
Searches	  for	  Exotic	  Heavy	  Quarks	  

Snežana	  Nektarijević	  
	  

15/5/15	  
TH	  Conference	  Room,	  CERN,	  Geneva	  

Visit	  from	  Priboj,	  CERN,	  Geneva	  



Standard	  Model	  of	  Particle	  Physics	  

Visit	  from	  Priboj,	  CERN,	  Geneva	  15/5/15	   2	  



Composition	  of	  the	  Universe	  

Visit	  from	  Priboj,	  CERN,	  Geneva	  15/5/15	   3	  



Composition	  of	  the	  Universe	  

Visit	  from	  Priboj,	  CERN,	  Geneva	  15/5/15	   4	  



New	  Physics	  Models	  
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•  New	  physics	  models:	  
•  Target	  one	  or	  more	  short-‐

comes	  of	  the	  SM	  
•  Develop	  a	  soluLon	  

•  Make	  predicLons,	  
phenomenology…	  

•  New	  physics	  candidates	  
•  SUSY	  
•  Composite	  Higgs	  
•  Extra	  Dimensions	  	  

	  	  	  	  	  ExoLc	  Heavy	  Quarks	  

⇒



Process	  Sought	  
Production	  and	  t’/T-‐Decay	  Mode	  
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✧  Pair	  production	  of	  
the	  heavy	  quark	  T	  

✧  Mass	  >	  400	  GeV	  
✧  Decay	  modes:	  

ª  T-‐>Wb	  
ª  T-‐>Zt	  
ª  T-‐>Ht	  



Event	  Description	  
Proton-‐proton	  Collisions	  
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Event	  Development	  
Parton	  Shower	  
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Event	  Development	  
Hadronisation	  
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Event	  Development	  
Jet	  Reconstruction	  



Event	  Topology	  
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Particle level 
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Event	  Topology	  
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Detector level Particle level 

e/μ	  

ETmiss	  
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Event	  Reconstruction	  
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?	  

Detector level Particle level 
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Signal	  vs	  Backgrounds	  
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Signal:	  
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Signal	  vs	  Backgrounds	  
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Signal:	   Backgrounds:	  
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~1’000’000 x more background than signal expected 



Classical	  vs	  Quantum	  Physics	  

15/5/15	   Visit	  from	  Priboj,	  CERN,	  Geneva	   18	  

Classical	  Physics	   Quantum	  Physics	  

Nature	   DeterminisLc	   Probabilisitc	  

RepeLLve	  experiments	   Always	  the	  same	  result	   Spectrum	  of	  results	  

Measurements	   Discrete	  values	   DistribuLons	  
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Classical	  Physics	   Quantum	  Physics	  

Nature	   DeterminisLc	   Probabilisitc	  

RepeLLve	  experiments	   Always	  the	  same	  result	   Spectrum	  of	  results	  
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Classical	  process	   Quantum	  process	  
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Classical	  Physics	   Quantum	  Physics	  

Nature	   DeterminisLc	   Probabilisitc	  

RepeLLve	  experiments	   Always	  the	  same	  result	   Spectrum	  of	  results	  

Measurements	   Discrete	  values	   DistribuLons	  

Classical	  process	   Quantum	  process	  
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RelaLvisLc	  mass	  of	  a	  single	  parLcle:	  

Invariant	  mass	  of	  a	  a	  system	  of	  parLcles:	  
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Classical	  Physics	   Quantum	  Physics	  

Nature	   DeterminisLc	   Probabilisitc	  

RepeLLve	  experiments	   Always	  the	  same	  result	   Spectrum	  of	  results	  

Measurements	   Discrete	  values	   DistribuLons	  

Classical	  process	   Quantum	  process	  

�
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RelaLvisLc	  mass	  of	  a	  single	  parLcle:	  

Invariant	  mass	  of	  a	  a	  system	  of	  parLcles:	  

•  Collider	  physics	  
•  Many	  repeated	  

experiments	  under	  
condiLons	  as	  similar	  as	  
possible	  

•  Measurement	  of	  kineLc	  
variables	  -‐>	  distribuLons	  



Signal	  vs	  Backgrounds	  
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~1’000’000 x more background than signal expected 



Kinematics:	  TT	  vs	  tt	  
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²  mT	  >	  mt	  
⇒ Differences	  in	  the	  momentum	  

distributions	  of	  the	  decay	  products	  	  

⇒ Differences	  in	  angles	  between	  decay	  
products	  



Signal/Background	  Discrimination	  

•  Primer:	  
•  variabla	  Ht	  -‐>	  suma	  transferzalnih	  impulsa	  objekata	  od	  interesa	  

HT =
X

pT
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Signal/Background	  Discrimination	  

•  Primer:	  
•  variabla	  Ht	  -‐>	  suma	  transferzalnih	  impulsa	  objekata	  od	  interesa	  

HT =
X

pT

cut	  
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Signal/Background	  Discrimination	  

•  Primer:	  
•  variabla	  Ht	  -‐>	  suma	  transferzalnih	  impulsa	  objekata	  od	  interesa	  

HT =
X

pT

signal	  bgd	  
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Signal/Background	  Discrimination	  

•  Primer:	  
•  variabla	  Ht	  -‐>	  suma	  transferzalnih	  impulsa	  objekata	  od	  interesa	  

HT =
X

pT

signal	  bgd	  

kontaminacija	  gubitak	  
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Signal/Background	  Discrimination	  

•  Primer:	  
•  variabla	  Ht	  -‐>	  suma	  transferzalnih	  impulsa	  objekata	  od	  interesa	  

HT =
X

pT

signal	  bgd	  

kontaminacija	  gubitak	  

OpLmizacija	  
selekcije:	  
•  Simultana	  

minimizacija	  
kontaminacije	  i	  
gubitka	  u	  više	  
promenljivih	  
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Discriminating	  Variables	  
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Cut-‐based	  Selection	  
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Systematic	  Uncertainties	  and	  Statistical	  Analysis	  
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Don’t	  forget	  any	  decay!	  
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Exclusion	  Limits	  vs	  Branching	  Fraction	  
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Keep	  searching	  because…	  
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…	  the	  neighbours	  might	  be	  curious	  about	  the	  outcome!	  
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Matter	  Particles	   Forces	  
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✧  SM:	   	  relativistic	  quantum	  field	  theory	  in	  
Lagrangian	  formalism	  

✧  Matter	  particles:	  	   	  quantum	  fields	  
ª  spin-‐½	  fermions	  

✧  Forces: 	  exchange	  of	  force	  mediators	  
ª  spin-‐1	  bosons	  
ª  Determined	  by	  their	  local	  symmetries	  
ª  Force	  mediators	  generated	  as	  gauge	  fields	  to	  

enforce	  the	  local	  symmetry	  
ª  Weak	  gauge	  bosons	  W	  and	  Z	  are	  massive	  -‐>	  

electro-‐weak	  symmetry	  is	  broken	  

✧  Spontaneous	  symmetry	  breaking	  
mechanism	  postulates	  a	  scalar	  Higgs	  field	  
ª  “Sombrero”-‐shaped	  potential	  
ª  Yukawa	  interaction	  with	  this	  field	  generates	  

masses	  of	  all	  known	  particles	  (except	  
neutrinos)	  

Standard	  Model	  of	  Particle	  Physics	  
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✕	  
γ	   W,	  Z	  

g	  

✧  SM:	   	  relativistic	  quantum	  field	  theory	  in	  
Lagrangian	  formalism	  

✧  Matter	  particles:	  	   	  quantum	  fields	  
ª  spin-‐½	  fermions	  

✧  Forces: 	  exchange	  of	  force	  mediators	  
ª  spin-‐1	  bosons	  
ª  Determined	  by	  their	  local	  symmetries	  
ª  Force	  mediators	  generated	  as	  gauge	  fields	  to	  

enforce	  the	  local	  symmetry	  
ª  Weak	  gauge	  bosons	  W	  and	  Z	  are	  massive	  -‐>	  

electro-‐weak	  symmetry	  is	  broken	  

✧  Spontaneous	  symmetry	  breaking	  
mechanism	  postulates	  a	  scalar	  Higgs	  field	  
ª  “Sombrero”-‐shaped	  potential	  
ª  Yukawa	  interaction	  with	  this	  field	  generates	  

masses	  of	  all	  known	  particles	  (except	  
neutrinos)	  
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✧  SM:	   	  relativistic	  quantum	  field	  theory	  in	  
Lagrangian	  formalism	  

✧  Matter	  particles:	  	   	  quantum	  fields	  
ª  spin-‐½	  fermions	  

✧  Forces: 	  exchange	  of	  force	  mediators	  
ª  spin-‐1	  bosons	  
ª  Electro-‐weak	  unification	  
ª  Interactions	  have	  local	  symmetries	  
ª  Force	  mediators	  generated	  as	  gauge	  fields	  to	  

enforce	  the	  local	  symmetry	  
ª  Weak	  gauge	  bosons	  W	  and	  Z	  are	  massive	  -‐>	  

electro-‐weak	  symmetry	  is	  broken	  

✧  Spontaneous	  symmetry	  breaking	  
mechanism	  postulates	  a	  scalar	  Higgs	  field	  
ª  “Sombrero”-‐shaped	  potential	  
ª  Yukawa	  interaction	  with	  this	  field	  generates	  

masses	  of	  all	  known	  particles	  (except	  
neutrinos)	   SU(3)C ⇥ SU(2)L ⇥ U(1)Y

γ	   W,	  Z	  

g	  
Electro-‐weak	  
interacLon	  

Strong	  interacLon	  
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✧  SM:	   	  relativistic	  quantum	  field	  theory	  in	  
Lagrangian	  formalism	  

✧  Matter	  particles:	  	   	  quantum	  fields	  
ª  spin-‐½	  fermions	  

✧  Forces: 	  exchange	  of	  force	  mediators	  
ª  spin-‐1	  bosons	  
ª  Electro-‐weak	  unification	  
ª  Interactions	  have	  local	  symmetries	  
ª  Force	  mediators	  generated	  as	  gauge	  fields	  to	  

enforce	  the	  local	  symmetry	  
ª  Weak	  gauge	  bosons	  W	  and	  Z	  are	  massive	  

⇒  electro-‐weak	  symmetry	  is	  broken	  

✧  Spontaneous	  symmetry	  breaking	  
mechanism	  is	  caused	  by	  a	  spin-‐0	  Higgs	  field	  
ª  “Sombrero”-‐shaped	  potential	  with	  a	  non-‐zero	  

vacuum	  expectation	  value	  
ª  Yukawa	  interaction	  with	  this	  field	  generates	  

masses	  of	  all	  massive	  fermions	  

γ	   W,	  Z	  

SU(2)L ⇥ U(1)Y U(1)em

m = y v/
p
2

�0|�|0⇥ = v

v
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The	  Nobel	  Prize	  in	  Physics	  2013	  

✧  SM:	   	  relativistic	  quantum	  field	  theory	  in	  
Lagrangian	  formalism	  

✧  Matter	  particles:	  	   	  quantum	  fields	  
ª  spin-‐½	  fermions	  

✧  Forces: 	  exchange	  of	  force	  mediators	  
ª  spin-‐1	  bosons	  
ª  Electro-‐weak	  unification	  
ª  Interactions	  have	  local	  symmetries	  
ª  Force	  mediators	  generated	  as	  gauge	  fields	  to	  

enforce	  the	  local	  symmetry	  
ª  Weak	  gauge	  bosons	  W	  and	  Z	  are	  massive	  

⇒  electro-‐weak	  symmetry	  is	  broken	  

✧  Spontaneous	  symmetry	  breaking	  
mechanism	  is	  caused	  by	  a	  spin-‐0	  Higgs	  field	  
ª  “Sombrero”-‐shaped	  potential	  with	  a	  non-‐zero	  

vacuum	  expectation	  value	  
ª  Yukawa	  interaction	  with	  this	  field	  generates	  

masses	  of	  all	  massive	  fermions	  
ª  Manifestation	  of	  the	  Higgs	  field	  is	  the	  spin-‐0	  

Higgs	  boson.	  A	  candidate	  of	  the	  Higgs	  boson	  
has	  been	  discovered	  at	  CERN	  in	  2012	  

v
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Limitations	  of	  the	  Standard	  Model	  -‐	  Inconsistence	  
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Higgs	  Mass	  Problem	  –	  Fine	  Tuning	  
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Un-‐natur
al!	  
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�2 ⇠ (1019 GeV)2

Scales	  in	  the	  plot	  are	  not	  exact	  
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Higgs	  Mass	  Problem	  –	  Quadratic	  Divergences	  
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�2 =?
✧  Planck	  scale	  ~1019	  GeV	  ?	  

ª  Quantum	  gravity	  

✧  GUT	  scale	  ~1015	  GeV	  ?	  
ª  Grand	  unification	  	  

	  (elw+strong)	  

✧  Other	  BSM	  physics?	  
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Higgs	  Mass	  Problem	  Solutions	  –	  Supersymmetry	  
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Higgs	  Mass	  Problem	  Solutions	  –	  Vector-‐like	  Quarks	  
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This	  solves	  the	  naturalness	  of	  the	  SM	  
up	  to	  ~10	  TeV,	  but	  then	  the	  
naturalness	  of	  the	  new	  physics	  
beyond	  that	  scale	  must	  be	  studied!	  

VLT

W/Z
partners

Higgs
partners

Assume:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  �2 ⇠ (104 GeV)2



Event	  Description	  
Parton	  Distribution	  Functions	  
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Event	  Description	  
Parton	  Shower	  
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Event	  Description	  
Particle	  Detection	  –	  Jet	  Reconstruction	  
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✧  Jet	  reconstruction:	  

ª  Anti-‐kT	  clustering	  algorithm	  

ª  Parameter	  R=0.4	  

✧  Jet	  energy	  calibration:	  
ª  Pile-‐up	  and	  origin	  correction	  
ª  EM+JES	  energy	  calibration	  
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Mean Number of Interactions per Crossing
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> =  9.1µ, <-1Ldt = 5.2 fb� = 7 TeV, s

Centre-‐of	  mass	  energy	   7	  TeV	  

Bunch	  spacing	   75/50	  ns	  

Peak	  luminosity	   3.7×1033	  cm-‐2	  s-‐1	  

Max	  <μ>	   19	  

Summary	  of	  2011	  data	  taking	  campaign	  

Experimental	  Realisation	  
Event	  Production	  –	  Pile-‐up	  



Event	  Description	  
Particle	  Detection	  
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✧  B-‐jet	  reconstruction	  algorithms	  exploit	  	  
ª  SV	  displacement	  
ª  impact	  parameter	  of	  the	  jet	  direction	  
ª  B-‐decay	  chain	  

✧  Results	  from	  various	  approaches	  combined	  using	  a	  multivariate-‐technique	  

✧  Calibrated	  using	  ttbar	  event	  candidates	  
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Event	  Description	  
Particle	  Detection	  
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SM	  Backgrounds	  –	  Cross	  Sections	  
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dominated 
searches 



Hypothesis	  Testing	  
CLs	  method	  with	  Binned	  Log-‐Likelihood	  Ratio	  
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ATLAS	  Exotics	  Summary	  
Model ℓ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference
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tra

di
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sio

ns
G
au
ge

bo
so
ns

CI
DM

LQ
He

av
y

qu
ar
ks

Ex
cit
ed

fe
rm
io
ns

O
th
er

ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ ATLAS-CONF-2014-0305.2 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high ∑ pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK →WW → ℓνℓν 2 e,µ − Yes 4.7 k/MPl = 0.1 1208.28801.23 TeVGKK mass
Bulk RS GKK → ZZ → ℓℓqq 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 ATLAS-CONF-2014-0391.59 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η = +1 1210.17187.6 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 |C | = 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) < 80 GeV ATLAS-CONF-2012-147731 GeVM∗

EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥ 2 b, ≥ 4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass
Vector-like quark TT →Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass
Vector-like quark TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass
Vector-like quark BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass
Vector-like quark BB →Wt + X 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) to be submitted to PRD4.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve |=0.055, |Vµ |=0.063, |Vτ |=0 ATLAS-CONF-2013-019245 GeVN± mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 4.7 DY production, BR(H±± → ℓℓ)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q| = 4e 1301.5272490 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
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