
Higgs	
  To	
  Two	
  Photons	
  at	
  √s	
  =	
  13	
  TeV	
  using	
  an	
  
integrated	
  luminosity	
  of	
  12.9	
  >b-­‐1	
  	
  in	
  CMS	
  	
  
Manuel	
  Olmedo	
  	
  
University	
  of	
  California	
  Riverside	
  on	
  behalf	
  of	
  CMS	
  

11
/1
8/
16
	
  

1	
  



Outline	
  Of	
  Presentation	
  	
  
•  Introduc4on	
  
•  Object	
  Selec4on.	
  
•  Object	
  op4miza4on.	
  
•  Event	
  classifica4on	
  &	
  interpreta4on.	
  	
  
•  Sta4s4cal	
  methods.	
  
•  Results.	
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  to	
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  photons	
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Higgs	
  to	
  two	
  photon	
  branching	
  ra4o	
  in	
  the	
  order	
  of	
  <	
  1%,	
  though	
  
it	
  has	
  one	
  of	
  the	
  cleanest	
  signal	
  topologies	
  so	
  it	
  is	
  easier	
  to	
  
reconstruct.	
  

Simple	
  invariant	
  mass	
  reconstruc4on	
  :	
  
mγγ=	
  √2E1E2(1-­‐cosθ)	
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 H (N3LO QCD + NLO EW)→pp 

 qqH (NNLO QCD + NLO EW)→pp 

 WH (NNLO QCD + NLO EW)→pp 
 ZH (NNLO QCD + NLO EW)→pp 

 ttH (NLO QCD + NLO EW)→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)→pp 

 tH (NLO QCD)→pp 
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Photons!	
  
(ECAL	
  hits)	
  

Vertex!	
  
	
  

Event	
  interpreta2on	
  



Photon	
  Identi>ication	
  
•  Differen4a4ng	
  photons	
  from	
  

background	
  (fake	
  photons)	
  
•  These	
  mainly	
  come	
  from	
  pion	
  

decays	
  with	
  collimated	
  photons.	
  
•  Use	
  of	
  a	
  Boosted	
  Decision	
  Tree	
  

(BDT)	
  to	
  differen4ate	
  the	
  shapes	
  of	
  
the	
  shower	
  in	
  the	
  ECAL.	
  

•  BDT	
  trained	
  using	
  photon	
  enriched	
  
sample,	
  γ	
  +	
  jet.	
  Prompt	
  photons	
  
used	
  for	
  signal,	
  non-­‐prompt	
  (fake)	
  
photons	
  used	
  for	
  background.	
  

•  Since	
  it	
  is	
  a	
  di-­‐photon	
  analysis,	
  the	
  
photons	
  also	
  need	
  to	
  pass	
  through	
  a	
  
high	
  level	
  di-­‐photon	
  trigger.	
  
•  Plus	
  a	
  pre-­‐selec4on.	
  

•  So	
  far	
  γgood=	
  trigger	
  +	
  preselec4on	
  +	
  
good	
  photon	
  id	
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Photon	
  Identi>ication	
  
•  Differen4a4ng	
  photons	
  from	
  

background	
  (fake	
  photons)	
  
•  These	
  mainly	
  come	
  from	
  pion	
  

decays	
  with	
  collimated	
  photons.	
  
•  Use	
  of	
  a	
  Boosted	
  Decision	
  Tree	
  

(BDT)	
  to	
  differen4ate	
  the	
  shapes	
  of	
  
the	
  shower	
  in	
  the	
  ECAL.	
  

•  BDT	
  trained	
  using	
  photon	
  enriched	
  
sample,	
  γ	
  +	
  jet.	
  Prompt	
  photons	
  
used	
  for	
  signal,	
  non-­‐prompt	
  (fake)	
  
photons	
  used	
  for	
  background.	
  

•  Since	
  it	
  is	
  a	
  di-­‐photon	
  analysis,	
  the	
  
photons	
  also	
  need	
  to	
  pass	
  through	
  a	
  
high	
  level	
  di-­‐photon	
  trigger.	
  
•  Plus	
  a	
  pre-­‐selec4on.	
  

•  So	
  far	
  γgood=	
  trigger	
  +	
  preselec4on	
  +	
  
good	
  photon	
  id	
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Background	
  like	
  

Signal	
  like!	
  



Photon	
  Identi>ication	
  Validation	
  
•  Valida4on	
  is	
  done	
  using	
  z-­‐>ee	
  events	
  

both	
  in	
  data	
  &	
  MC.	
  
•  The	
  idea	
  being	
  that	
  the	
  kinema4cs	
  of	
  

z-­‐>ee	
  events	
  are	
  similar	
  to	
  h-­‐>γγ	
  
events	
  (without	
  the	
  tracks).	
  

•  The	
  MC	
  events	
  are	
  taken	
  from	
  a	
  Drell-­‐
Yan	
  sample	
  afer	
  properly	
  selec4ng	
  
the	
  events.	
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Photon	
  Energy	
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Energy	
  scale	
  (energy/ADC	
  counts)	
  
Here	
  the	
  Z	
  boson	
  invariant	
  mass	
  peak	
  in	
  data	
  is	
  
fiied	
  to	
  get	
  scale	
  and	
  resolu4on.	
  

There	
  are	
  higher	
  level	
  correc4ons	
  to	
  the	
  energy	
  of	
  a	
  photon.	
  To	
  
obtain	
  these	
  correc4ons	
  the	
  energy	
  response	
  of	
  a	
  single	
  photon	
  is	
  
essen4ally	
  es4mated/predicted	
  using	
  mul4-­‐variate	
  techniques	
  
(regression).	
  The	
  correc4ons	
  are	
  then	
  derived	
  from	
  these	
  func4on.	
  	
  

Signal	
  crystal	
  amplitude	
  



Photon	
  Energy	
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These	
  correc4ons	
  vary	
  in	
  detector	
  
region	
  and	
  run	
  number.	
  

Δm	
  

Δσ	
  

Even	
  afer	
  the	
  energy	
  correc4ons	
  are	
  
applied,	
  there	
  are	
  s4ll	
  some	
  lef	
  over	
  
data/MC	
  differences.	
  These	
  correc4ons	
  
are	
  then	
  applied	
  to	
  the	
  data	
  to	
  match	
  the	
  
simula4on.	
  	
  



Vertex	
  Identi>ication	
  
•  Also	
  a	
  BDT,	
  taking	
  advantage	
  of	
  the	
  recoil	
  
and	
  conversion	
  informa4on.	
  

•  Choosing	
  the	
  correct	
  vertex	
  as	
  opposed	
  to	
  
the	
  primary	
  vertex	
  benefits	
  the	
  crea4on	
  of	
  
the	
  di-­‐photon	
  object.	
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Primary	
  vertex	
  is	
  the	
  vertex	
  with	
  maximum	
  
sumpt2,	
  tends	
  to	
  be	
  the	
  0th	
  vertex.	
  

Recoil	
  variables	
  

Addi4onal	
  variable	
  if	
  a	
  conversion	
  is	
  present	
  	
  

Valida4on	
  of	
  this	
  technique	
  in	
  data	
  is	
  done	
  using	
  Z-­‐>μμ	
  events,	
  here	
  you	
  get	
  two	
  nice	
  
tracks.	
  The	
  photon	
  is	
  emulated	
  by	
  removing	
  the	
  tracks	
  of	
  the	
  muon.	
  



Analysis	
  Strategy	
  
•  With	
  a	
  clear	
  defini4on	
  and	
  op4miza4on	
  of	
  our	
  basic	
  objects	
  we	
  can	
  now	
  begin	
  to	
  look	
  

and	
  interpret	
  di-­‐photon	
  events	
  in	
  data!	
  
•  The	
  main	
  idea	
  is	
  to	
  divide	
  the	
  data	
  into	
  categories	
  with	
  good/bad	
  S/B	
  and	
  mass	
  

resolu4on.	
  	
  
•  To	
  do	
  this	
  one	
  more	
  BDT	
  is	
  used.	
  The	
  di-­‐photon	
  BDT	
  has	
  as	
  input	
  variables	
  di-­‐photon	
  

kinema4cs	
  and	
  the	
  output	
  from	
  the	
  vertex	
  BDT	
  and	
  the	
  photon	
  BDT	
  plus	
  and	
  addi4onal	
  one	
  
which	
  I	
  won’t	
  men4on	
  here.	
  	
  

•  Beyond	
  this,	
  if	
  the	
  event	
  has	
  good	
  reconstructed	
  objects	
  such	
  as	
  leptons,jets	
  or	
  missing	
  
energy	
  the	
  event	
  can	
  be	
  classified	
  according	
  to	
  it’s	
  produc4on	
  process	
  +	
  the	
  par4cular	
  decay	
  -­‐
>	
  hadronic	
  or	
  leptonic.	
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DiPhoton	
  
Trigger	
  

DiPhoton	
  
PreSelec2on	
  

Photon	
  Energy	
  and	
  
Scale	
  Correc2ons	
  

Vertex	
  
Iden2fica2on	
  

Photon	
  
Iden2fica2on	
  

Vertex	
  Probability	
  
MVA	
  

Addi2onal	
  objects	
  

DiPhoton	
  MVA	
  

Event	
  Classifica2on	
  

Event	
  Interpreta2on	
  

Signal	
  Model	
   Background	
  Model	
  

Results/Sta2s2cal	
  
analysis	
  

To	
  CMS	
  Object	
  
reconstruc2on	
  	
  



Di-­‐Photon	
  BDT	
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•  Di-­‐Photon	
  events	
  are	
  classified	
  using	
  
a	
  BDT.	
  Di-­‐photon	
  events	
  with	
  a	
  good	
  
mass	
  resolu4on	
  and	
  good	
  di-­‐photon	
  
kinema4cs	
  get	
  a	
  score	
  closer	
  to	
  1.	
  	
  	
  	
  

•  By	
  op4mizing	
  S/B	
  regions	
  in	
  the	
  BDT	
  
one	
  can	
  define	
  regions/categories	
  of	
  
different	
  S/B	
  ranges.	
  

Untagged	
  0	
  :	
  
Low	
  resolu4on	
  and	
  low	
  S/B	
  	
  

Untagged	
  1	
  

Untagged	
  2	
  
Untagged	
  3:	
  
High	
  resolu4on	
  and	
  high	
  S/B	
  
	
  

The	
  BDT	
  is	
  trained	
  with	
  signal	
  
(ggf,vbf,vh,ih)	
  	
  and	
  background	
  
(γγ,γj,jj)	
  



Event	
  interpretation	
  	
  
•  To	
  iden4fy	
  different	
  produc4on	
  processes	
  and	
  gain	
  sensi4vity,	
  
addi4onal	
  objects	
  are	
  iden4fied	
  within	
  the	
  event.	
  
•  Leptons,	
  Jets,	
  missing	
  energy.	
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•  The	
  TTH	
  process	
  is	
  split	
  into	
  leptonic	
  decays	
  and	
  hadronic	
  decays.	
  
•  Hadronic	
  decay	
  selec4on:	
  

•  At	
  least	
  1	
  reconstructed	
  b-­‐jet	
  .	
  
•  A	
  minimum	
  of	
  5	
  jets	
  in	
  the	
  event.	
  

•  Leptonic	
  decays	
  selec4on:	
  
•  A	
  minimum	
  of	
  one	
  good	
  lepton.	
  
•  At	
  least	
  1	
  b	
  jet	
  in	
  the	
  event.	
  
•  At	
  least	
  3	
  jets	
  in	
  the	
  event	
  

	
  
	
  

	
  	
  



Event	
  interpretation	
  	
  
•  VBF	
  has	
  a	
  more	
  complicated	
  procedure.	
  
•  Two	
  new	
  BDTs	
  are	
  used	
  to	
  iden4fy	
  an	
  event	
  as	
  vbf.	
  
•  The	
  di-­‐jet	
  kinema4cs	
  BDT	
  and	
  the	
  combine	
  di-­‐jet	
  and	
  di-­‐photon	
  
BDT	
  (takes	
  di-­‐photon	
  and	
  and	
  di-­‐jet	
  BDT	
  output	
  as	
  input).	
  	
  
•  The	
  di-­‐jet	
  kinema4cs	
  BDT	
  	
  is	
  used	
  to	
  iden4fy	
  a	
  good	
  di-­‐jet	
  pair.	
  
•  The	
  combined	
  BDT	
  is	
  used	
  to	
  further	
  discriminate	
  the	
  di-­‐jet	
  signal	
  
from	
  background.	
  	
  

•  The	
  di-­‐jet	
  kinema4cs	
  BDT	
  is	
  trained	
  using	
  MC	
  VBF	
  signal	
  sample	
  
@	
  125	
  GeV	
  and	
  for	
  background	
  the	
  standard	
  processes	
  are	
  used.	
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Kinema2cs	
  Di-­‐jet	
  BDT	
  

Di-­‐Photon	
  BDT	
  	
  
Combined	
  BDT	
  

To	
  Event	
  Interpreta2on	
  



Event	
  interpretation	
  	
  
•  No	
  Associated	
  produc4on	
  (Higgstrahlung)	
  yet…	
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Event	
  interpretation	
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UntaggedTag_0	
  

UntaggedTag_1	
  

UntaggedTag_2	
  

UntaggedTag_3	
  

VBFTag_1	
  

VBFTag_0	
  

TTHLeptonicTag	
  

TTHHadronicTag	
  

UntaggedTag_1	
  

TT
HH

ad
ro
ni
cT
ag
	
  

Sor2ng	
   TTHHadronicTag	
  

To	
  Results	
  



Signal	
  And	
  Background	
  model	
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•  Fully	
  parametric	
  signal	
  model.	
  
•  Take	
  selected	
  events	
  from	
  signal	
  MC	
  

and	
  build	
  a	
  gaussian	
  func4on	
  as	
  the	
  
signal	
  (μ,σ).	
  

•  Data	
  driven	
  background	
  model	
  .	
  
•  Use	
  selected	
  data	
  and	
  choose	
  the	
  best	
  

fit	
  from	
  a	
  family	
  of	
  func4ons.	
  The	
  
choice	
  of	
  func4on	
  is	
  treated	
  as	
  a	
  
nuisance	
  parameter.	
  

Bkg	
  model	
  
Sig	
  model	
  



Results	
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Di-­‐Photon	
  invariant	
  mass	
  spectrum	
  
Famous	
  bump	
  reappeared	
  !	
  	
  

P-­‐value	
  scan,	
  significance	
  at	
  mH=	
  
125.09	
  GeV	
  is	
  5.6σ.	
  Highest	
  observed	
  is	
  
6.1σ	
  at	
  126	
  GeV.	
  



Results	
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Rela2ve	
  signal	
  strengths,	
  all	
  
within	
  SM	
  predic2on!	
  

Best	
  signal	
  strength	
  split	
  between	
  
fermionic	
  and	
  bosonic	
  components	
  
μggH,aH	
  =	
  .80+0.14-­‐0.18	
  
μVBF,VH=1.59+0.73-­‐0.45	
  



Results	
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Conclusion	
  
•  First	
  results	
  with	
  2016	
  data	
  have	
  been	
  shown.	
  
•  Reliable	
  mass	
  measurement	
  s2ll	
  in	
  the	
  works	
  (need	
  to	
  
understand	
  13TeV	
  detector	
  condi2ons	
  beaer,	
  add	
  VH	
  channel)	
  

•  Machinery	
  has	
  been	
  built	
  and	
  centralized,	
  measurement	
  turn	
  
around	
  2me	
  has	
  been	
  reduced.	
  

•  Centraliza2on	
  within	
  CMS	
  is	
  impera2ve	
  as	
  the	
  LHC	
  moves	
  
into	
  HL	
  stage.	
  

•  This	
  collabora2on	
  always	
  welcomes	
  a	
  fresh	
  pair	
  of	
  eyes!	
  
•  If	
  you	
  are	
  interested	
  in	
  contribu2ng	
  contact	
  :	
  Seth	
  Zenz	
  (Imperial	
  
College),	
  Federico	
  Ferrie	
  (SACLAY)	
  MarEna	
  MalberE	
  (Milano-­‐
Biccoca).	
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