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Mo+va+on	  
•  Standard	  Model	  provides	  excellent	  

descrip+on	  of	  HEP	  data	  
•  Open	  Ques+on	  remain	  

–  Dark	  MaQer	  
–  MaQer-‐An+maQer	  Asymmetry	  
–  Gauge	  coupling	  unifica+on	  
–  Hierachy	  Problem	  
–  ...	  

•  Possible	  Solu+ons	  
–  Supersymmetry	  
–  Extra	  Dimensions	  
–  Addi+onal	  gauge	  bosons	  
–  ...	  
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Content	  
•  Supersymmetry	  
–  0	  lepton	  +	  2-‐6	  jets	  +	  ETmiss	  	  	  (squarks	  and	  gluinos)	  
–  0	  leptons	  +	  4-‐6	  jets	  +	  ETmiss	  (stops)	  
–  2	  same	  sign	  leptons/3	  leptons,	  jets	  and	  ETmiss	  (gluinos)	  
–  2	  leptons	  and	  ETmiss	  (charginos,	  sleptons)	  

•  Exo+ca	  
–  leptons	  and	  jets	  (black	  holes)	  	  
–  dilepton	  resonances	  (Z‘)	  
– W	  and	  ETmiss	  (Dark	  maQer)	  

•  Summary	  
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Supersymmetry:	  Phenomenology	  

4	  

Par$cle	  

Spin	  1/2	   quarks:	  uL,	  uR,	  dL,	  dR,..	  
charged	  leptons:	  eL,	  eR	  ,	  ...	  
Neutrinos:	  νe	  ,	  ...	  
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Extended	  Higgs	  sector	  (two	  komplex	  doublets):	  	  
Degrees	  of	  freedom:	  8	  –	  3	  (Goldstone	  Bosons)	  	  
=	  5	  Higgs	  Bosons	  (h0,	  A0	  ,H0	  ,H+,H-‐)	  
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Supersymmetry:	  Phenomenology	  
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4	  neutralinos:	  	  χ10, χ20,χ30,χ40	  

2(x2)	  charginos:	  χ1+,χ1
-‐,χ2+,χ2-‐	  

•  Very	  rich	  phenomenology	  
–  Large	  number	  of	  free	  parameters	  (masses,	  mixing	  angles,	  phases)	  
–  Mixing	  in	  EW	  sector	  

•  Neutral	  gaugino	  and	  higgsino	  	  -‐>	  4	  neutralinos	  
•  Winos	  and	  higgsinos	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐>	  4	  charginos	  

•  Huge	  parameter	  space	  to	  be	  tested	  
–  Inclusive	  searches	  (generic	  model	  assump+on)	  
–  Exclusive	  searches	  (specific	  model	  assump+on)	  



Supersymmetry:	  Produc+on	  
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Strong	  produc+on	  
(squarks	  1st	  &	  2nd	  gen.,	  
gluinos)	  

EW	  produc+on	  
(charginos,	  neutralinos,	  
sleptons)	  

Strong	  produc+on	  
(3rd	  gen.	  squarks)	  



Supersymmetry:	  Decay	  Scenarios	  
(Examples)	  
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EW	  produc+on	  

Strong	  produc+on	  

RPV*	  simplified	  models	   RPC*	  simplified	  models	   GGM	  models	  

R-‐parity:	  +1	  SM	  par+cles,	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐1	  SUSY	  par+cles	  

Simplified	  models:	  consider	  certain	  decay	  chains,	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  put	  other	  par+cles	  to	  high	  masses	  



Search	  Strategy	  
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Signal	  Regions(SR)	  
Is	  there	  any	  excess?	  

Valida$on	  Regions(VR)	  
Check	  Background	  

Control	  Regions(CR)	  
Es+mate	  Background	  

Background	  Es$ma$on	  (main	  backgrounds)	  
•  Semi	  data	  driven	  
-  Use	  CRs	  close	  to	  SRs	  
-  Transfer	  factors	  

•  Fully	  data	  driven	  
-  Jet	  smearing	  method	  
-  Matrix	  method	  
-  templates	  

Typical	  Backgrounds	  
•  Q,t,	  W/Z+jets,	  mul+-‐jets,	  diboson	  
	  

_	  

Interpreta$on	  
Set	  model	  (in)dependent	  

limits	  



0	  Lepton,	  2-‐6	  jets	  +	  ETmiss	  
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Mo$va$on:	  
•  Squark	  and	  gluino	  produc+on	  
•  Various	  RPC	  models	  
Main	  selec$ons	  
•  Jet	  PT	  >	  (160,130,60,..)	  GeV	  
•  ETmiss/√HT	  	  >	  (8,10,15,...)√GeV	  
•  Meff	  >	  	  (800	  -‐	  1200)	  GeV	  
•  15	  SRs	  (jet	  mul+plicity)	  

•  Incl.	  SR	  targe+ng	  for	  hadronic	  W‘s.	  
Backgrounds	  (4x15	  CRs)	  
•  Z	  (-‐>νν)	  +	  jets	  
-  Use	  γ	  +	  jets	  events	  
-  Data	  driven	  normalisa+on	  

•  QCD	  mul+jets	  
-  Data	  driven	  technique	  using	  

normalisa+on	  in	  CR	  	  	  
•  W(-‐>lν)	  +	  jets	  and	  Q	  
-  Data	  driven	  technique	  using	  

normalisa+on	  in	  CR	  

meff	  =	  ETmiss	  +	  Σ	  pTi	  	  



0	  Lepton,	  2-‐6	  jets	  +	  ETmiss	  

10	  Data	  well	  described	  by	  background	  es$mated	  in	  all	  signal	  regions	  	  	  	  	  	  	  	  	  	  



0	  Lepton,	  2-‐6	  jets	  +	  ETmiss	  
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Interpreta$on	  (Examples)	  
•  Gluino	  pair	  produc+on:	  g-‐>qqχ0	


•  Squark	  pair	  produc+on:	  q-‐>qχ0	


•  Gluino	  pair	  produc+on	  
	  	  	  	  	  	  decay	  via	  chargino	  into	  qqWχ0	  

_	  

_	  

~	  
~	  



0	  Leptons,	  4-‐6	  Jets,	  ETmiss	  	  
(top	  squark	  produc+on)	  
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Mo$va$on:	  
•  Direct	  top	  squark	  pair	  produc+on	  
	  
	  
	  
	  
	  
	  
	  
Main	  selec$ons	  (9	  SRs)	  
•  jet	  pT	  >	  (80	  -‐	  35)	  GeV	  
•  ETmiss	  >	  (400	  –	  150)	  GeV	  
•  >=	  2	  bjets	  
Backgrounds	  	  	  	  
•  Q	  
•  W/Z	  +	  jets	  
•  Mul+jets	  
•  Data	  driven	  in	  3	  CRs	  



2	  SS	  leptons/3leptons,	  jets	  and	  ETmiss	  
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Mo$va$on:	  
•  gluino	  mediated	  (top)	  squark	  produc+on	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
•  Small	  mass	  differences	  between	  spar+cles	  
Main	  selec$ons	  (5	  SRs)	  
•  Lepton	  pT	  >	  (20,15,15)	  GeV	  
•  ETmiss	  >	  150	  GeV	  
•  meff	  >	  350	  GeV	  
Backgrounds	  (very	  low)	  
•  Data	  driven	  techniques	  for	  charge	  flip	  and	  

fake	  lepton	  



2	  SS	  leptons/3leptons,	  jets	  and	  ETmiss	  
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Interpreta$on	  
(Examples)	  
•  Gluino	  mediated	  top	  

squark	  produc+on	  
•  2	  different	  decay	  

modes	  

Results	  (Examples)	  
•  data	  well	  described	  

by	  backgrounds	  



2	  l	  +	  ETmiss	  
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Mo$va$on:	  
•  Targe+ng	  EW	  produc+on	  of	  charginos,	  

neutralinos	  and	  sleptons	  
	  
	  
	  
	  
	  
	  
Main	  selec$ons	  (7SRs)	  
•  Lepton	  pT	  >	  (35	  -‐	  20)	  GeV	  
•  mT	  >	  (90	  –	  150)	  GeV	  
•  |mll	  -‐-‐	  mZ	  |	  >	  10	  GeV	  (Z-‐veto)	  
Backgrounds	  	  
•  WW	  and	  top	  pair	  produc+on	  	  
•  CR	  defined	  by	  cut	  reversal	  
•  MC	  predic+ons	  normalised	  to	  CRs	  



2	  l	  +	  ETmiss	  
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Interpreta$on	  
(Examples)	  
•  Limit	  on	  right	  

handed	  selectron	  
ans	  smuon	  masses	  

•  First	  limit	  on	  direct	  
chargino	  produc+on	  



SUSY	  Summary	  
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Exo+ca	  
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Lepton(s)	  +	  jets	  final	  states	  	  
(microscopic	  black	  holes	  and	  string	  balls)	  
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Mo$va$on:	  
•  Large	  difference	  between	  

electroweak	  and	  gravita+onal	  scale	  
•  Mo+vate	  models	  with	  extra	  

dimensions	  (ADD,RS)	  
•  Gravity	  gets	  large	  at	  small	  distances	  
•  Predict	  micro.	  Black	  hole	  and	  string	  

ball	  produc+on	  
Main	  selec$ons	  	  
•  lepton	  pT	  >	  100	  GeV	  
•  Jet	  pT	  >	  100	  GeV	  
•  At	  least	  three	  objects	  
Backgrounds	  	  
•  W	  +	  jets	  
•  Mul+	  jets	  
•  MC	  rescaled	  in	  CR	  
Observable	  
•  Σ	  PT	  



Lepton(s)	  +	  jets	  final	  states	  	  
(microscopic	  black	  holes	  and	  string	  balls)	  
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Interpreta$on	  (Examples)	  
•  ADD	  model	  
•  Limit	  in	  the	  MD	  -‐	  Mth	  plane	  

Figure 11 shows limits for a rotating black hole model with lepton conservation imposed,

for four extra dimensions. The effect on the excluded region for this model choice is small,

showing that the analysis is not sensitive to this model assumption.

Tables 7 and 8 summarise the exclusion limits for all models considered in the n = 6

case. For MD = 1.5 TeV, threshold masses below 5.5–6.2 TeV are excluded at 95% CL,

depending on model assumptions. For MD = 4 TeV, threshold masses below 4.8–5.7 TeV

are excluded.

Angular Mom. Description
Excluded Mth value [TeV] for:

MD = 1.5 TeV MD = 4 TeV

Non-rotating Black holes: High multiplicity remnant 6.2 5.7

Rotating Black holes: High multiplicity remnant 6.0 5.4

Rotating Black holes: Low multiplicity remnant 6.0 5.2

Rotating Production loss model (gravitons) 5.5 4.8

MS = 1.2 TeV MS = 2.5 TeV

Non-rotating
String balls

5.7 5.1

Rotating 5.5 4.7

Table 7. Limits for n = 6 for the Charybdis models detailed in section 4.

Angular Mom. Description
Excluded Mth value [TeV] for:

MD = 1.5 TeV MD = 4 TeV

Non-rotating Black holes: High multiplicity remnant 6.2 5.6

Rotating Black holes: High multiplicity remnant 6.1 5.6

Non-rotating Black holes with graviton 6.2 5.6

Rotating 10% Production loss model (photons) 6.1 5.5

Table 8. Limits for n = 6 for the Blackmax models detailed in section 4.

– 25 –



High	  Mass	  Di-‐Lepton	  
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Mo$va$on:	  
•  Various	  BSM	  models	  come	  with	  

addi+onal	  gauge	  bosons	  Z‘	  
•  E6	  mo+vated	  Z‘,	  minimal	  Z‘,	  Z*,	  

Kaluza-‐Klein	  excita+ons	  G*	  in	  Randall-‐
Sundrum	  models	  

Main	  selec$ons	  	  
•  electron	  pT	  >	  (40,	  30)	  GeV	  
•  muon	  pT	  >	  25	  GeV	  
Backgrounds	  	  
•  Z/γ*	  irreducible	  (MC)	  
•  top	  (MC)	  
•  Jets	  faking	  electrons	  using	  data	  

driven	  template	  methods	  
Observable	  
•  mll	  distribu+on	  



High	  Mass	  Di-‐Lepton	  

22	  
Model	  dependent	  lower	  limits:	  MZ‘	  >	  2.5	  –	  3	  TeV	  



Hadronic	  W/Z	  +	  ETmiss	  final	  states	  	  
(dark	  maQer	  search)	  
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Mo$va$on:	  
•  Search	  for	  WIMP	  χ pair	  produc+on	  
•  Described	  in	  framework	  of	  effec+ve	  

field	  theories	  
•  W,	  Z	  balances	  χχ	  in	  transverse	  plane	  
•  Posi+ve	  interference	  in	  W	  produc+on	  

might	  lead	  to	  larger	  cross	  sec+on	  
than	  monojet	  signatures	  

Main	  selec$ons	  (2SRs)	  
•  Large	  area	  jets	  R=1.2	  (cont.	  W/Z-‐>qq)	  
•  ETmiss	  >	  (250,	  350)	  GeV	  
Backgrounds	  	  
•  Z/W	  +	  jets	  BR	  extrapolated	  from	  CR	  
•  Di-‐boson,	  top	  es+mated	  using	  MC	  
Observable	  
•  Mjet	  	  (jet	  mass	  from	  cons+tuents)	  

_	  



Hadronic	  W/Z	  +	  ETmiss	  final	  states	  	  
(dark	  maQer	  search)	  
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Results	  	  
•  data	  well	  described	  by	  backgrounds	  
Interpreta$on	  
•  Spin	  (in)-‐dependent	  analysis	  
•  Complementary	  and	  compete+ve	  with	  

dedicated	  experiments	  



Exo+cs	  Summary	  
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Summary	  
•  SUSY	  

–  Large	  amount	  of	  inclusive	  and	  exclusive	  searches	  
–  Variety	  of	  experimental	  techniques	  
–  Various	  produc+on	  modes	  and	  models	  
–  Mass	  limits	  set	  up	  to	  O(1	  TeV)	  (strong	  produc+on)	  and	  up	  to	  
O(0.1	  TeV)	  (electroweak	  produc+on)	  	  

•  Exo+cs	  
–  Various	  very	  specific	  searches	  
–  Mass	  limits	  from	  O(0.1	  TeV)	  –	  O(10	  TeV)	  (model	  dependent)	  

•  Next	  Step	  
–  2015:	  13	  TeV	  data	  

•  Increase	  in	  energy	  
•  Increase	  in	  luminosity	  
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Results	  discussed	  in	  this	  presenta+on	  
•  SUSY	  

–  Squarks,	  Stops	  	  and	  Gluinos	  
•  hQp://arxiv.org/pdf/1405.7875v1.pdf	  (submiQed	  to	  JHEP)	  
•  hQp://arxiv.org/pdf/1406.1122v1.pdf	  (submiQed	  to	  JHEP)	  
•  hQp://arxiv.org/pdf/1404.2500v1.pdf	  (accepted	  by	  JHEP)	  

–  Charginos,	  Neutralinos	  and	  Sleptons	  
•  hQp://arxiv.org/pdf/1403.5294v1.pdf	  (JHEP	  05	  (2014)	  071)	  

–  More	  results:	  
•  	  hQps://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults	  	  

•  Exo+ca	  
–  Microscopic	  black	  holes	  and	  string	  balls	  

•  hQp://arxiv.org/pdf/1405.4254v1.pdf	  (submiQed	  to	  JHEP)	  	  
–  New	  gauge	  bosons	  

•  hQp://arxiv.org/pdf/1405.4123v1.pdf	  (submiQed	  to	  PRD)	  
–  Dark	  maQer	  

•  hQp://arxiv.org/pdf/1406.4456v1.pdf	  (submiQed	  to	  PLB)	  
–  More	  results	  

•  hQps://twiki.cern.ch/twiki/bin/view/AtlasPublic/Exo+csPublicResults	  	  

27	  



Backup	  
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Kinema+cs	  

•  PT	  =	  |p|	  sin	  θ	

•  η	  =	  -‐	  ln	  tan	  θ/2	  
•  ETmiss	  =	  |-‐Σ	  pTi|	  
•  HT	  =Σ	  pTi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (jets)	  
•  meff	  =	  ETmiss	  +	  Σ	  pTi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (jets	  and	  leptons)	  
•  mT	  =	  sqrt(pT1pT2(1	  -‐	  cosΔφ))	  	  	  	  	  	  	  	  (lepton	  and	  ETmiss)	  

29	  

P	  P	   θ	


P	  
PT	  



4	  or	  more	  leptons	  
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Mo$va$on:	  
•  Various	  RPC	  and	  RPV	  models	  
•  Low	  SM	  background	  
	  
	  
	  
	  
	  
	  
Main	  selec$ons	  (9	  SRs)	  
•  Lepton	  pT	  >	  (10	  -‐	  25)	  GeV	  
•  ETmiss	  >	  (50	  –	  100)	  GeV	  
•  meff	  >	  (0	  –	  600)	  GeV	  
•  Upt	  to	  two	  hadronic	  taus	  
•  SRs	  With	  and	  without	  Z	  requirement	  
Backgrounds	  	  
•  MC	  based	  es+ma+on	  
•  Diboson	  produc+on	  dominant	  
•  CR	  defined	  by	  cut	  reversal	  



4	  or	  more	  leptons	  
Results	  (Examples)	  
•  data	  well	  described	  

by	  backgrounds	  
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Interpreta$on	  
(Examples)	  
•  RPV	  simplified	  

model	  
•  Promptly	  decaying	  

LSP	  

Chargino	  NLSP	   Gluino	  NLSP	  



High	  Mass	  Di-‐Lepton	  

32	  
Limits	  profit	  from	  luminosity	  and	  collission	  energy	  



High	  Mass	  Di-‐Lepton	  
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Table 6: Expected and observed 95% C.L. lower exclusion limits on Λ for the LL, LR, and RR contact
interaction search using a uniform positive prior in 1/Λ2 or 1/Λ4. The dielectron, dimuon, and combined
dilepton channel limits are shown for both constructive and destructive interference cases.

Expected and observed lower limits on Λ [TeV]

Channel Prior Left-Left Left-Right Right-Right
Const. Destr. Const. Destr. Const. Destr.

Exp: ee 1/Λ2 19.1 14.0 22.0 17.4 19.0 14.2
Obs: ee 20.7 16.4 25.2 19.2 20.2 16.6
Exp: ee 1/Λ4 17.4 13.0 20.1 16.3 17.2 13.1
Obs: ee 18.6 14.7 22.2 17.7 18.3 14.9

Exp: µµ 1/Λ2 18.0 12.7 21.6 16.3 17.7 13.0
Obs: µµ 16.7 12.5 20.5 14.9 16.5 12.7
Exp: µµ 1/Λ4 16.2 12.0 19.8 15.3 16.2 12.1
Obs: µµ 15.6 11.8 19.0 14.3 15.4 11.9

Exp: ℓℓ 1/Λ2 21.4 14.7 24.8 18.5 21.0 15.0
Obs: ℓℓ 21.6 17.2 26.3 19.0 21.1 17.5
Exp: ℓℓ 1/Λ4 19.1 13.8 23.1 17.6 19.1 14.2
Obs: ℓℓ 19.6 15.4 23.8 17.8 19.3 15.6

Table 7: Expected and observed 95% C.L. lower exclusion limits on MS, using a uniform positive prior
in 1/M4

S or 1/M
8
S. The dielectron, dimuon, and combined dilepton channel limits are shown for ADD

signal in the GRW, Hewett and HLZ formalisms.

Expected and observed lower limits on MS [TeV]

Channel Prior GRW Hewett HLZ
n = 2 n = 3 n = 4 n = 5 n = 6 n = 7

Exp: ee 1/M4
S

4.8 4.3 4.9 5.7 4.8 4.3 4.0 3.8
Obs: ee 4.8 4.3 4.9 5.7 4.8 4.3 4.0 3.8
Exp: ee 1/M8

S
4.5 4.3 4.4 4.9 4.5 4.3 4.1 4.0

Obs: ee 4.5 4.3 4.4 4.9 4.5 4.3 4.1 4.0

Exp: µµ 1/M4
S

4.4 4.0 4.5 5.3 4.4 4.0 3.7 3.5
Obs: µµ 4.4 4.0 4.5 5.3 4.4 4.0 3.7 3.5
Exp: µµ 1/M8

S
4.2 3.9 4.1 4.5 4.2 3.9 3.8 3.7

Obs: µµ 4.2 3.9 4.1 4.6 4.2 4.0 3.8 3.7

Exp: ℓℓ 1/M4
S

4.8 4.3 5.1 5.7 4.8 4.4 4.1 3.8
Obs: ℓℓ 5.1 4.6 5.5 6.1 5.1 4.6 4.3 4.1
Exp: ℓℓ 1/M8

S
4.6 4.4 4.7 5.0 4.5 4.4 4.2 4.1

Obs: ℓℓ 4.8 4.5 4.9 5.2 4.8 4.6 4.4 4.3

14

Extend	  the	  analysis	  to	  non	  resonant	  phenomena	  	  
Use	  decay	  angular	  distribu+on	  as	  further	  discriminent	  
Interpret	  data	  in	  terms	  of	  contact	  interac+ons	  


