐like	  plot	  of	  parameter	  space	  to	  map	  out	  progress

• Wide	  variety	  of	  search	  strategies	  used
– look	  for	  interesCng	  features	  in	  the	  data	  –	  new	  resonant	  states	  e.g.	  Z’,	  W’
– look	  at	  all	  possible	  channels	  for	  disagreements	  with	  expectaCon	  –	  leptons,	  photons,	  jets
– follow-‐up	  interesCng	  new	  BSM	  models

2[Murayama]                            [Bachacou]                            
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Z’ IN 2011 DATA?

• Many	  new	  models	  have	  Z-‐like	  narrow	  
resonances	  decaying	  to	  dileptons

• InteresWng	  features	  in	  dilepton	  spectra
– around	  2σ	  each	  for	  CMS	  &	  ATLAS	  in	  e+μ
– similar	  in	  scale	  to	  2011	  Higgs	  excess
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Worth	  watching	  in	  2012’s	  8	  TeV	  data...

[hep-ex 1206.1849]

[ATLAS hep-ex 1209.2535]
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STATUS TODAY: Z’ IN 8 TEV DATA
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• Event	  selecWon	  
– CMS:	  ET	  (e1,e2)	  >	  35	  GeV,	  pT	  (μ1,μ2)	  >	  45	  GeV,	  plus	  isolaCon	  criteria
– ATLAS:	  ET	  (e1,e2)	  >	  35,	  25	  GeV,	  pT	  (μ1,μ2)	  >	  25	  GeV,	  plus	  isolaCon	  criteria

• Backgrounds	  
– Z/γ*,	  c,	  tW,	  VV,	  Z	  →	  ττ,	  mulCjets	  with	  ≥1	  jet	  reconstructed	  as	  lepton
– esCmated	  by	  funcConal	  fit	  to	  data

[ATLAS-CONF-2012-129, CMS EXO-12-015]

No	  obvious	  excess	  observed	  in	  2012	  data



Z’ IN 8 TEV DATA

• Short	  Wme	  between	  data-‐taking	  and	  result

• CMS	  limits	  on	  the	  combined	  7	  +	  8	  TeV	  data	  
– M(Z’SSM)	  >	  2590	  GeV	  at	  95%	  C.L.
– M(Z’ψ)	  >	  2260	  GeV	  at	  95%	  C.L.	  

5
Excess	  just	  below	  1	  TeV	  all	  but	  gone...
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[ATLAS-CONF-2012-129, CMS EXO-12-015]

M(Z’SSM) expected observed
CMS 	  >	  2.6	  TeV 	  >	  2.6	  TeV
ATLAS 	  >	  2.5	  TeV 	  >	  2.5	  TeV
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• Z’	  might	  couple	  preferenWally	  
to	  third-‐generaWon	  fermions
– 5	  l-‐1	  at	  √s	  =	  7	  TeV	  
– Study:	  τeτμ,	  τeτh,	  τμτh,	  τhτh
– plot	  effecCve	  (visible)	  mass

• Backgrounds:	  
– DY	  Z	  →	  ττ,	  W+jets,	  c,	  VV,	  QCD
– esCmated	  from	  data	  where	  
possible	  	  
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M(Z’SSM) expected observed
CMS 	  >	  1.1	  TeV 	  >	  1.4	  TeV
ATLAS 	  >	  1.4	  TeV 	  >	  1.4	  TeV

[CMS EXO-11-031, hep-ex 1206.1725] [ATLAS hep-ex 1210.6604] 
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W’	  ➞	  lν  IN 8 TEV DATA

• Search	  for	  a	  new	  heavy	  gauge	  boson	  W'	  decaying	  
to	  a	  charged	  lepton	  (µ	  or	  e)	  and	  ν

• Many	  models	  possible
– right-‐handed	  W'	  bosons	  with	  standard-‐model	  couplings
– let-‐handed	  W'	  bosons	  including	  interference	  
– Kaluza-‐Klein	  W'KK-‐states	  in	  split-‐UED
– Excited	  chiral	  boson	  (W*)

• Event	  SelecWon	  and	  Backgrounds
– back-‐to-‐back	  isolated	  lepton	  and	  ETmiss

– Plot	  transverse	  mass	  of	  lν	  system
– backgrounds	  from	  W,	  QCD,	  c+single	  t,	  DY,	  VV	  from	  data
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No	  significant	  excess	  observed

muon

electron

[CMS PAS EXO-12-010]
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W’	  ➞	  lν  IN 7 AND 8 TEV
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M(W’SSM)	  95%	  CL Luminosity Expected Observed
ATLAS	  e+µ,	  2011 4.7 	  >	  2.55	  TeV 	  >	  2.55	  TeV
CMS	  e+µ,	  2012 3.7 	  >	  2.80	  TeV 	  >	  2.85	  TeV
CMS	  e+µ,	  2011+2012 5.0	  +	  3.7 	  >	  2.85	  TeV 	  >	  2.85	  TeV

[CMS PAS EXO-12-010][ATLAS hep-ex 1209.4446]

7	  TeV	  2011

8	  TeV	  2012
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DIJETS IN 8 TEV DATA

• Search	  for	  dijet	  resonance	  in	  smoothly	  falling	  mass	  spectrum
– leading	  jet	  mass	  mjj	  >	  0.9-‐1	  TeV	  from	  trigger	  and	  other	  constraints
– Background	  esCmated	  from	  smooth	  funcConal	  fit
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[CMS PAS EXO-12-016][ATLAS-CONF-2012-148]

CMS	  Preliminary	  (4	  e-‐1)



DIJETS IN 8 TEV DATA

10

M(q*)	  95%	  CL Luminosity Expected Observed
ATLAS	  2011 4.8 	  >	  3.09	  TeV 	  >	  3.55	  TeV
CMS	  2011 5.0 	  >	  3.27	  TeV 	  >	  3.05	  TeV
CMS	  2012 4.0 	  >	  3.43	  TeV 	  >	  3.19	  TeV
ATLAS	  2012 13.0 	  >	  3.70	  TeV 	  >	  3.84	  TeV

[CMS PAS EXO-12-016]
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CMS
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LOW-MASS DIJETS

• Lower	  dijet	  mass	  from	  trigger	  sample

• HT	  >	  350	  GeV	  or	  m(dijet)	  >	  400	  GeV	  and	  |Δηj|	  <	  2
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Low	  masses	  of	  great	  interest,	  are	  being	  probed



• Dijet	  with	  1,	  2	  W/Z-‐tags
– jet	  substructure	  used	  for	  tagging
– single	  tags:	  qW/qZ	  resonances
– double	  tags:	  WW/WZ/ZZ	  resonances	  

DIJET WITH b-TAG        DIJET WITH W/Z TAGS

• Dijet	  with	  0,	  1,	  2	  b-‐tags
– model-‐independent	  limits	  vs.	  BR
– Simultaneous	  search	  in	  0,	  1	  and	  2	  b-‐tags
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[CMS hep-ex 1210.2387] [CMS PAS EXO-11-095]
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RESONANT ZZ PRODUCTION

• Search	  for	  resonant	  ZZ	  producWon	  ZZ	  ➞	  llqq	  (l=e,μ)

• No	  significant	  deviaWon	  of	  diboson	  mass	  on	  a	  
smoothly	  falling	  background

• For	  k/Mpl	  =	  1.0,	  95%	  observed	  (expected)	  lower	  
limit	  on	  the	  graviton	  mass	  of	  850	  (870)	  GeV
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BLACK HOLES IN 8 TEV DATA

• HypotheWcal	  BH	  would	  evaporate	  into	  many	  high-‐pT	  objects	  
– EsCmate	  by	  ST,	  the	  pT	  sum	  of	  physics	  objects	  with	  pT	  >	  50	  GeV

• Main	  background	  of	  QCD	  esWmated	  by	  fit	  to	  n=2	  distribuWon
– Normalised	  for	  each	  mulCplicity	  bin	  separately	  at	  ST	  =	  1.8–2.2	  TeV
– Model-‐independent	  limits	  vs	  ST	  and	  mulCplicity	  
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Large	  improvement	  in	  sensiFvity	  (~10-‐20%)	  with	  respect	  to	  2011	  analysis

[CMS PAS EXO-12-009]



8-JET EVENT, ST = 3 TEV

15



HEAVY NEUTRINO IN 8 TEV

• We	  search	  for	  the	  decay	  of	  WR	  ➞	  μμjj	  and	  eejj,	  
as	  in	  a	  Lev-‐Right	  Symmetric	  Model

• SelecWon
– Lepton	  pT	  >60/40	  GeV,	  moCvated	  by	  W	  decay
– Jet	  pT	  >	  40	  GeV
– M(ll)	  >	  200	  GeV	  to	  reduce	  DY+jets.

• Background	  
– Top:	  data-‐driven	  from	  eμjj
– DY+jets:	  normalised	  to	  data,	  MC	  shape	  in	  Z	  peak
– QCD:	  data-‐driven	  fake	  rate	  
– VV,	  Single	  top:	  from	  MC

16

[CMS PAS EXO-12-017]



HEAVY NEUTRINO IN 8 TEV DATA

• Search assumes small WR-WL and Nl-Nl’ mixing angles, only one lepton 
channel kinematically accessible 

• Primary	  SystemaWc	  UncertainWes
– Signal	  Eff.:	  6-‐10%	  from	  lepton	  
– Background:	  ~50%	  from	  DY+jets	  shape,	  ~16%	  from	  top	  shape
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For	  M(N)=M(WR)/2;	  	  M(WR)	  >	  2.8	  TeV	  

[CMS PAS EXO-12-017]



EXCITED LEPTONS

• Search	  for	  excited	  e	  and	  µ	  in	  the	  electromagneWc	  radiaWve	  decay	  channel	  l*	  →	  lγ
– ProducCon	  via	  qq	  →	  l±∗l∓	  or	  in	  pairs	  via	  qq	  →	  l±∗l∓∗,	  yielding	  final	  state	  llγ.

– ET	  (e1,e2)	  >	  40,	  30	  GeV,	  pT	  (μ1,μ2)	  >	  25	  GeV,	  plus	  isolaCon,	  
– mll	  >	  110	  GeV	  to	  suppress	  Drell-‐Yan

• No	  evidence	  for	  signal,	  limits	  on	  the	  compositeness	  scale	  Λ	  vs.	  ml*.	  
– For	  Λ	  =	  ml*	  ,	  both	  excited	  e	  and	  µ	  masses	  below	  2.2	  TeV	  are	  excluded	  at	  95%	  CL.
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MAGNETIC MONOPOLES

• MagneWc	  charge	  g	  yields	  strong	  coupling	  αm	  and	  very	  high	  ionisaWon

• Look	  for	  high	  ionisaWon	  in	  TransiWon	  RadiaWon	  Tracker	  and	  high	  hit	  fracWon	  (fHT)	  
and	  also	  deposiWon	  in	  the	  Liquid	  Argon	  ElectromagneWc	  Calorimeter

• Pair-‐produced	  (Drell-‐Yan)	  producWon	  

19

Cross	  SecFon	  limits	  set	  for	  m(M)	  =	  0.2–1.2	  TeV

[ATLAS-CONF-2012-062]
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FRACTIONALLY CHARGED PARTICLES

• Search	  for	  long-‐lived	  parWcles	  with	  fracWonal	  charge

• Backgrounds	  
– Cosmics:	  esCmate	  from	  dxy	  sidebands
– Collisions:	  using	  Z→μμ	  data,	  fit	  Nhits	  with	  low	  dE/dx

• Assume	  lepton-‐like	  spin=1/2	  parWcle	  masses
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[CMS PAS EXO-11-074]

Exclude:

,	  

Q=	  	  e⁄3:	  m	  >	  210	  
GeV,	  Q=2e⁄3:	  m	  >	  330	  
GeV



HEAVY RESONANCE TO LONG-LIVED

• Search	  in	  leptonic	  channels	  for	  heavy	  resonances	  (H0)	  decaying	  to	  long-‐lived	  
neutral	  parWcles	  (H0	  →	  XX,	  X	  →	  l±l∓)
– Good	  track	  reconstrucCon	  efficiency	  out	  to	  d0	  ≈	  30	  cm.
– Four	  candidates	  in	  ee	  (2	  in	  the	  Z	  mass	  region),	  no	  candidates	  in	  µµ�

• No	  evidence	  for	  new	  physics,	  limits	  vs.	  cτ	  set	  for	  mH	  from	  200	  to	  1000	  GeV/c2	  
and	  mX	  from	  20	  to	  350	  GeV/c2

• SensiWvity	  also	  to	  H0	  at	  125	  GeV/c2,	  in	  the	  range	  of	  10-‐100	  e.	  
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GMSB WITH DISPLACED PHOTON

• GMSB	  (SUSY)	  decays	  typically	  include	  many	  jets	  and	  	  	  	  

• SelecWon:	  photon	  with	  ET	  >	  100,	  three	  jets	  with	  pT	  >	  35
– relaxed	  ECAL	  Cming	  and	  shower-‐shape	  cuts
– ETmiss	  and	  ECAL	  Cming	  main	  discriminants
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Much-‐improved	  sensiFvity	  to	  long-‐lived	  neutralino

[CMS PAS EXO-11-035]
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MONOJET AND MONOPHOTON

• Look	  for	  missing	  energy	  and	  radiated	  jet	  (photon)

• Monojet	  SelecWon:
– Leading	  jet	  pT	  >	  120	  GeV,	  |η|	  <	  2
– allow	  a	  second	  jet	  if	  not	  back-‐to-‐back
– veto	  isolated	  leptons

• Backgrounds	  and	  UncertainWes
– Z	  +	  (jets/γ)	  -‐-‐>	  νν+(jets/γ)
– W	  +	  (jets/γ)	  -‐-‐>	  lν+(jets/γ)
– smaller	  backgrounds	  from	  top,	  QCD,	  non-‐collision

• Missing	  Energy	  (ETmiss)	  to	  disWnguish	  signal
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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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monojet

monophoton

[ATLAS-CONF-2012-147, ATLAS-CONF-2012-085]
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ADD FROM MONOJET AND MONOPHOTON

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

25

MD	  (ADD)	  at	  LO Lumi
.

δ=3 δ=3 δ=6 δ=6
95%	  CL	  limits [l-‐1] Exp.	  

[TeV]
Obs.	  
[TeV]

Exp.	  
[TeV]

Obs.	  
[TeV]CMS	  Monophoton 5.0 1.5 1.6 1.6 1.6

ATLAS	  Monophoton 4.6 1.7 1.7 1.8 1.9
CMS	  Monojet 5.0 3.1 3.2 2.3 2.4
ATLAS	  Monojet	  8TeV 10.5 3.4 3.2 2.7 2.6
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[ATLAS-CONF-2012-084]

[CMS EXO-11-059]
Spin-‐dependent Spin-‐independent
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CONCLUSIONS

• Tremendous	  progress	  in	  Beyond	  the	  Standard	  Model	  searches
– short	  Cme	  from	  data	  to	  results:	  already	  have	  many	  8	  TeV	  results
– more	  complete	  coverage	  of	  channels
– generic	  searches,	  less	  model	  dependence
– dedicated	  searches	  for	  more	  challenging	  signatures
– also	  probing	  lower	  in	  mass,	  not	  just	  pushing	  for	  highest	  exclusion
– search	  techniques	  ge�ng	  more	  sophisCcated;	  shape-‐based	  or	  mulC-‐dimensional
– probing	  direct	  connecCons	  to	  other	  fields	  (Higgs,	  SUSY,	  Top,	  Dark	  Macer,	  etc)

• For	  complete	  results:
– hcps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
– hcps://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoCcsPublicResults
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Z’SSM ll
Z’ SSM tau tau

Z’, ttbar, hadronic, width=1.2%
Z’, dijet

Z’, ttbar, lep+jet, width=1.2%
Z’SSM ll (fbb=0.2)

G, dijet
G, ttbar, hadronic

G jet+MET k/M = 0.2
G γγ k/M = 0.1

G, Z(ll)Z(qq), k/M=0.1
W’ lν

W’ dijet
W’ → td

W’→ WZ(leptonic)
WR’ → tb

WR, MNR=MWR/2
WKK μ = 10 TeV

ρTC, πTC > 700 GeV
String Resonances (qg)

s8 Resonance (gg)
s8 Resonance (gg/bb), fbb=1

E6 diquarks (qq)
Axigluon/Coloron (qqbar)
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LQ1, β=1.0
LQ2, β=0.5
LQ2, β=1.0
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q* , dijet pair
q* , boosted Z
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Lived
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Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

 massL
±±H375 GeV , 7 TeV [1210.5070]-1=4.7 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b' mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b' (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3538 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL

W' mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL
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 mass
KK
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 = 0.1)PlM/kGraviton mass (2.23 TeV , 7 TeV [1210.8389]-1=4.7-5.0 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

-1Compact. scale R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL
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Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)


