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Lepton	
  Flavor	
  Viola9on	
  (LFV)	
  

•  Lepton	
  and	
  baryon	
  numbers	
  are	
  conserved	
  symmetries	
  in	
  SM,	
  but	
  SM	
  
is	
  only	
  an	
  effecGve	
  theory	
  which	
  describes	
  physics	
  at	
  EWK	
  scale	
  	
  

•  (Neutral)	
  Lepton	
  flavor	
  violaGon	
  exists	
  in	
  Nature:	
  neutrino	
  oscillaGons	
  
•  A	
  number	
  of	
  models	
  beyond	
  SM	
  predict	
  LFV	
  in	
  charged	
  sector	
  at	
  

levels	
  observable	
  at	
  LHC	
  
–  RPV	
  SUSY	
  
–  Models	
  with	
  more	
  than	
  one	
  Higgs	
  doublet	
  
–  Composite	
  Higgs	
  models	
  
–  Randall-­‐Sundrum	
  models	
  
–  Models	
  with	
  warped	
  extra	
  dimensions	
  
–  Models	
  with	
  Majorana	
  neutrinos	
  
–  Theories	
  with	
  Grand	
  UnificaGon	
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Example	
  of	
  higher	
  dimensional	
  
operators	
  modifying	
  SM	
  	
  

LFV	
  term	
   Baryon	
  and	
  lepton	
  
violaGon	
  	
  

Breaks	
  flavor	
  symmetry	
  
of	
  gauge	
  sector	
  	
  



CMS:	
  Search	
  For	
  LFV	
  H→μτ	
  	
  

•  Indirect	
  constraint:	
  Br(H→μτ)<O(10%)	
  
•  Two	
  channels:	
  H→μτ(→e)	
  and	
  H→μτ(→hadrons)	
  
•  3	
  categories	
  per	
  channel:	
  0-­‐jet,	
  1-­‐jet,	
  VBF-­‐like	
  2-­‐jet	
  
•  Dominant	
  background	
  is	
  events	
  with	
  fake	
  leptons	
  or	
  τhad	
  
•  Leading	
  systemaGcs:	
  modeling	
  of	
  backgrounds	
  with	
  fakes	
  (30-­‐40%)	
  
•  Observe	
  2.4σ	
  excess	
  

–  Excesses	
  (~1σ)	
  are	
  observed	
  in	
  3	
  out	
  of	
  6	
  categories	
  
–  Best	
  fit	
  Br(H→μτ)=(0.84+0.39-­‐0.37)%	
  
–  Observed	
  (expected)	
  95%	
  CL	
  limit	
  is	
  Br(H→μτ)<1.51%	
  (<0.75%±0.38%)	
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arXiv:	
  1502.07400	
  
PLB749,	
  337	
  



CMS:	
  Search	
  For	
  LFV	
  H→eτ	
  &	
  H→eμ	
  	
  
•  Theory	
  note:	
  

–  RelaGvely	
  large	
  Br(H→μτ)	
  is	
  possible	
  without	
  any	
  
significant	
  fine	
  tuning,	
  while	
  relaGvely	
  large	
  Br(H→eτ)	
  
requires	
  fine	
  tuning	
  
•  Indirect	
  constraint:	
  Br(H→eτ)<O(10%)	
  

–  Strong	
  experimental	
  bounds	
  on	
  μ→eγ	
  exclude	
  
simultaneous	
  H→eτ	
  and	
  H→μτ	
  signals	
  at	
  LHC	
  
•  PLB712	
  (2012)	
  386,	
  arXiv:1202.5704	
  	
  	
  	
  

•  H→eτ	
  search	
  
–  Two	
  channels:	
  H→eτ(→μ)	
  and	
  H→eτ(→hadrons)	
  
–  Event	
  selecGon,	
  analysis	
  categories	
  and	
  techniques	
  are	
  

almost	
  the	
  same	
  as	
  in	
  the	
  H→μτ	
  search	
  
–  No	
  excess	
  observed:	
  95%	
  CL	
  limit	
  is	
  Br(H→eτ)<0.69%	
  	
  	
  	
  	
  

•  H→eμ	
  search	
  
–  11	
  analysis	
  categories	
  (including	
  2	
  VBF	
  categories)	
  

•  Approach	
  similar	
  to	
  H→γγ	
  analysis	
  
–  No	
  excess	
  observed:	
  95%	
  CL	
  limit	
  is	
  

Br(H→eμ)<0.358×10-­‐3	
  
•  Indirect	
  constraint	
  based	
  on	
  experimental	
  bounds	
  on	
  

μ→eγ: Br(H→eμ)<O(10-­‐8)	
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ATLAS:	
  Search	
  For	
  LFV	
  H→μτ	
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•  Events	
  with	
  PT(μ)>26	
  GeV	
  and	
  PT(τhad)>45	
  GeV	
  
–  Two	
  signal	
  regions	
  based	
  on	
  MT(MET,μ)	
  and	
  

MT(MET,	
  τhad)	
  

•  Major	
  backgrounds:	
  W+jets	
  and	
  Z→ττ	
  
•  Major	
  uncertainty:	
  normalizaGon	
  of	
  W+jets	
  

and	
  Z→ττ	
  and	
  modeling	
  of	
  W+jets	
  
•  Observe	
  small	
  1.3σ	
  excess	
  

–  Fised	
  Br(H→μτ)=(0.77±0.62)%	
  	
  	
  	
  

•  Observed	
  95%	
  CL	
  limit	
  Br(H→μτ)<1.85%	
  
–  Expected	
  95%	
  CL	
  limit:	
  Br(H→μτ)<(1.24+0.50-­‐0.35)%	
  

arXiv:	
  1508.03372	
  



ATLAS:	
  Search	
  For	
  LFV	
  Decays	
  Of	
  Heavy	
  Neutral	
  Par9cles	
  	
  

•  Search	
  for	
  resonances	
  
decaying	
  to	
  eμ,	
  eτ,	
  or	
  
μτ	
  

•  Results	
  interpreted	
  as	
  
limits	
  on	
  τ-­‐sneutrino	
  
producGon	
  in	
  RPV	
  SUSY	
  
and	
  Z’	
  producGon	
  in	
  
sequenGal	
  SM	
  

•  Dominant	
  background:	
  
–  Ttbar	
  in	
  eμ	
  channel	
  
–  W+jets	
  in	
  eτ	
  and	
  μτ	
  

•  No	
  significant	
  excess	
  
observed	
  
–  95%	
  CL	
  limits	
  set	
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95%	
  CL	
  limits	
  [TeV]	
   eμ	
   eτ	
   μτ	
  

Z’	
   2.5	
   2.2	
   2.2	
  

τ-­‐sneutrino	
   2.0	
   1.7	
   1.7	
  

PRL115,	
  031801	
  

λ’311=0.11	
  	
  
λi3k=0.07	
  



ATLAS:	
  First	
  Look	
  At	
  High-­‐mass	
  Electron-­‐Muon	
  Events	
  In	
  Run-­‐2	
  

•  First	
  look	
  at	
  13	
  TeV	
  data	
  in	
  the	
  search	
  for	
  Z’→eμ!	
  	
  

•  Great	
  data-­‐model	
  agreement	
  at	
  this	
  early	
  stage	
  in	
  Run-­‐2!	
  	
  

8/31/15	
   LHCP-­‐2015	
  Conference,	
  St.	
  Petersburg,	
  Russia	
  	
   7	
  



CMS:	
  Search	
  For	
  LFV	
  Decays	
  Of	
  Heavy	
  Resonances	
  	
  
•  Signature:	
  events	
  with	
  high-­‐PT	
  electron	
  and	
  muon	
  

with	
  large	
  Meμ	
  
–  ET(e)>35	
  GeV	
  and	
  PT(μ)>45	
  GeV	
  

•  Physics	
  models	
  probed:	
  
–  τ-­‐sneutrino	
  producGon	
  in	
  RPV	
  SUSY	
  
–  6D	
  model	
  with	
  two	
  addiGonal	
  complex	
  vector	
  fields	
  Z’	
  

and	
  a’	
  (Z’	
  and	
  a’	
  are	
  assumed	
  degenerate)	
  
–  Quantum	
  black	
  holes	
  	
  

•  Major	
  background	
  is	
  sbar	
  
•  No	
  staGsGcally	
  significant	
  excess	
  observed	
  

–  95%	
  CL	
  limits	
  set	
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CMS	
  PAS	
  EXO-­‐13-­‐002	
  



ATLAS	
  and	
  CMS:	
  LFV	
  Z→eμ	
  Decays	
  	
  	
  

•  ATLAS	
  search	
  (PRD90,07210)	
  	
  
–  eμ	
  events	
  with	
  ET(e)>25	
  GeV,	
  PT(μ)>25	
  GeV	
  

–  MET<17	
  GeV,	
  Njet(PT>30	
  GeV)=0	
  

•  Z→ττ	
  is	
  major	
  background	
  
•  No	
  excess	
  observed	
  

–  Observed	
  95%	
  CL	
  limit:	
  Br(Z→eμ)<7.5×10-­‐7	
  

–  Significantly	
  surpasses	
  LEP	
  results	
  	
  

•  CMS	
  search	
  (CMS-­‐PAS-­‐EXO-­‐13-­‐005)	
  
–  eμ	
  events	
  with	
  ET(e)/PT(μ)>10(20)	
  GeV	
  

–  MT(μ,MET)<60	
  GeV,	
  Njet(PT>40	
  GeV)=0	
  

•  Z→ττ	
  is	
  major	
  background	
  
•  No	
  significant	
  excess	
  observed	
  

–  Observed	
  95%	
  CL	
  limit:	
  Br(Z→eμ)<7.3×10-­‐7	
  

–  Significantly	
  surpasses	
  LEP	
  results	
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Majorana	
  Neutrinos	
  

•  Minimal	
  Type-­‐I	
  seesaw	
  mechanism	
  (mTISM)	
  
–  Simplest	
  extension	
  of	
  SM	
  with	
  right-­‐handed	
  neutrinos	
  

–  MN>MW,	
  N→W+l±	
  	
  
–  Model	
  parameters:	
  MN	
  and	
  VlN	
  (mixing	
  between	
  SM	
  and	
  Majorana	
  neutrinos)	
  

•  Ley-­‐right	
  symmetric	
  model	
  (LRSM)	
  
–  SU(2)R	
  assumed	
  to	
  be	
  the	
  right-­‐handed	
  analogue	
  of	
  the	
  SM	
  SU(2)L	
  

–  VR={WR,Z’}	
  and	
  N	
  with	
  M(VR)>MN:	
  WR→lN	
  and	
  Z’→NN	
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Minimal	
  Type-­‐I	
  seesaw	
   Ley-­‐right	
  symmetric	
  model	
  



ATLAS	
  &	
  CMS:	
  Heavy	
  Majorana	
  Neutrinos	
  In	
  mTISM	
  	
  	
  	
  	
  

•  CMS	
  (PLB748,144)	
  
–  μ±μ±+2jet	
  	
  
–  PT(μ1)>20	
  GeV,	
  PT(μ2)>15	
  

GeV,	
  PT(jet)>20	
  GeV	
  
–  MET<30	
  GeV,	
  50<Mjj<110	
  

GeV	
  
–  No	
  excess	
  observed	
  

•  95%	
  CL	
  limits	
  set	
  

•  ATLAS	
  (JHEP07,162)	
  
–  μ±μ±+2jet	
  or	
  e±e±+2jet	
  	
  
–  PT(l1)>25	
  GeV,	
  PT(l2)>20	
  

GeV,	
  PT(jet)>20	
  GeV	
  
–  MET<40	
  GeV,	
  60<Mjj<100	
  

GeV	
  
–  No	
  excess	
  observed	
  

•  95%	
  CL	
  limits	
  set	
  

8/31/15	
   LHCP-­‐2015	
  Conference,	
  St.	
  Petersburg,	
  Russia	
  	
   11	
  



ATLAS:	
  Heavy	
  Majorana	
  Neutrino	
  And	
  WR/Z’	
  In	
  LRSM	
  	
  	
  

•  JHEP07,162	
  
•  Same	
  lepton	
  selecGon	
  as	
  in	
  

mTISM	
  analysis,	
  Mll>110	
  GeV	
  
•  No	
  excess	
  observed	
  

–  95%	
  CL	
  limits	
  set	
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N	
  vs.	
  WR	
   N	
  vs.	
  Z’	
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WR	
  search:	
  
l±l±	
  +	
  ≥1jets	
  
Mllj(j)>400	
  GeV	
  

Z’	
  search:	
  
l±l±	
  +	
  ≥2jets	
  
Mlljj(jj)>200	
  GeV	
  



CMS:	
  Heavy	
  Majorana	
  Neutrino	
  And	
  WR	
  In	
  LRSM	
  	
  	
  	
  

•  Eur.Phys.J.C74,3149	
  

•  μ±μ±+2jet	
  or	
  e±e±+2jet	
  events	
  	
  

•  PT(l1)>60	
  GeV,	
  PT(l2)>40	
  GeV,	
  PT(jet)>40	
  GeV,	
  Mll>200	
  GeV	
  

•  No	
  significant	
  excess	
  in	
  muon	
  channel,	
  95%	
  CL	
  limits	
  set	
  

•  2.8σ	
  excess	
  at	
  Meejj~2	
  TeV	
  in	
  electron	
  channel	
  
–  would	
  correspond	
  to	
  M(WR)=2.1	
  TeV	
  

–  No	
  excess	
  in	
  similar	
  ATLAS	
  search	
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Models	
  With	
  New	
  Heavy	
  Leptons	
  

•  Models	
  with	
  3-­‐lepton	
  resonances	
  
–  Vector-­‐like	
  leptons	
  (VLL)	
  invoked	
  to	
  explain	
  mass	
  hierarchy	
  between	
  different	
  lepton	
  

generaGons	
  

–  Composite	
  Higgs	
  models	
  
–  Warped	
  extra	
  dimensions	
  
–  Type-­‐3	
  seesaw	
  	
  	
  

•  Type-­‐3	
  seesaw	
  model	
  
–  At	
  least	
  two	
  extra	
  triplets	
  of	
  fermionic	
  fields	
  with	
  zero	
  hypercharge	
  in	
  the	
  adjoint	
  

representaGon	
  of	
  SU(2)L	
  that	
  generate	
  neutrino	
  masses	
  and	
  couple	
  to	
  gauge	
  bosons	
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3-­‐lepton	
  resonances	
  Type-­‐3	
  seesaw	
  model	
  



ATLAS:	
  Search	
  For	
  Type-­‐III	
  Seesaw	
  Heavy	
  Leptons	
  

•  Signature:	
  2l+2jets	
  
–  Opposite	
  sign	
  (OS)	
  or	
  same	
  sign	
  (SS)	
  lepton	
  pairs	
  

–  Electrons	
  or	
  muons	
  
–  MET>110	
  (100)	
  GeV	
  in	
  OS	
  (SS)	
  events	
  

•  No	
  excess	
  observed,	
  95%	
  CL	
  limits	
  set	
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PRD92,032001	
  

In	
  GeV	
   PT(l1)	
   PT(l2)	
   Mll	
   PT(jet1)	
   PT(jet2)	
   Mjj	
  

OS	
   >100	
  	
   >25	
   >130	
   >60	
   >30	
   60-­‐100	
  

SS	
   >70	
   >40	
   >90	
   >40	
   >25	
  

bα=|Vα|2/(|Ve|2+|Vμ|2+|Vτ|2)	
  



ATLAS:	
  Search	
  For	
  Heavy	
  Lepton	
  Resonances	
  	
  

•  Clean	
  experimental	
  signature	
  of	
  L→Zl’	
  with	
  Z→ll (arXiv:1506.01291) 
–  Event	
  categories:	
  4l,	
  3l+jj, 3l 

•  No	
  staGsGcally	
  significant	
  excess	
  observed,	
  95%	
  CL	
  limits	
  set	
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VLL	
  limits	
   Seesaw	
  Type-­‐3	
  limits	
   Model-­‐independent	
  limits	
  



Summary	
  

•  Searches	
  for	
  new	
  par9cles	
  with	
  M>1	
  
TeV	
  will	
  greatly	
  benefit	
  in	
  Run-­‐2	
  from	
  
increased	
  x-­‐sec9on	
  

•  Stay	
  tuned!!!	
  	
  	
  

•  Searches	
  for	
  LFV	
  
–  H→μτ:	
  CMS	
  &	
  ATLAS	
  observe	
  2.4σ	
  and	
  1.3σ	
  excesses,	
  respec9vely	
  
–  H→eτ	
  &	
  H→eμ:	
  no	
  significant	
  excess,	
  Br(H→eτ)<0.69%,	
  Br(H→eμ)<0.358×10-­‐3	
  
–  Z→eμ:	
  significantly	
  surpassed	
  LEP	
  limits,	
  Br(Z→eμ)<7.3×10-­‐7	
  

–  Z’	
  →μτ/eτ/eμ:	
  no	
  significant	
  excesses,	
  excluded	
  M(Z’)<2.2-­‐2.5	
  TeV	
  
–  τ-­‐sneutrino:	
  no	
  significant	
  excesses,	
  excluded	
  M<1.7-­‐2.0	
  TeV	
  

•  Majorana	
  neutrinos,	
  new	
  gauge	
  bosons	
  WR/Z’,	
  new	
  heavy	
  leptons	
  
–  No	
  sta9s9cally	
  significant	
  excess	
  observed	
  in	
  Run-­‐1	
  data	
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Backup	
  

8/31/15	
   LHCP-­‐2015	
  Conference,	
  St.	
  Petersburg,	
  Russia	
  	
   18	
  



CMS:	
  Search	
  For	
  LFV	
  H→μτ	
  	
  

•  2-­‐jet	
  selecGon:	
  |Δηjj|>3.5,	
  Mjj>550	
  GeV	
  
•  LFV	
  Yukawa	
  couplings:	
  |YijYji|<mimj/v2	
  

–  TheoreGcal	
  naturalness	
  limit:	
  tuning	
  is	
  avoided	
  if	
  the	
  
above	
  condiGon	
  is	
  met	
  	
  

•  CMS	
  result	
  is	
  interpreted	
  as	
  a	
  limit	
  on	
  Yukawa	
  YμτYτμ	
  
couplings:	
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CMS:	
  Search	
  For	
  LFV	
  H→eτ	
  &	
  H→eμ	
  	
  

•  Limits	
  on	
  Yukawa	
  couplings	
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VBF	
  selecGon:	
  
eτhad:	
  |Δηjj|>2.3,	
  Mjj>400	
  GeV	
  
eτμ:	
  |Δηjj|>3.0,	
  Mjj>200	
  GeV	
  	
  	
  

Analysis	
  categories	
  in	
  H→eμ	
  search	
  



ATLAS:	
  Search	
  For	
  LFV	
  H→μτ	
  

•  Excess	
  is	
  observed	
  only	
  in	
  SR2	
  category	
  
–  Local	
  significance	
  is	
  2.2σ	
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ATLAS	
  &	
  CMS:	
  Heavy	
  Majorana	
  Neutrinos	
  In	
  mTISM	
  	
  

•  SystemaGc	
  uncertainGes	
  and	
  limits	
  
on	
  the	
  mixing	
  parameter	
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