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Lepton	  Flavor	  ViolaAon	  (LFV)	  

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

•  (Neutral)	  Lepton	  flavor	  violaCon	  exists	  in	  Nature:	  neutrino	  oscillaCons	  
•  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	  UnificaCon	  	  	  	  	  
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CMS	  Search	  For	  LFV	  H→μτ:	  Analysis	  Overview	  	  

•  Two	  channels:	  H→μτ(→e)	  and	  
H→μτ(→hadrons)	  

•  3	  categories	  per	  channel	  	  
–  0-‐jet,	  1-‐jet,	  VBF-‐like	  2-‐jet	  

•  Dominant	  backgrounds	  	  
–  Z→ττ,	  VV,	  4bar,	  events	  with	  fake	  τhad	  

•  Leading	  systemaCcs:	  modeling	  of	  
backgrounds	  with	  fakes	  (30-‐40%)	  
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CMS	  Search	  For	  LFV	  H→μτ:	  Results	  	  

•  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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CMS	  Search	  For	  LFV	  H→eτ	  	  

•  Two	  channels:	  H→eτ(→μ)	  and	  H→eτ(→hadrons)	  
•  Event	  selecCon,	  analysis	  categories	  and	  techniques	  are	  almost	  the	  

same	  as	  in	  the	  H→μτ	  search	  
•  Major	  backgrounds:	  fake	  leptons/τhad,	  Z→ττ/ee/μμ	  
•  No	  excess	  observed:	  95%	  CL	  limit	  is	  Br(H→eτ)<0.69%	  

–  Expected	  limit:	  Br(H→eτ)<(0.75+0.32-‐0.22)%	  	  	  	  	  	  	  	  
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CMS	  Search	  For	  LFV	  H→eμ:	  Analysis	  Overview	  	  
•  11	  analysis	  categories	  (including	  2	  VBF	  categories)	  

–  Approach	  similar	  to	  H→γγ	  analysis	  
•  Fit	  Meμ	  distribuCon	  is	  fi4ed	  with	  analyCc	  funcCon	  

–  Background:	  polynomial,	  power	  law,	  exponenCal	  (depending	  on	  category)	  
–  Signal:	  sum	  of	  two	  Gaussians	  	  	  	  	  	  
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CMS	  Search	  For	  LFV	  H→eμ:	  Results	  	  

•  0-‐jet	  categories	  have	  largest	  
sensiCvity,	  followed	  by	  events	  
with	  1-‐jet	  

•  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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CMS	  Search	  For	  LFV	  Higgs	  Boson	  Decays	  

•  Limits	  on	  lepton-‐flavor-‐violaCng	  Yukawa	  couplings	  
–  Naturalness	  limit	  |YijYji|<mimj/v2	  

–  Direct	  H→μτ	  and	  H→eτ	  searches	  provide	  most	  stringent	  constraints	  
–  Searches	  for	  H→μτ	  decays	  already	  probe	  phenomenologically	  interesCng	  

region	  	  
–  Experimental	  results	  in	  μ→eγ searches	  provides	  most	  stringent	  indirect	  

constraint	  on	  |YeμYμe|	  	  
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ATLAS	  Search	  For	  LFV	  H→μτ:	  Analysis	  Overview	  
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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:	  normalizaCon	  of	  W

+jets	  and	  Z→ττ	  and	  modeling	  of	  W
+jets	  

  

WCR

SR1

SR2

  

Signal	  regions	   Control	  regions	  



ATLAS	  Search	  For	  LFV	  H→μτ:	  Results	  
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•  Observe	  small	  1.3σ	  excess	  
–  Fi4ed	  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	  



Rare	  Decays	  

•  H→Qγ (Q=J/ψ, ϒ) decays	  
–  H→J/ψγ probes	  Hcc	  coupling,	  which	  can	  be	  enhanced	  by	  new	  physics	  
–  SM	  expectaCon	  for	  Br(H→J/ψγ)=(2.8±0.2)×10−6	  	  
–  SM	  expectaCon	  for	  Br(H→ϒ(nS)γ)=O(10−10)	  	  

•  H→γγ*→llγ decays	  
–  Probes	  new	  couplings	  predicted	  by	  some	  new	  physics	  models	  
–  Non-‐trivial	  angular	  distribuCons	  and	  forward-‐backward	  asymmetry	  variables	  

reconstructed	  from	  the	  llγ	  final	  state	  have	  potenCal	  to	  invesCgate	  Higgs	  boson	  
properCes	  beyond	  what	  can	  be	  learned	  from	  H→γγ	  

•  H→µµ and H→ee decays	  
–  H→µµ probes	  coupling	  to	  2nd	  generaCon	  of	  leptons	  
–  Probes	  mass	  dependence	  of	  Hff	  couplings	  

•  Unlike	  Z	  or	  Z’	  bosons,	  Higgs	  boson	  does	  not	  couple	  universally	  to	  leptons	  	  
–  SensiCve	  to	  new	  physics	  	  	  
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ATLAS	  Search	  For	  H→Qγ (Q=J/ψ, ϒ): Analysis	  Overview 
•  Search	  is	  performed	  in	  J/ψ→µµ and ϒ(nS)→µµ decay	  modes	  
•  Analysis	  assumes	  SM	  Higgs	  boson	  producCon	  and	  dynamics	  

–  NP	  affecCng	  Hcc	  coupling	  can	  also	  modify	  Higgs	  boson	  producCon	  and	  dynamcis	  
•  Event	  selecCon:	  

–  Two	  OS	  muons	  with	  PT(μ1)>20	  GeV,	  PT(μ2)>3	  GeV,	  PT(μμ)>36	  GeV	  
–  Isolated	  photon	  with	  PT(γ)>36	  GeV,	  Δφ(μμ,γ)>0.5	  

•  4	  analysis	  categories	  based	  on	  locaCon	  of	  muon	  pairs	  and	  photon	  type	  (converted/
unconverted)	  

•  Main	  background:	  inclusive	  quarkonium	  producCon	  in	  associaCon	  with	  jet→γfake	  	  
•  Background	  is	  modeled	  by	  loosely	  selected	  data	  	  	  	  	  
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ATLAS	  Search	  For	  H→Qγ (Q=J/ψ, ϒ): Results	  

•  No	  signs	  of	  	  H→Qγ or	  Z→Qγ (Q=J/ψ, ϒ)	  are	  observed	  
•  95%	  CL	  limits	  on	  branching	  raCo	  are	  set	  

–  Br(H→J/ψγ)<1.5×10-‐3,	  ~540	  Cme	  the	  expected	  SM	  value	  

–  Br(H→ϒ(nS)γ)	  <	  (1.3,	  1.9,	  1.3)	  ×10-‐3	  for	  (1S,	  2S,	  3S)	  
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CMS	  Search	  For	  H→γγ*→llγ: Analysis	  Overview	  	  
•  Search	  for	  Dalitz	  H→γγ*→eeγ/µµγ decays	  and	  for	  H→J/ψγ→µµγ decays	  

–  ContribuCon	  from	  H→Zγ	  and	  H→µµ→µµγbrem are	  removed	  by	  Mll<20	  GeV	  and	  isolaCon	  cuts	  

•  Event	  selecCon	  
–  Leptons:	  |η(μ)|<2.4,	  |η(e)|<1.44,	  pT(ll)>0.3Mllγ,	  pT(μ1/μ2)>23/4	  GeV,	  pT(e1)+pT	  (e2)>44	  GeV	  	  	  
–  Photons:	  |η|<1.44,	  pT>0.3Mllγ	  
–  110	  GeV<Mllγ<170	  GeV	  	  
–  H→γγ*	  search:	  Mµµ<20	  GeV	  (veto	  J/ψ, ϒ decays),	  Mee<1.5	  GeV	  
–  H→J/ψγ→µµγ search:	  2.9	  GeV<Mµµ<3.3	  GeV,	  pT(µµ/γ)>40	  GeV	  	  	  
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Background	  model:	  polynomial	  funcCon	  (4th	  or	  2nd	  degree)	  
Signal	  model:	  Crystal	  Ball	  +	  Gaussian	  	  	  



CMS	  Search	  For	  H→γγ*→llγ: Results	  	  
•  No	  signs	  of	  signal	  are	  observed	  
•  Limits	  on	  H→γγ*→llγ for	  MH=125	  GeV:	  σ/σSM<7.7	  (6.4+3.1-‐2.0)	  

–  Results	  are	  staCsCcally	  limited	  
–  Need	  ~30	  more	  data	  (~600	  {-‐1)	  to	  have	  sensiCvity	  for	  SM	  H→γγ*→llγ decays	  	  

•  Limit	  on	  Br(H→J/ψγ)<1.5×10-‐3,	  ~540	  Cme	  the	  expected	  SM	  value	  
–  No	  hope	  to	  observe	  at	  LHC	    	  	  
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ATLAS	  Search	  For	  H→µµ:	  Analysis	  Overview	  
•  Event	  selecCon	  

–  pT(μ1)>25	  GeV,	  pT(μ2)>15	  GeV,	  MET<80	  GeV,	  120	  GeV<Mμμ<150	  GeV	  

•  Event	  categories	  
–  6	  analysis	  categories	  based	  on	  |η(μ)|	  and	  pT(μμ)	  	  
–  VBF	  category:	  Mjj>500	  GeV,	  |Δηjj|>3,	  ηj1ηj2>0	  

•  Background	  model:	  f*BW(x)*GS(x)+(1-‐f)*Exp(x)/x3	  

–  Background	  model	  in	  VBF	  category:	  	  BW(x)*Exp(x)	  

•  Signal	  model:	  fCB*CB(x)+(1-‐fCB)*GS(x)	  
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Major	  background:	  Z/γ*→µµ	  
PLB	  738	  (2014)	  68–86	  	  



ATLAS	  Search	  For	  H→µµ:	  Results	  
•  No	  sign	  of	  signal	  

•  Limits	  on	  μS=(σ*BR)/(σ*BR)SM	  for	  MH=125	  GeV:	  observed	  (expected)	  μS<7.1	  (7.2)	  

•  Limit	  on	  Br(H→µµ)<1.5*10-‐3	  
•  StaCsCcally	  limited	  analysis;	  sensiCvity	  to	  SM	  H→µµ decays	  with	  ~40	  more	  data	  

–  Should	  be	  able	  to	  see	  this	  decay	  with	  1000	  {-‐1	  of	  data	  
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CMS	  Search	  For	  H→µµ:	  Analysis	  Overview	  
•  H→µµ event	  selecCon	  &	  categorizaCon	  

–  pT(μ1)>25	  GeV,	  pT(μ2)>15	  GeV,	  |η(μ)|<2.1,	  MPT<40	  GeV	  (2-‐jet	  events	  only)	  
–  15	  analysis	  categories	  based	  on	  number	  of	  jets,	  |η(μ)|	  and	  pT(μμ)	  	  

•  VBF	  Tight	  category:	  Mjj>650	  GeV,	  |Δηjj|>3.5	  
•  GF	  Tight	  category:	  Mjj>250	  GeV,	  pT(μμ)>50	  GeV	  

–  Search	  window:	  120	  GeV<Mμμ<150	  GeV	  	  
•  Signal	  model:	  double-‐Gaussian	  
•  Background	  model:	  
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CMS	  Search	  For	  H→ee:	  Analysis	  Overview	  
•  H→ee event	  selecCon	  &	  categorizaCon	  

–  pT(e)>25	  GeV,	  |η(e)|<2.5	  
–  4	  analysis	  categories	  based	  on	  number	  of	  jets	  and	  |η(e)|	  
–  Tight	  (Loose)	  2-‐jet	  category:	  Mjj>500	  (250)	  GeV,	  pT(jets)>30	  (20)	  GeV,	  	  

•  |η(ee)+0.5*[η(j1)+η(j2)]|<2.5,|Δφ(jj,ee)|>2.6	  
–  Search	  window:	  120	  GeV<Mee<150	  GeV	  	  

•  Signal	  and	  background	  models	  are	  the	  same	  as	  in	  H→µµ search	  	  
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CMS	  Search	  For	  H→µµ and H→ee:	  Results	  
•  H→µµ search,	  results	  for	  MH=125	  GeV:	  

–  Limits	  on	  μS=(σ*BR)/(σ*BR)SM:	  observed	  (expected)	  μS<7.4	  (6.5+2.8-‐1.9)	  

–  Limit	  on	  Br(H→µµ)<1.6*10-‐3	  

•  H→ee search,	  results	  for	  MH=125	  GeV:	  
–  Limit	  on	  Br(H→ee)<1.9*10-‐3,	  which	  is	  3.7×105	  Cmes	  the	  SM	  predicCon	  	  
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Summary	  
•  Searches	  for	  LFV	  H→μτ/eτ/eμ	  decays	  

–  H→μτ:	  CMS	  &	  ATLAS	  observe	  2.4σ	  and	  1.3σ	  excesses,	  respecAvely	  
•  results	  already	  probe	  phenomenologically	  interesCng	  phase-‐space	  

–  H→eτ	  &	  H→eμ:	  no	  significant	  excess,	  Br(H→eτ)<0.69%,	  Br(H→eμ)<0.358×10-‐3	  
•  Much	  Cghter	  indirect	  limits	  on	  Br(H→eμ)	  based	  on	  μ→eγ searches	  	  

•  Searches	  for	  H→Qγ (Q=J/ψ, ϒ) and	  H→γγ*	   
–  CMS/ATLAS	  limits	  on	  Br(H→J/ψγ)<1.5×10-‐3	  or	  ~540	  Cmes	  SM	  value	  	  

•  no	  hope	  to	  observe	  this	  decays	  at	  LHC	  
–  ATLAS	  limits	  on	  Br(H→ϒ(nS)γ)	  <	  (1.3,	  1.9,	  1.3)	  ×10-‐3	  for	  (1S,	  2S,	  3S)	  
–  CMS	  limits	  on	  H→γγ*: σ/σSM<7.7	  (6.4+3.1-‐2.0)	  

•  Need	  ~600	  {-‐1	  to	  have	  sensiCvity	  for	  SM	  H→γγ*→llγ decays	  	  

•  Searches	  for	  H→µµ and H→ee: 
–  Higgs	  boson	  does	  not	  couple	  to	  leptons	  universally	  
–  ATLAS/CMS	  limit	  on	  Br(H→µµ)<1.5/1.6*10-‐3	  or	  7.1/7.4	  Cmes	  SM	  value	  

•  Should	  be	  able	  to	  see	  this	  decay	  with	  1000	  {-‐1	  of	  data	  

–  CMS	  limit	  on	  Br(H→ee)<1.9*10-‐3,	  which	  is	  3.7×105	  Cmes	  the	  SM	  predicCon	  	  	  
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