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Outline	
  

•  Search	
  for	
  9+H	
  	
  (CMS-­‐PAS-­‐HIG-­‐17-­‐004	
  )	
  	
  

•  9+W	
  and	
  9+Z	
  measurement	
  (arXiv:1711.02547	
  )	
  

•  Search	
  for	
  SUSY	
  via	
  Electroweak	
  producUon	
  

•  Search	
  for	
  sterile	
  neutrinos	
  at	
  the	
  LHC	
  
(arXiv:1709.05406	
  )	
  

•  (soon	
  to	
  appear	
  in	
  arxiv)	
  

2	
  



UNIVERSITEIT	
  
GENT	
  

Outline	
  

•  Search	
  for	
  9+H	
  	
  (CMS-­‐PAS-­‐HIG-­‐17-­‐004	
  )	
  	
  

•  9+W	
  and	
  9+Z	
  measurement	
  (arXiv:1711.02547	
  )	
  

•  Search	
  for	
  SUSY	
  via	
  Electroweak	
  producUon	
  

•  Search	
  for	
  sterile	
  neutrinos	
  at	
  the	
  LHC	
  
(arXiv:1709.05406	
  )	
  

•  (soon	
  to	
  appear	
  in	
  arxiv)	
  

…all	
  that	
  with	
  mulU-­‐lepton	
  signatures	
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Discoveries	
  with	
  leptons	
  
1983	
  first	
  observaUon	
  of	
  W	
  and	
  Z	
  at	
  CERN	
  

2012	
  Discovery	
  of	
  a	
  scalar	
  boson,	
  CERN	
  

1995,	
  the	
  top	
  quark,	
  
FNAL	
  

1974	
  	
  A	
  narrow	
  resonance	
  
J/Ψàe+e-­‐	
  

Zàe+e-­‐(μ+μ-­‐)	
  
Wàeν	
  

Hà4leptons	
  

9àe,μ+jets)	
  

arXiv:1411.4413v2	
  
 Bs → µµ
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What	
  do	
  we	
  have	
  in	
  hand	
  ?	
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Lepton	
  idenUficaUon:	
  	
  τ

•  Hadronicly	
  decaying	
  tau	
  
idenUficaUon	
  with	
  high	
  purity	
  &	
  
efficiency	
  

•  Excellent	
  descripUon	
  of	
  the	
  visible	
  
mass	
  by	
  the	
  simulaUon	
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Lepton	
  idenUficaUon:	
  	
  τ

arXiv:1708.00373	
  	
  

Observed	
  (expected)	
  significance:	
  
•  13	
  TeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  4.9	
  (4.7)	
  
•  7+8+13	
  TeV	
  :	
  5.9	
  (5.9)	
  	
  

	
  	
  

σ
σ

 H → ττ
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9H	
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producUon	
  	
   t t + H

•  Higgs	
  coupling	
  to	
  the	
  
fermions	
  through	
  Yukawa	
  
interacUons	
  

	
  

•  Large	
  M(top)	
  	
  à	
  Largest	
  
Yukawa	
  coupling:	
    λ t ≈1

•  	
  	
  	
  	
  	
  	
  can	
  be	
  extracted	
  
from	
  H	
  producUon	
  via	
  
gg	
  and	
  its	
  decay	
  to	
  γγ	
  

 λ t
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producUon	
  	
   t t + H

•  Higgs	
  coupling	
  to	
  the	
  
fermions	
  through	
  Yukawa	
  
interacUons	
  

	
  

•  Large	
  M(top)	
  	
  à	
  Largest	
  
Yukawa	
  coupling:	
    λ t ≈1

•  	
  	
  	
  	
  	
  	
  can	
  be	
  extracted	
  
from	
  H	
  producUon	
  via	
  
gg	
  and	
  its	
  decay	
  to	
  γγ	
  

 λ t

 t t + H production : 
•  best	
  way	
  to	
  directly	
  measure	
  the	
  top	
  quark	
  

yukawa	
  coupling	
  

 σ ∝λ t
2
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search	
  strategy	
  	
   t t + H

 W / Z / τ

 W / Z / τ

 b

 b

•  MulUvariate	
  methods	
  for	
  
both	
  lepton	
  selecUon	
  and	
  
signal	
  extracUon	
  

•  Main	
  backgrounds	
  are	
  9+W	
  
and	
  9+Z	
  

•  MisidenUfied	
  leptons	
  

Same-­‐sign	
  di-­‐leptons	
   three-­‐leptons	
  

•  Large	
  	
  
•  All	
  H	
  decays	
  are	
  explored	
  
•  Most	
  sensiUve	
  channel	
  is	
  mulU-­‐leptons	
  

  σ(t t H) ∼1fb

  ℓ
±ℓ± and ≥ 3ℓ withmulti− (b) jets
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  :	
  results	
   t t + H

Measured	
  signal	
  strength	
  by	
  
CMS	
  &	
  ATLAS	
  

 µ ttH = σ(t tH) / σ(ttH)theo

 

RunI(CMS+ ATLAS)

H → bb
H → multilep
H → γγ  

4.4(2.0)σ
CMS ATLAS
− − 1.4(1.6)σ
3.3(2.5)σ 4.1(2.8)σ
3.3(1.5)σ 1.0(1.8)σ

Expected	
  and	
  observed	
  signal	
  significance	
  

•  Comparable	
  expected	
  sensiUvity	
  from	
  both	
  
experiments	
  

	
  	
  
•  Most	
  significant	
  channels	
  tend	
  to	
  show	
  	
  

•  Analysis	
  of	
  2017	
  in	
  combinaUon	
  with	
  2016	
  
might	
  lead	
  to	
  observaUon	
  

 H → bb

 multilep

 H → γγ

 H → ZZ

 µ ttH >1

 RunIcomb.
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producUon	
  	
  
!ttW

• 	
  same-­‐sign	
  dileptons	
   • 	
  3-­‐lepton	
  

• 	
  4-­‐lepton	
  	
  
!! 

−pT(e)>27 ,pT(µ)>25GeV
−Njet ≥2,Nbjet >0
−MVA!with:Njets ,Nbjets ,HT , ETmiss ,
pT
ℓ , pTj ,MT , ΔR(ℓ, j)

!!

−pT >10/20/40!GeV!
−Z − candidate, Njet ≥2
−Exclusive!N jet !and!Nbjet !categories!

!!

− !pT >10/10/10/40!!
−ONZ , 2nd !Z,veto
−Njet ≥2,Nbjet ≥1

!ttZ

Three	
  exclusive	
  analyses	
  	
  

 t t + W and t t + Z

!!σ (ttZ)Theory =0.84±0.10pb!!σ (ttW )Theory =0.61±0.08 pb

12	
  



UNIVERSITEIT	
  
GENT	
  

producUon	
  	
   t t + W and t t + Z

Same-­‐sign	
  dileptons	
  (9W)	
  
•  Backgrounds:	
  	
  

•  Leptons	
  from	
  b-­‐decays	
  	
  
•  9X:	
  9H,	
  tWZ	
  
•  Rare:	
  mulUbosons	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (9Z)	
  
•  Backgrounds:	
  	
  

•  WZ,	
  ZZ	
  
•  Leptons	
  from	
  b-­‐decays	
  	
  
•  9X:	
  9H,	
  tqZ	
  
•  Rare:	
  mulUbosons	
  	
  

  3ℓ and 4ℓ
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arXiv:1711.02547	
  	
  

:	
  results	
  	
   t t + W and t t + Z

 σ(t tW) = 0.77−0.11
+0.12(stat) −0.12

+0.13(sys) fb

 15% 17%

 σ(t tZ) = 0.99−0.08
+0.09(stat) −0.10

+0.12(sys) fb

 9% 11%

•  Both	
  9W	
  and	
  9Z	
  processes	
  are	
  observed	
  with	
  >	
  5	
  sigma	
  (first	
  Ume!)	
  
•  Measured	
  cross	
  secUons	
  in	
  agreement	
  with	
  SM	
  
•  From	
  now	
  on	
  systemaUcs	
  ma9er,	
  potenUal	
  reducUon	
  is	
  possible	
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:	
  EFT	
  interpretaUon	
  	
   t t + W and t t + Z
•  New	
  physics(NP)	
  effects	
  on	
  9W	
  and	
  9Z	
  in	
  a	
  model	
  

independent	
  way	
  à	
  EffecUve	
  Field	
  theory	
  

 

Oi :dimention − 6 operators
ci : Wilson coefficient
Λ :NP scale

•  Studied	
  several	
  of	
  the	
  Wilson	
  coefficients	
  that	
  impact	
  9W/Z/H	
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:	
  EFT	
  interpretaUon	
  	
   t t + W and t t + Z
•  New	
  physics(NP)	
  effects	
  on	
  9W	
  and	
  9Z	
  in	
  a	
  model	
  

independent	
  way	
  à	
  EffecUve	
  Field	
  theory	
  

 

Oi :dimention − 6 operators
ci : Wilsoncoefficient
Λ :NP scale

•  Studied	
  several	
  of	
  the	
  Wilson	
  coefficients	
  that	
  impact	
  9W/Z/H	
  

An	
  example…	
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EWK	
  producUon	
  of	
  	
    !χ
± !χ1

0

•  Searches	
  via	
  strong	
  producUon	
  profits	
  from	
  
large	
  x-­‐sectons	
  

•  Limits	
  in	
  squark/gluino	
  sector	
  ~1.5-­‐2	
  TeV	
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EWK	
  producUon	
  of	
  	
    !χ
± !χ1

0

•  Searches	
  via	
  strong	
  producUon	
  profits	
  from	
  
large	
  x-­‐sectons	
  

•  Limits	
  in	
  squark/gluino	
  sector	
  ~1.5-­‐2	
  TeV	
  

•  While	
  cross	
  secUons	
  for	
  chargino/neutralino	
  
are	
  lower	
  than	
  some	
  SM	
  processes	
  sUll	
  to	
  be	
  
discovered	
  

•  Will	
  certainly	
  profit	
  from	
  luminosity	
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  :	
  experimental	
  signatures	
    !χ
± !χ1

0

W	
   W	
  

Z	
   H	
  
H	
  W/H	
  

•  3	
  and	
  4	
  lepton	
  events	
  categorized	
  according	
  to:	
  
•  number	
  of	
  hadronic	
  	
  tau	
  	
  
•  Number	
  of	
  Z	
  -­‐	
  candidates	
  

 ℓ  ℓ

 ℓ
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  :	
  experimental	
  signatures	
    !χ
± !χ1

0

W	
   W	
  

Z	
   H	
  
H	
  W/H	
  

•  3	
  and	
  4	
  lepton	
  events	
  categorized	
  according	
  to:	
  
•  number	
  of	
  hadronic	
  	
  tau	
  leptons	
  
•  Number	
  of	
  Z	
  -­‐	
  candidates	
  

  !χ
± !χ1

0

 ℓ  ℓ

 ℓ
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  search	
  results	
    !χ
± !χ1

0

Bo9omline:	
  data	
  agrees	
  very	
  well	
  with	
  the	
  expected	
  background	
  

No	
  Z	
  candidate	
  With	
  Z	
  candidate	
  No	
  Z	
  candidate	
  

One	
  of	
  the	
  several	
  categories:	
  three	
  light	
  light	
  lepton,	
  0	
  τ	
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EWK	
  producUon	
  of	
  	
    !χ
± !χ1

0

  

� 

m(˜ ℓ )

� 

m(χ1
0)

� 

m(χ1
±,  χ2

0)
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 = m0
2
χ∼

m
100 150 200 250 300 350 400 450

 [G
eV

]
0 1χ∼

m

0

50

100

150

200

250

300

350

400

450

BF
 [f

b]
×
σ

95
%

 C
L 

U
L 

1

10

210

310
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int
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comb. observed
)theory

σ1±comb. observed (
comb. median expected

)σ1±comb. expected (
) observed

T
trilepton (M
SS observed

comb. observed
)theory

σ1±comb. observed (
comb. median expected

)σ1±comb. expected (
) observed

T
trilepton (M
SS observed

±

1
χ∼ 0

2
χ∼ →pp 

0
1
χ∼

m + 0.5±

1
χ∼

m = 0.5l~m

 (BF=1)ll~ → 0
2
χ∼

τντ
∼ → ±

1
χ∼

Scenario	
  1:	
  LeE	
  handed	
  sleptons	
  	
  

	
  	
  

	
  
  

� 

M(˜ ℓ L ) << M(˜ ℓ R )•  	
  	
  
•  	
  Equal	
  BR	
  to	
  e,μ,τ	
    

� 

˜ ℓ ( ˜ ν )

  

� 

ℓ(ν)

  

� 

ℓ(ν)

  

� 

˜ ℓ ( ˜ ν )

  

� 

ν(ℓ)
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EWK	
  producUon	
  of	
  	
    !χ
± !χ1

0

  

� 

˜ ℓ ( ˜ ν )

  

� 

ℓ(ν)

  

� 

ℓ(ν)

  

� 

˜ ℓ ( ˜ ν )

  

� 

ν(ℓ)

Scenario	
  2:	
  LeE	
  handed	
  sleptons	
  	
  

	
  	
  

	
  
  

� 

M(˜ ℓ L ) << M(˜ ℓ R )•  	
  	
  
•  	
  Equal	
  BR	
  to	
  e,μ,τ	
  

  

� 

m(˜ ℓ )

� 

m(χ1
0)

� 

m(χ1
±,  χ2

0)
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� 

˜ ℓ ( ˜ ν )

  

� 

ℓ(ν)

  

� 

ℓ(ν)

  

� 

˜ ℓ ( ˜ ν )

  

� 

ν(ℓ)
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EWK	
  producUon	
  of	
  	
    !χ
± !χ1

0

Scenario	
  3:	
  Right	
  handed	
  sleptons	
  	
  

• 	
  	
  
• 	
  	
  χ±	
  and	
  χ0	
  decays	
  to	
  τ	
  	
  with	
  BR(100%)	
  

  

� 

M(˜ ℓ R ) << M(˜ ℓ L )

� 

m(χ1
0)

� 

m(χ1
±,  χ2

0)

� 

˜ τ   

� 

m(˜ ℓ )  

� 

m(˜ ℓ )

 !τ
 !τ

τ

τ
τ
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EWK	
  producUon	
  of	
  	
    !χ
± !χ1

0

SUll	
  large	
  phase-­‐space	
  unreached	
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  Sterile	
  neutrinos	
  
•  Neutrino	
  oscillaUons	
  suggest	
  	
  
•  Not	
  naturally	
  included	
  in	
  SM	
  	
  
•  Minimal	
  extensions	
  (ie.	
  	
  	
  MSM)	
  with	
  addiUonal	
  right-­‐handed	
  sterile	
  neutrinos	
  	
  
•  Type-­‐I	
  seesaw	
  mechanism	
  to	
  give	
  masses	
  to	
  acUve	
  neutrinos	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  potenUal	
  DM	
  candidate,	
  N2,	
  N3	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  large	
  CP	
  violaUon[1]	
  

•  N2,	
  N3	
  	
  can	
  be	
  searched	
  at	
  the	
  LHC	
  
	
  	
  	
  

 m(ν) > 0

	
   	
  [1]	
  arXiv:hep-­‐ph/0505013	
  

ν

 m(N1) ≈ keV  m ≈1−100 GeV

26	
  



UNIVERSITEIT	
  
GENT	
  

	
  Sterile	
  Neutrinos:	
  state	
  of	
  the	
  art	
  
Coupling	
  to	
  muon	
  neutrino	
  

 mN < Mkaon•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  pre9y	
  much	
  excluded	
  	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  explored	
  	
  LHCb,	
  Belle…	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  results	
  from	
  LEP	
  	
  
•  Earlier	
  results	
  from	
  LHC	
  just	
  starts	
  probing	
  interesUng	
  phase-­‐space	
  

 mN < Mheavyflavour

 mN < MZ

27	
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  Sterile	
  Neutrinos:	
  state	
  of	
  the	
  art	
  
Coupling	
  to	
  electron	
  neutrino	
  

 mN < Mkaon•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  pre9y	
  much	
  excluded	
  	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  explored	
  	
  LHCb,	
  Belle…	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  results	
  from	
  LEP	
  	
  
•  Earlier	
  results	
  from	
  LHC	
  just	
  starts	
  probing	
  interesUng	
  phase-­‐space	
  

 mN < Mheavyflavour

 mN < MZ

Coupling	
  to	
  tau	
  neutrino	
  

•  Strong	
  results	
  from	
  GERDA	
  
•  Couplings	
  to	
  tau	
  are	
  barely	
  explored	
  

 0νββ
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  a	
  new	
  search	
  at	
  the	
  LHC	
  

•  W	
  producUon	
  and	
  leptonic	
  decays	
  
•  Final	
  state	
  with	
  3-­‐leptons	
  (e/μ)	
  	
  
•  KinemaUcs	
  dramaUcally	
  change	
  vs.	
  

•  	
  	
  	
  

	
  

	
  

•  	
  	
  

 mN

 mN < MW

 mN > MW

•  So|	
  leptons,	
  low	
  missing	
  ET	
  
•  	
  	
  

•  Backgrounds:	
  nonprompt	
  leptons	
  

(DY,	
  9Bar),	
  	
  γ-­‐conversions	
  

  mℓℓℓ ≤ MW

•  One	
  high	
  pT	
  lepton,	
  large	
  missing	
  ET	
  
•  	
  lower	
  x-­‐secUon	
  
•  Backgrounds:	
  WZ	
  producUon	
  &	
  

nonprompt	
  leptons	
  (DY,	
  9Bar)	
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  Sterile	
  neutrinos	
  :results	
  

•  First	
  Ume	
  a	
  single	
  experiment	
  probes	
  masses	
  from	
  1	
  GeV	
  –	
  1	
  TeV	
  	
  
•  Extend	
  sensiUvity	
  in	
  large	
  parameter-­‐space	
  
•  Results	
  will	
  appear	
  soon	
  in	
  arxiv	
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  Sterile	
  neutrinos	
  :	
  What	
  is	
  next	
  ?	
  

•  Long	
  lived	
  N	
  via	
  displaced	
  leptons/jets	
  à	
  

important	
  for	
  low	
  mass	
  region	
  

•  Explore	
  boosted	
  lepton-­‐jets	
  
•  Couplings	
  to	
  tau	
  by	
  analyzing	
  hadronic	
  tau	
  
•  Explore	
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•  Leptonic	
  final	
  states:	
  clean	
  exp.	
  signatures	
  both	
  for	
  SM	
  measurements	
  and	
  
searches	
  

•  9H	
  :	
  	
  
•  Not	
  yet	
  observed,	
  expected(observed)	
  significances	
  ~3(2.5)	
  sigma	
  
•  2017	
  data	
  and	
  combinaUon	
  with	
  ATLAS	
  might	
  yield	
  observaUon	
  

•  9W,	
  9Z:	
  
•  First	
  observaUon	
  of	
  both	
  processes	
  
•  Measurements	
  are	
  already	
  systemaUcs	
  dominated	
  
•  NP	
  search	
  via	
  EFT	
  

•  EWK	
  producUon	
  of	
  SUSY	
  
•  Rich	
  experimental	
  signatures,	
  limited	
  by	
  x-­‐secUon,	
  compressed	
  

mass	
  spectrum	
  

•  Search	
  for	
  sterile	
  neutrinos	
  	
  
•  InteresUng	
  phase-­‐space	
  available	
  for	
  LHC	
  data	
  
•  First	
  results	
  are	
  about	
  to	
  come	
  out	
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