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Measurement of Higgs Production and  Decay 
in CMS and ATLAS 

(with emphasis on bosonic decay modes) 

ABSTRACT	
  
On	
  July	
  4,	
  2012,	
  both	
  CMS	
  and	
  ATLAS	
  showed	
  Higgs	
  search	
  results	
  at	
  CERN.	
  	
  Each	
  experiment	
  had	
  a	
  narrow	
  resonance	
  with	
  a	
  
mass	
  around	
  125	
  with	
  a	
  significance	
  of	
  almost	
  exactly	
  5σ	
  when	
  combining	
  the	
  channels	
  analyzed	
  (which	
  seems	
  very	
  lucky	
  
sociologically).	
  	
  The	
  discovery	
  of	
  a	
  resonance	
  in	
  the	
  modes	
  expected	
  for	
  the	
  SM	
  Higgs	
  indicated	
  that	
  the	
  somewhat	
  
preposterous	
  SM	
  Higgs	
  Mechanism	
  was	
  correct,	
  but	
  the	
  details	
  were	
  s@ll	
  unclear.	
  	
  A	
  Higgs	
  mass	
  of	
  around	
  125	
  is	
  very	
  
interes@ng	
  since	
  it	
  is	
  consistent	
  with	
  EW	
  measurements	
  in	
  the	
  SM,	
  allows	
  measurement	
  of	
  many	
  decay	
  modes,	
  is	
  consistent	
  
with	
  the	
  	
  predic@on	
  of	
  SUSY	
  and	
  it	
  is	
  possible	
  in	
  (new)	
  composite	
  Higgs	
  models.	
  	
  It	
  was	
  decided	
  that	
  the	
  LHC	
  run	
  at	
  8	
  TeV	
  
should	
  be	
  extended	
  to	
  determine	
  whether	
  this	
  resonance	
  was	
  the	
  Higgs.	
  	
  With	
  substan@al	
  addi@onal	
  luminosity,	
  we	
  have	
  
begun	
  to	
  measure	
  the	
  couplings	
  of	
  this	
  par@cle	
  and	
  can	
  now	
  say	
  that	
  it	
  is	
  a	
  Higgs-­‐like	
  par@cle.	
  	
  In	
  this	
  seminar,	
  I	
  summarize	
  
the	
  measurements	
  of	
  CMS	
  and	
  ATLAS	
  with	
  an	
  emphasis	
  on	
  the	
  bosonic	
  decay	
  modes	
  (ZZ,	
  γγ,	
  and	
  WW).	
  	
  I	
  also	
  summarize	
  
what	
  we	
  have	
  measured	
  concerning	
  the	
  spin	
  and	
  parity	
  of	
  the	
  resonance.	
  	
  Finally	
  I	
  discuss	
  what	
  we	
  know	
  about	
  the	
  
couplings	
  and	
  what	
  can	
  be	
  done	
  in	
  future	
  runs	
  at	
  higher	
  energy	
  and	
  higher	
  luminosity.	
  



LHC Data: pp Collisions at 7 and 8 TeV 
•  Excellent	
  performance	
  of	
  LHC	
  

in	
  2011	
  and	
  2012	
  
–  Design	
  14	
  TeV	
  @	
  1034	
  cm-­‐2s-­‐1	
  
–  Peak	
  L	
  =	
  7.7	
  x	
  1033	
  cm-­‐2s-­‐1	
  

•  ~25	
  g-­‐1	
  Int	
  L	
  pp	
  collisions	
  
collected	
  per	
  experiment	
  

•  Very	
  high	
  data	
  taking	
  efficiency	
  
for	
  both	
  experiments	
  	
  

•  More	
  pileup	
  than	
  planned	
  at	
  
design	
  luminosity	
  due	
  to	
  50	
  
nsec	
  crossing	
  interval.	
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ATLAS	
  Zèµµ	
  event	
  with	
  25	
  reconstructed	
  ver@ces.	
  •  Effects	
  of	
  pileup:	
  
–  Trackers	
  do	
  an	
  excellent	
  job	
  of	
  dis@nguishing	
  different	
  ver@ces	
  .	
  	
  They	
  see	
  only	
  in-­‐@me	
  tracks.	
  
–  Calorimeters	
  see	
  in-­‐@me	
  pileup	
  as	
  normal	
  energy.	
  	
  Par@cle	
  flow	
  algorithms	
  help.	
  	
  Energy	
  from	
  previous	
  bunch	
  

crossings	
  affect	
  the	
  pulse	
  shape	
  and	
  baseline	
  subtrac@on.	
  
–  Slightly	
  deteriorates	
  energy	
  resolu@on	
  for	
  electrons,	
  photons	
  and	
  jets.	
  	
  Apply	
  correc@ons	
  event	
  by	
  event.	
  
–  Adds	
  energy	
  in	
  isola@on	
  cone.	
  	
  Corrected	
  for	
  pileup	
  energy	
  es@mated	
  event	
  by	
  event.	
  
–  We	
  can	
  go	
  to	
  higher	
  luminosity.	
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July 4, 2012:  A “Higgs-like” Resonance  
•  Both	
  Experiments	
  had	
  almost	
  exactly	
  5σ	
  when	
  

combining	
  the	
  channels	
  that	
  they	
  analyzed.	
  
–  Very	
  lucky	
  (sociologically)	
  to	
  get	
  to	
  5σ	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

at	
  the	
  same	
  @me	
  
•  blind	
  un@l	
  just	
  before	
  CERN	
  seminars	
  

•  Confirms	
  (preposterous)	
  SM	
  Higgs	
  Mechanism	
  
–  But	
  details	
  of	
  Higgs	
  Sector	
  s@ll	
  unclear	
  

•  M=125	
  is	
  very	
  interes@ng	
  
–  Consistent	
  with	
  EW	
  measurements	
  
–  Allows	
  measurement	
  of	
  many	
  decay	
  modes	
  
–  Light	
  Higgs	
  is	
  a	
  predic@on	
  of	
  SUSY	
  

•  but	
  125	
  close	
  to	
  the	
  limits	
  of	
  MSSM	
  
–  Possible	
  in	
  (new)	
  composite	
  Higgs	
  models	
  

•  Its	
  NOT	
  a	
  revolu@on	
  (its	
  SM!)	
  but:	
  
–  the	
  origin	
  of	
  mass	
  is	
  (mainly)	
  in	
  this	
  scalar	
  
–  our	
  first	
  (fundamental?)	
  scalar	
  found	
  	
  

•  We	
  have	
  begun	
  to	
  measure	
  the	
  couplings,	
  
•  And	
  to	
  search	
  for	
  other	
  par@cles	
  in	
  the	
  Higgs	
  sector.	
  
•  A	
  lot	
  of	
  measurements	
  to	
  make	
  at	
  higher	
  energy	
  

and	
  higher	
  luminosity	
  LHC.	
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SM Higgs Production and Decay 

ggH	
   VBF	
   VH	
   nH	
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SM Higgs Production and Decay 

ggH	
   VBF	
   VH	
   nH	
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dijet	
  tag	
  

lepton	
  or	
  	
  
MET	
  tag	
  

γγ	



Including	
  decay	
  BRs	
  
•  WW	
  high	
  rate	
  but	
  no	
  

mass	
  peak	
  
•  γγ	
  next	
  highest,	
  

narrow	
  mass	
  peak	
  
but	
  large	
  irred.	
  bkgd	
  

•  ZZ	
  very	
  low	
  rate	
  with	
  
narrow	
  mass	
  peak	
  
and	
  low	
  bkgd.	
  	
  Also	
  
lots	
  of	
  kinema@c	
  info	
  

•  Zγ	
  very	
  low	
  rate,	
  
narrow	
  mass	
  peak	
  
and	
  large	
  irred.	
  bkgd	
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CMS Bosonic channels at 125 GeV 

•  3	
  channels	
  with	
  similar	
  σµ	
  

•  γγ	
  and	
  ZZè4l	
  with	
  
excellent	
  mass	
  resolu@on	
  
(1-­‐2%):	
  

•  WWè2l2ν	
  with	
  highest	
  
rate:	
  

•  Zγèllγ	
  has	
  low	
  SM	
  rate	
  but	
  
good	
  mass	
  resolu@on	
  

Channel	
  
	
  	
  

Int	
  Luminosity	
  	
  	
  	
  
7	
  +	
  8	
  TeV	
  (;-­‐1)	
  

Mass	
  
resoluAon	
  

Expected	
  
sensiAvity	
  

Observed	
  error	
  
on	
  σ/σSM	
  

	
  	
  	
  γγ	

 5.1	
  +	
  19.6	
   1%	
   4.2	
  σ	
   0.27	
  
	
  	
  	
  ZZè4l 5.1	
  +	
  19.6	
   1.5%	
   7.2	
  σ	
   0.26	
  
	
  	
  	
  WWè2l2ν	

 4.9	
  +	
  19.5	
   ~20%	
   5.1	
  σ	
   0.21	
  
	
  	
  	
  Zγ	

 5.0	
  +	
  19.6	
   ~2%	
   Tiny	
  for	
  SM	
   ~5	
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done	
   in	
  progress	
  

H	
  

W,	
  Z	
  

W,	
  Z	
  

Higgs	
  decay	
  to	
  γγ	
  has	
  interference	
  	
  
between	
  vector	
  and	
  fermion	
  couplings	
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H  ZZ  4l: candidates 
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ZZ	
  con@nuum	
  H125	
  

Z-­‐>4l 

§  Golden	
  4	
  lepton	
  events	
  CMS	
  
§  Lepton	
  ID	
  efficiencies	
  

using	
  Z.	
  
§  Muon	
  energy	
  scale	
  in	
  

constant	
  B	
  field	
  is	
  easy.	
  
§  Energy	
  scale	
  and	
  

calibra@on	
  for	
  electrons	
  
(large	
  effort)	
  checked	
  with	
  
Zèee	
  .	
  

Few	
  events	
  
but	
  good	
  s/b	
  

4-­‐lepton	
  Mass	
  :	
  	
  
125.8	
  GeV	
  

μ-­‐(Z2)	
  pT	
  :	
  15	
  GeV	
  

μ+(Z2)	
  pT	
  :	
  12	
  GeV	
  

e+(Z1)	
  pT	
  :	
  28	
  GeV	
  

e-­‐(Z1)	
  pT	
  :	
  14	
  GeV	
  

§  Golden	
  4	
  lepton	
  events	
  in	
  ATLAS	
  
§  Huge	
  effort	
  on	
  lepton	
  ID	
  efficiencies,	
  

and	
  calibra@on	
  of	
  mass	
  scale.	
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Measure 7 kinematic variables: KD 
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7	
  TeV	
  with	
  signal	
  expecta@on	
   with	
  bkgd	
  expecta@on	
  

Kinema@c	
  Discriminants	
  are	
  useful	
  to	
  enhance	
  signal	
  
over	
  background	
  or	
  to	
  test	
  spin	
  hypotheses…	
  

•  Add	
  a	
  dijet	
  category	
  –	
  to	
  have	
  sensi@vity	
  to	
  VBF	
  
•  Use	
  a	
  3D	
  method	
  in	
  CMS	
  	
  (also	
  using	
  mass	
  resolu@on)	
  

–  Inclusive:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Mass	
  –	
  KD	
  –	
  Pt4l	
  
–  dijet	
  category:	
  Mass	
  –	
  KD–	
  VD	
  (VBF	
  discriminant)	
  

DESY	
  October	
  8-­‐9,	
  2013	
  



H  ZZ  4l (+2l2τ): CMS results 

•  Excess	
  of	
  events	
  at	
  125.8	
  GeV	
  
–  expected	
  significance:	
  7.2σ	
  (P<	
  10-­‐12)	
  
–  observed	
  significance:	
  6.7σ	
  
–  Fined	
  σ/σSM	
  =	
  0.91	
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+0.30	
  
-­‐0.24	
  

Consistent	
  results	
  obtained	
  with	
  1D	
  and	
  2D	
  fits	
  

CMS	
  PAS	
  HIG-­‐13-­‐002	
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H ZZ* 4l:	
  	
  ATLAS	
  Results 

11	
  

	
  arXiv:1307.1427	
  	
  
Signal	
  Significance	
  :	
  
6.6σ	
  (4.4σ	
  expected)	
  

Signal	
  strength:	
  
µ	
  =	
  1.7+0.5-­‐0.4	
  
at	
  mass	
  =	
  124.3	
  GeV	
  

	
  Compare	
  Experiments	
  based	
  on	
  expected	
  sensi@vity:	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CMS:	
  7.2σ  	
  expected	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ATLAS:	
  4.4σ	


              µCMS	
  =	
  0.91+0.30-­‐0.24	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  µATLAS	
  =	
  1.7+0.5-­‐0.4	
  

James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
  DESY	
  October	
  8-­‐9,	
  2013	
  



     CMS H ZZ* 4l  Spin-Parity Analysis 
•  Spin	
  and	
  parity	
  can	
  be	
  probed	
  using	
  angular	
  distribu@ons	
  
•  HàZZ	
  is	
  the	
  best	
  channel	
  as	
  all	
  angles	
  are	
  measured	
  

–  Using	
  discriminators	
  similar	
  to	
  KD	
  we	
  can	
  dis@nguish	
  between	
  scalar	
  and	
  
pseudo-­‐scalar	
  and	
  different	
  spin	
  hypotheses	
  

–  Derive	
  kinema@c	
  discriminants	
  for	
  each	
  of	
  6	
  possible	
  JP	
  par@cles.	
  
–  All	
  but	
  one	
  other	
  0+	
  origin	
  are	
  excluded	
  at	
  >98%	
  CL.	
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CMS	
  PAS	
  HIG-­‐13-­‐002	
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  October	
  8-­‐9,	
  2013	
  

Data	
  strongly	
  favor	
  Jp	
  =	
  0+	
  



ATLAS H ZZ* 4l JP Analysis 
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Observed	
  0-­‐	
  exclusion	
  97.8%	
  	
  
Observed	
  1+	
  exclusion	
  99.8%	
  	
  

MVA:	
  	
  mZ1,	
  
mZ2	
  +	
  decay	
  
angles	
  

0+	
  0+	
  
0-­‐	
  

0-­‐	
  

BDT	
  analysis	
  variables:	
  
	
  mZ1,	
  mZ2	
  from	
  	
  Higgs	
  -­‐-­‐>	
  ZZ*	
  4l 
+	
  producAon	
  and	
  decay	
  angles	
  

Exclusion	
  (1-­‐CLs	
  ):	
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H ZZ* 4l is	
  SAll	
  Golden 
•  We	
  are	
  at	
  very	
  low	
  sta@s@cs	
  in	
  this	
  channel.	
  
•  This	
  analysis	
  will	
  not	
  be	
  limited	
  by	
  systema@c	
  error	
  
for	
  a	
  long	
  @me.	
  

DESY	
  October	
  8-­‐9,	
  2013	
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ZZ	
  con@nuum	
  H125	
  

Z-­‐>4l 



Hγγ is a Systematically Safe Analysis 
•  Signal	
  model	
  well	
  tested	
  with	
  

Zèee	
  (or	
  µµ)	
  
–  Photon	
  resolu@on	
  bener	
  than	
  e	
  
–  photon	
  ID	
  	
  
–  vertex	
  choice	
  (µµ)	
  
–  Small	
  step	
  using	
  MC	
  from	
  e	
  to	
  γ	
  
&	
  from	
  91	
  to	
  125	
  GeV	
  

•  Bkgd	
  determined	
  by	
  fit	
  to	
  data	
  
–  have	
  carefully	
  studied	
  
parameteriza@ons	
  needed	
  

–  no	
  use	
  of	
  MC	
  to	
  get	
  background	
  
•  This	
  channel	
  will	
  be	
  sta@s@cs	
  

dominated	
  even	
  for	
  large	
  
increases	
  in	
  luminosity.	
  
–  Sta@s@cal	
  error	
  is	
  dominated	
  by	
  
error	
  on	
  background	
  events	
  
under	
  the	
  peak.	
  

James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
   15	
  

Mγγ=125.9	
  GeV	
  
σM/M=0.9%	
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      Hγγ Mass-Independent MVA Analysis 
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•  CMS:	
  	
  4	
  event	
  categories	
  based	
  on	
  a	
  diphoton	
  
Boosted	
  Decision	
  Tree	
  (BDT)	
  

–  cut	
  on	
  MVA	
  does	
  not	
  alter	
  mass	
  shape	
  significantly	
  over	
  the	
  
full	
  mass	
  range	
  

–  Separates	
  events	
  with	
  different	
  s/b,	
  including	
  resolu@on	
  	
  

•  BDT	
  inputs:	
  
–  Kinema@cs,	
  photon	
  Id	
  classifier,	
  es@mated	
  mass	
  resolu@on	
  

•  Addi@onal	
  categories	
  for	
  di-­‐jet,	
  lepton,	
  and	
  MET	
  tags	
  
–  9	
  categories	
  in	
  all	
  	
  

q  ATLAS:	
  	
  Simple	
  signature:	
  two	
  high-­‐
pT	
  isolated	
  photons	
  	
  -­‐	
  	
  ET	
  (γ1,	
  γ2)	
  >	
  40,	
  
30	
  GeV	
  (√s=8	
  TeV)	
  

q  Events	
  divided	
  into	
  14	
  categories	
  
based	
  on	
  produc@on	
  mode	
  and	
  S/B	
  
ra@o	
  in	
  different	
  detector	
  region	
  
(increase	
  sensi@vity,	
  also	
  for	
  
coupling	
  measurements	
  )	
  	
  

DESY	
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•  Di-­‐Jet	
  tag	
  enhances	
  VBF	
  produc@on	
  significantly	
  
–  Most	
  important	
  variables	
  are	
  Mjj,	
  PTjet,	
  Δη	


–  di-­‐jet	
  BDT	
  used	
  to	
  improve	
  tag	
  
–  Hàγγ gives	
  the	
  best	
  VBF	
  measurement	
  

	
  

	
  

	
  
	
  

Hγγ Di-jet Tag 

Mγγ	
  =	
  121.9	
  GeV	
  
Mjj	
  =	
  1460	
  GeV	
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VBF	
  candidate	
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8 TeV Categories 
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  DESY	
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  8-­‐9,	
  2013	
  

Tight	
  Dijet	
  	
  

µ	
  tag	
  	
  

Loose	
  Dijet	
  	
  

e	
  tag	
  	
   MET	
  tag	
  	
  

untagged	
  0	
  	
   untagged	
  1	
  	
   untagged	
  2	
  	
  

untagged	
  3	
  	
  



Hγγ Weighted Mass Distribution 

•  This	
  plot	
  is	
  not	
  used	
  in	
  the	
  analysis	
  and	
  it	
  is	
  for	
  illustra@on	
  only,	
  it	
  adds	
  all	
  
event	
  classes	
  together	
  

James	
  G.	
  Branson,	
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  San	
  Diego	
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Weighed	
  	
  
data	
  events	
  
and	
  BG	
  model	
  
parametriza@ons	
  

•  One	
  weight	
  per	
  
category.	
  

•  Sum	
  of	
  mass	
  
distribu@ons	
  for	
  each	
  
event	
  class,	
  weighted	
  
by	
  S/(S+B)	
  

•  B	
  is	
  integral	
  of	
  
background	
  model	
  
over	
  a	
  constant	
  signal	
  
frac@on	
  interval	
  

	
  

DESY	
  October	
  8-­‐9,	
  2013	
  



•  Largest	
  excess	
  around	
  125	
  GeV	
  	
  
–  Local	
  significance	
  3.2	
  σ	
  at	
  125	
  GeV	
  
–  Expected	
  significance	
  4.2	
  σ	
  at	
  125	
  GeV	
  
–  Fined	
  σ/σSM	
  at	
  125	
  GeV	
  0.78	
  

Hγγ Results: p-values 

Consistent	
  results	
  
from	
  cut	
  based:	
  
σ/σSM	
  at	
  125	
  GeV	
  1.11	
  
	
  
(consistency	
  check	
  with	
  jackknife	
  
method).	
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+0.28	
  
-­‐0.26	
  

+0.32	
  
-­‐0.30	
  

CMS	
  PAS	
  HIG-­‐13-­‐001	
  

DESY	
  October	
  8-­‐9,	
  2013	
  



H γγ 
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arXiv:1307.1427	
  	
  

Obs	
  (√s=8	
  TeV,	
  
mH

rec	
  =	
  126.8	
  GeV	
  ±2σ)	
  
Expected	
  purity	
  
s/s+b	
  (√s=8	
  TeV)	
   Main	
  backgrounds	
  

13931	
   370/13575	
  =	
  2.7%	
  	
   γγ,γj	
  and	
  jj	
  

Signal	
  Significance	
  :	
  
7.4σ	
  (4.3σ	
  expected)	
  

Signal	
  strength	
  	
  
µ	
  =	
  1.57±0.24(stat)	
  ±0.22(syst)	
  
at	
  mass	
  =	
  126.8	
  GeV	
  

	
  Compare	
  Experiments	
  based	
  on	
  expected	
  sensi@vity:	
  	
  CMS:	
  4.2σ,	
  	
  ATLAS:	
  4.3σ.	


µCMS	
  =	
  0.78+0.28-­‐0.26	
  	
  (includes	
  stat	
  &	
  syst)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  µATLAS	
  =	
  1.57±0.24(stat)	
  ±0.22(syst)	
  

James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
  DESY	
  October	
  8-­‐9,	
  2013	
  



Combined Mass Measurement 

•  MH	
  =	
  125.7	
  ±	
  0.3(stat.)	
  ±	
  0.3(syst.)	
  GeV	
  
	
   James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
   22	
  

2D	
  scan	
  μ	
  vs	
  mass	
   1D	
  scan:	
  mass	
  

•  Mass	
  can	
  be	
  measured	
  with	
  higher	
  precision	
  with	
  γγ	
  and	
  ZZ	
  
–  To	
  reduce	
  model	
  dependence,	
  allow	
  for	
  free	
  cross	
  sec@on	
  in	
  

different	
  channels	
  and	
  fit	
  for	
  the	
  common	
  mass	
  
–  Note:	
  	
  Fit	
  to	
  ZZ	
  is	
  simpler	
  in	
  this	
  combined	
  fit	
  so	
  fit-­‐µ	
  is	
  different	
  

DESY	
  October	
  8-­‐9,	
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Mass Combination (4l, γγ) 
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Prob.	
  to	
  observe	
  Δm≥2.3	
  GeV	
  ~	
  1.5%	
  (2.4σ)	
  

James	
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  DESY	
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  8-­‐9,	
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    Hγγ Differential Cross-Sections  
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ATLAS-­‐CONF-­‐2013-­‐072	
  

Ø 	
  Bin	
  events	
  in	
  variables	
  of	
  interest	
  
Ø 	
  Background	
  esAmaAons	
  from	
  the	
  mγγ	
  side-­‐band	
  fit	
  in	
  each	
  bin	
  
Ø 	
  EsAmate	
  the	
  systemaAcs	
  	
  	
  
Ø 	
  Background	
  subtracAon	
  in	
  each	
  bin	
  
Ø 	
  Unfold	
  the	
  reconstructed	
  distribuAons	
  to	
  truth	
  distribuAons	
  	
  	
  	
  
(	
  differenAal	
  cross-­‐secAons)	
  
Ø ATLAS	
  has	
  fairly	
  uniform	
  acceptance	
  

Study	
  the	
  kinemaAc	
  distribuAons	
  of	
  H	
  γγ events	
  	
  
To	
  unfold	
  the	
  experimental	
  measured	
  distribuAons	
  to	
  parAcle	
  
level	
  distribuAons	
  (differenAal	
  dσ/	
  dx	
  )	
  

Reco	
  
level	
  

Par@cle	
  
level	
  

Cross-­‐Sec@on	
  
ra@o	
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Hγγ spin analysis 
•  Consider	
  graviton-­‐like	
  hypothesis	
  2+	
  
•  Produc@on	
  can	
  be	
  gg	
  fusion	
  or	
  qq	
  annihila@on	
  
•  Sensi@vity	
  s@ll	
  rather	
  low	
  for	
  high	
  qq	
  frac@on	
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CMS	
  PAS	
  HIG-­‐13-­‐016	
  

DESY	
  October	
  8-­‐9,	
  2013	
  



Spin Analysis with H γγ	


Polar	
  angle	
  θ*	
  of	
  the	
  photon	
  decay	
  in	
  
Collins-­‐Soper	
  frame,	
  along	
  with	
  mγγ	



0+	
   2+	
  data	
   data	
  

ZCS	
  bisects	
  angle	
  
between	
  the	
  
momenta	
  of	
  
colliding	
  hadrons	
  

CS	
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  DESY	
  October	
  8-­‐9,	
  2013	
  



2+ Hypothesis Exclusion in H γγ 

observed	
  

p0(2+)	
  

p0(0+)	
  

Method	
  
-­‐  Binned	
  likelihood	
  using	
  discriminants	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  e.g.	
  mγγ	
  and	
  |cos θ*|	
  
-­‐  Poisson	
  probability	
  given	
  a	
  signal	
  S	
  scaled	
  by	
  

strength	
  µ	
  and	
  background	
  B	
  with	
  nuisance	
  
parameters	
  θ 	
  and	
  constraints	
  from	
  auxiliary	
  	
  	
  

-­‐  measurements	
  A	
  for	
  each	
  channel	
  
	
  	
  	
  	
  	
  Ra@o	
  of	
  likelihoods	
  test	
  sta@s@c	
  

	
  q	
  =	
  log(L (0+)/L (JPalt))	
  
	
  	
  	
  	
  	
  with	
  µ 	
  fixed	
  for	
  a	
  given	
  JP	
  	
  
-­‐  Exclusion	
  using	
  (1	
  -­‐	
  CLS	
  )	
  

	
  	
  CLS	
  =	
  p0	
  (JPalt)	
  /	
  (1-­‐p0(0+))	
  

	
  	
  	
  Observed	
  2+	
  exclusion	
  99.3%	
  (1-­‐CLS)	
  

James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
   27	
  DESY	
  October	
  8-­‐9,	
  2013	
  



•  H125	
  used	
  as	
  addi@onal	
  BG	
  

	
  
•  Two	
  nearly	
  degenerate	
  mass	
  states	
  	
  

Hγγ - Double Higgs 

James	
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CMS	
  PAS	
  HIG-­‐13-­‐016	
  

MH’=136.5	
  
Local	
  significance	
  2.9	
  σ	
  
Global	
  significance	
  <2σ	
  

Allows	
  to	
  exclude	
  parameters	
  in	
  the	
  2HDM	
  when	
  two	
  Higgs	
  boson	
  interpreted	
  as	
  h,H	
  or	
  h,A	
  

Second	
  Higgs	
  
produced	
  as	
  SM	
  

Second	
  Higgs	
  
produced	
  in	
  ggfus	
  only	
  

Expected	
   Observed	
  

DESY	
  October	
  8-­‐9,	
  2013	
  



HWWlνlν 
•  Two	
  high	
  pT	
  isolated	
  leptons	
  +	
  MET	
  
•  No	
  narrow	
  mass	
  peak	
  
•  Most	
  sensi@ve	
  channel	
  around	
  2MW	
  	
  

–  Also	
  at	
  125	
  GeV	
  it	
  gives	
  the	
  smallest	
  error	
  on	
  μ	
  

•  Main	
  backgrounds 	
  	
  
–  WW	
  (irreducible)	
  
–  Z+jets,	
  WZ,	
  ZZ,	
  n,	
  W	
  +	
  jets	
  

•  BG	
  es@ma@on	
  is	
  crucial	
  
–  Main	
  BG	
  es@mated	
  from	
  data	
  
–  Less	
  clear	
  how	
  this	
  scales	
  with	
  L	
  	
  

μ	
  PT	
  
32	
  GeV	
   e	
  PT	
  

34	
  GeV	
  

MET	
  
47	
  GeV	
  

H-­‐>WW-­‐>eμνν	
  candidate	
  

Scalar	
  Higgs	
  boson	
  +	
  V-­‐A	
  structure	
  of	
  	
  
W	
  decay	
  favors	
  small	
  Δφ	
  between	
  	
  
the	
  2	
  charged	
  leptons	
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  DESY	
  October	
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HWW*lνlν	



30	
  

q ee,eµ,µµ + 2ν final	
  state	
  
q Njet	
  classification	
  (0,1,	
  >=	
  2	
  jet)	
  to	
  

separate	
  ggF	
  and	
  VBF	
  processes	
  
q eµ	
  channel	
  most	
  important	
  (large	
  DY	
  

bkgd	
  for	
  ee	
  and	
  µµ)	
  	
  
q Experimental	
  challenges:	
  ET

miss,	
  Njet	
  
q final	
  discriminant	
  MT	
  

James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
  DESY	
  October	
  8-­‐9,	
  2013	
  

Njet	
  =0,1	
   Njet	
  =	
  2	
  

ETmiss	
  

Frac@on	
  Njet>0	
  



BG	
  subtracted	
  data	
  

WWlνlν 2D analysis (0 jet bin) 

•  aaa	
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Signal	
  
region	
  

MC	
  Background	
   Higgs	
  signal	
  at	
  125	
  GeV	
  

Data	
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HWWlνlν: results 
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•  CMS:	
  	
  Broad	
  excess	
  
consistent	
  with	
  125	
  GeV	
  
–  expected	
  significance:	
  5.1	
  σ	
  
–  observed	
  significance:	
  4.0	
  σ	
  
–  Fined	
  σ/σSM	
  =	
  0.76	
  ±	
  0.21	
  

CMS	
  PAS	
  HIG-­‐13-­‐003	
  

DESY	
  October	
  8-­‐9,	
  2013	
  

•  ATLAS:	
  	
  Broad	
  excess	
  
consistent	
  with	
  125	
  GeV	
  
–  expected	
  significance:	
  3.8	
  σ	
  
–  observed	
  significance:	
  3.8	
  σ	
  
–  Fined	
  σ/σSM	
  =	
  0.99	
  ±	
  0.30	
  

expected	
  (no	
  Higgs)	
  

expected	
  (Higgs	
  125)	
  



Z/W (ll/lν) + H (WW*lνlν) 

33	
  

3l analysis	
  Data/MC,	
  Total	
  WWW	
  contribu@on	
  
~5.1	
  events	
  

4l	
  analysis	
  Data/MC,	
  ZWW	
  contribu@on	
  ~0.6	
  events	
  	
  

Combined	
  limit	
  

ATLAS-­‐CONF-­‐2013-­‐075	
  

Observed	
  small	
  excess	
  at	
  125	
  GeV:	
  	
  	
  
1.7σ	
  (WHWW),	
  1.5σ	
  (ZHWW)	
  

95%	
  C.L.	
  observed	
  (expected)	
  upper	
  limit	
  on	
  the	
  rate/
SM	
  at	
  125	
  GeV:	
  	
  	
  
7.5	
  (4.0)	
  for	
  WH	
  and	
  14.3	
  (9.6)	
  for	
  ZW	
  

James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
  DESY	
  October	
  8-­‐9,	
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Spin 2 analysis 

•  Use	
  0-­‐jet	
  and	
  1-­‐jet	
  bins	
  
•  Limited	
  sensi@vity	
  (expected	
  <	
  2σ)	
  
•  Observed	
  result	
  disfavours	
  2+min	
  hypothesis	
  at	
  12-­‐14%	
  
probability	
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CMS	
  PAS	
  HIG-­‐13-­‐003	
  

DESY	
  October	
  8-­‐9,	
  2013	
  



Spin Analysis With H WW* 
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BDT	
  discriminant	
  

Observed	
  2+	
  (qq=100%)	
  exclusion	
  99.96%	
  
Observed	
  2+	
  (qq	
  	
  =	
  	
  0%)	
  	
  exclusion	
  95.2%	
  	
  

2+	
  
0+	
  

Exclusion	
  (1-­‐CLs	
  ):	
  

James	
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  San	
  Diego	
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Combined Spin-Parity Results 

36	
  

Ø 	
  0-­‐	
  hypothesis	
  excluded	
  at	
  97.8%	
  CL	
  in	
  	
  
	
  	
  	
  favor	
  of	
  0+	
  by	
  Hà	
  ZZ*à	
  4l	
  analysis	
  
Ø 1+	
  and	
  1-­‐	
  excluded	
  at	
  99.7%	
  CL,	
  	
  
	
  	
  	
  respec@vely	
  by	
  WW	
  and	
  ZZ	
  analysis	
  
Ø 	
  2+	
  excluded	
  at	
  95.2%	
  to	
  99.96%	
  CL	
  	
  

Data	
  favor	
  of	
  Jp	
  =	
  0+	
  

ZZ	
   ZZ,	
  WW	
   ZZ,	
  WW,	
  γγ	

Combine:	
  

James	
  G.	
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  San	
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HZγ	


•  Cross	
  sec@on	
  similar	
  to	
  γγ	
  
•  Use	
  Z-­‐>ee	
  and	
  Z-­‐>μμ	
  (reduce	
  cross	
  sec@on)	
  
•  Large	
  BG	
  from	
  Drell	
  Yan	
  with	
  ISR	
  

James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
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Models	
  exist	
  with	
  	
  
BR(Zγ)	
  >100	
  x	
  SM	
  
while	
  BR(γγ)	
  is	
  SM-­‐like	
  
	
  

arXiv:1307.5515	
  

DESY	
  October	
  8-­‐9,	
  2013	
  



HZγ  llγ	
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ATLAS-­‐CONF-­‐2013-­‐009	
  

§ 	
  HZγ	
  is	
  another	
  high	
  resolu@on	
  channel	
  
§ 	
  Sensi@ve	
  to	
  new	
  par@cles	
  through	
  loops	
  
§ 	
  For	
  SM	
  Higgs	
  with	
  mass	
  =	
  125	
  GeV:	
  
	
  

HZγ	



MZγ	
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Hbb, ττ	


•  No	
  narrow	
  mass	
  peak.	
  
•  Rather	
  low	
  s/b.	
  
•  But	
  we	
  have	
  large	
  signals	
  to	
  work	
  with.	
  

•  These	
  analyses	
  have	
  significant	
  systema@c	
  errors,	
  
but	
  the	
  measurements	
  can	
  be	
  made,	
  par@cularly	
  
for	
  well	
  tagged	
  modes.	
  	
  

DESY	
  October	
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Hbb 
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95% CL Limits on VH(bb)  

DESY	
  October	
  8-­‐9,	
  2013	
   James	
  G.	
  Branson,	
  UC	
  San	
  Diego	
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Excess	
  observed	
  in	
  CMS	
  but	
  not	
  ATLAS.	
  



 Measured m in VHVbb 
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Hττ Modes	
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Hττ P-­‐Values	
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     Summary of Measured Signal Strengths 

•  The	
  fined	
  μ	
  (including	
  bb	
  and	
  ττ)	
  
at	
  125.7	
  GeV	
  is:	
  	
  
–  σ/σSM	
  =	
  0.80±0.14	
  

	
  

James	
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Comparison	
  of	
  channels	
  
for	
  MH=125.7	
  GeV	
  

CMS	
  PAS	
  HIG-­‐13-­‐005	
  

Fermionic	
  
Decays	
  

DESY	
  October	
  8-­‐9,	
  2013	
  

SM	
  



Higgs Signal Strength 
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Signal	
  strength	
  μ	
  =	
  σ/σSM	
  	
  
Combina@on	
  of	
  	
  diboson	
  final	
  states	
  
H	
  →	
  γγ	
  	
  
H	
  →	
  ZZ(*)	
  →	
  4l 
H	
  →	
  WW(*)	
  →	
  lνlν	


measured	
  	
  at	
  combined	
  mH=125.5	
  GeV	
  	
  	
  
	
  
•  VariaAon	
  due	
  to	
  mH	
  uncertainty:	
  ±3%	
  

•  CompaAbility	
  with	
  SM	
  (μ=1):	
  7%	
  	
  

•  Largest	
  deviaAon	
  μγγ:	
  1.9	
  σ	
  
	
  
Including	
  preliminary	
  μbb,	
  μττ:	
  μ=1.23	
  ±	
  
0.18	
  
	
  
ATLAS	
  also	
  sets	
  preliminary	
  (95%CL)	
  
limits:	
  	
  
	
  
H	
  →	
  Zγ:	
  μ<18.2	
  (4.6	
  ;-­‐1	
  +	
  20.7	
  ;-­‐1)	
  	
  
μ	
  =	
  1.33	
  ±	
  0.14	
  (stat)	
  ±	
  0.15	
  (sys)	
  ±	
  0.11	
  (theo)	
  

SM	
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The Higgs Should Couple to Mass 
•  Violates	
  universality	
  of	
  
couplings	
  to	
  different	
  
genera@ons.	
  

•  The	
  measured	
  couplings	
  
support	
  the	
  coupling	
  to	
  
mass.	
  

•  While	
  Higgs	
  to	
  µµ	
  is	
  not	
  yet	
  
observed,	
  	
  it	
  is	
  limited	
  to	
  
be	
  below	
  about	
  5	
  @mes	
  the	
  
SM	
  expecta@on.	
  
–  	
  another	
  factor	
  of	
  10	
  on	
  this	
  
plot.	
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Evidence for VBF and VH production 
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Combine	
  results	
  from	
  separate	
  decay	
  mode	
  to	
  disentangle	
  produc@on	
  modes:	
  
Fit	
  to	
  µVBF+VH/µggH+vH	
  in	
  different	
  channels	
  (independent	
  on	
  Branching	
  Ra@os)	
  
●	
  CMS	
  :	
  Evidence	
  for	
  VBF+VH	
  produc@on	
  3.2σ	


●	
  ATLAS:	
  Evidence	
  for	
  VBF	
  produc@on	
  (VH	
  'profiled')	
  3.3σ	


VBF	
  and	
  VH	
  produc@on	
  compa@ble	
  with	
  SM	
  predic@on	
  
E.	
  



CMS: κV,	
  κf	
  Contours 
•  Vector	
  and	
  fermion	
  couplings	
  are	
  scaled	
  by	
  two	
  scale	
  

factors	
  ,	
  κV	
  and	
  κF	
  
•  Agree	
  with	
  SM	
  at	
  ~1	
  σ	
  
•  κF	
  <	
  0	
  excluded	
  at	
  95%	
  CL	
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The	
  green	
  thumb	
  of	
  γγ is	
  extremely	
  important	
  for	
  coupling	
  measurements	
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Vector vs Fermion Couplings 
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2-­‐parameter	
  benchmark	
  model:	
  
κV	
  =	
  κW=κZ	
  	
  (>0)	
  
κF=κt=κb=κc=κτ=κg	
  	
  
(Gluon	
  coupling	
  are	
  related	
  to	
  top,	
  b,	
  and	
  
their	
  interference	
  in	
  tree	
  level	
  loop	
  
diagrams)	
  
	
  
Assume	
  no	
  BSM	
  contribu@ons	
  to	
  
loops:	
  ggà	
  H	
  and	
  Hàγγ,	
  and	
  no	
  
BSM	
  decays	
  (no	
  invisible	
  decays)	
  

Ø 	
  κF	
  =	
  0	
  is	
  excluded	
  (>5σ)	
  
	
  
Double	
  minimum	
  from	
  
interference	
  between	
  vector(W)	
  
and	
  fermion(top)	
  in	
  Hàγγ	
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New particles in the loops 
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Fix	
  all	
  non-­‐loop	
  κi	
  to	
  SM	
  value:	
  κV	
  =	
  κF	
  =	
  1	
  
●	
  Assume	
  new	
  par@cles	
  do	
  not	
  contribute	
  to	
  Γ	
  H	
  
●	
  Directly	
  measure	
  effec@ve	
  κg	
  and	
  κγ	
  –	
  test	
  non	
  SM	
  contribu@ons	
  



Contribution to the width from BSM 
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Summary of Spin/Parity Measurements 
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Tests	
  strongly	
  favor	
  SM	
  0+	
  hypothesis	
  
Many	
  alterna@ve	
  models	
  tested:	
  
Excluded	
  at	
  >	
  98%	
  CL	
  



Beyond hypothesis testing: 0+ versus 0- 
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   HZZ High Mass (SM) Higgs Search 
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•  HàZZàllνν is	
  the most	
  sensi@ve	
  channel	
  for	
  high	
  mass	
  search	
  	
  
–  Mass	
  resolu@on	
  7%	
  
–  Main	
  backgrounds	
  

•  ZZ	
  (irreducible),	
  Z+jets,	
  n,	
  WZ	
  

–  No	
  signal	
  observed	
  with	
  full	
  dataset	
  
•  Combine	
  with	
  other	
  ZZ	
  channels	
  

–  HàZZà4l 
–  HàZZà2l2τ	


–  HàZZà2l2j 
–  SM-­‐like	
  Higgs	
  excluded	
  200<m<1000	
  

•  the	
  full	
  mass	
  range	
  studied	
  

	
  
•  (Not	
  a	
  mul@-­‐Higgs	
  model,	
  just	
  SM)	
  

H-­‐>ZZ-­‐>llνν	
  candidate	
  
DESY	
  October	
  8-­‐9,	
  2013	
  



    Search for High Mass H ZZ, WW 
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ZZ	
  

WW*	
  lνlν	

 ZZ*	
  4l 

Extend	
  the	
  Higgs	
  search	
  to	
  high	
  mass	
  assume	
  SM-­‐like	
  width,	
  and	
  	
  decay	
  to	
  	
  

95%	
  C.L.	
  exclusion	
  of	
  a	
  SM-­‐like	
  heavy	
  Higgs	
  up	
  to	
  ~	
  650	
  GeV	
  

ATLAS-­‐CONF-­‐2013-­‐067	
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Summary 
•  By	
  now	
  we	
  know	
  we	
  have	
  found	
  “a	
  Higgs”	
  Boson.	
  

–  Branching	
  ra@os	
  are	
  about	
  right,	
  (mass)	
  
–  and	
  it	
  seems	
  to	
  be	
  0+	
  (in	
  both	
  CMS	
  and	
  ATLAS)	
  

•  This	
  discovery	
  confirms	
  the	
  SM	
  Higgs	
  mechanism,	
  
–  but	
  we	
  can	
  measure	
  a	
  lot	
  more	
  for	
  m	
  =	
  125,	
  
–  and	
  SUSY	
  Higgs,	
  composite	
  Higgs,	
  other	
  BSM	
  Higgs	
  are	
  s@ll	
  
possible	
  and	
  discoverable.	
  

•  Many	
  other	
  measurements	
  have	
  begun.	
  
–  not	
  all	
  shown	
  here,	
  
–  but	
  we	
  have	
  a	
  good	
  start,	
  
–  and	
  14	
  TeV	
  will	
  be	
  bener.	
  

•  We	
  will	
  run	
  at	
  higher	
  energy	
  and	
  Luminosity.	
  
–  the	
  future	
  is	
  bright	
  for	
  Higgs	
  Physics	
  at	
  LHC	
  (and	
  beyond).	
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Backup 
	
  
	
  
	
  

Backup	
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Coupling Measurements 
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Coupling	
  strengths	
  κi	
  &	
  ra@o:	
  	
  κF	
  =gF/gF,SM,	
  	
  	
  κV	
  =gV/gV,SM,	
  	
  	
  	
  λij	
  =	
  κi	
  /κj	
  

(8)	
  

Example H → γγ  
κg	
  ,	
  κγ:	
  loop	
  coupling	
  
scale	
  factors	
  
κH	
  is	
  the	
  total	
  Higgs	
  
width	
  scale	
  factor	
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    W vs Z Coupling (Custodial Symmetry) 

λWZ	
  consistent	
  with	
  
SM	
  	


	
  
	
  
	
  
Indirect	
  indica@on	
  
“Higgs-­‐like”	
  boson	
  is	
  
EW	
  doublet	
  (since	
  λWZ	
  
=	
  0.5	
  for	
  triplet)	
  SM	
  predic@on	
  

Best	
  fit	
  

Both	
  experiments	
  have	
  a	
  comprehensive	
  analysis	
  of	
  all	
  channels	
  combined.	
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New -- After the Higgs Discovery 
New	
  ATLAS	
  Higgs	
  Papers	
  

arXiv:1307.1427	
  Sub.	
  Phys.	
  Len.	
  B	
  (Mass,	
  
Couplings)	
  

arXiv:1307.1432	
  Sub.	
  Phys.	
  Len.	
  B	
  	
  
(Spin-­‐parity)	
  

	
  
New	
  ATLAS	
  Higgs	
  Pub	
  Notes	
  
	
  

ATLAS-­‐CONF-­‐2013-­‐012	
  (γγ)	
  
ATLAS-­‐CONF-­‐2013-­‐013	
  (ZZ*)	
  
ATLAS-­‐CONF-­‐2013-­‐031	
  (WW*)	
  
ATLAS-­‐CONF-­‐2013-­‐040	
  (Spin)	
  
ATLAS-­‐CONF-­‐2013-­‐079	
  (VH	
  →	
  bb)	
  
ATLAS-­‐CONF-­‐2012-­‐160	
  (H	
  →	
  ττ)	
  
ATLAS-­‐CONF-­‐2013-­‐075	
  (WW*)	
  
ATLAS-­‐CONF-­‐2013-­‐029	
  (γγ)	
  
	
  
ATLAS-­‐CONF-­‐2013-­‐009(Zγ)	
  
ATLAS-­‐CONF-­‐2013-­‐010(µµ)	
  
ATLAS-­‐CONF-­‐2013-­‐067(HMHàWW)	
  
ATLAS-­‐CONF-­‐2013-­‐072	
  (diff	
  	
  σ	
  Hàγγ)	
  
ATLAS-­‐CONF-­‐2013-­‐075(VHàWW)	
  
ATLAS-­‐CONF-­‐2013-­‐080(n	
  +Hàγγ)	
  
ATLAS-­‐CONF-­‐2013-­‐081(tàcH)	
  
	
  

	
  

•  H→	
  γγ,	
  ZZ*,	
  WW*	
  analysis	
  updates	
  
based	
  on	
  full	
  2011-­‐2012	
  dataset	
  	
  
(4.6	
  ;-­‐1	
  @	
  7TeV,	
  20.7	
  ;-­‐1	
  @	
  8TeV)	
  	
  

	
  
•  Higgs	
  mass	
  from	
  H→γγ	
  and	
  

H→ZZ*→	
  4l	
  	
  

•  Signal	
  strengths	
  (µ = σ/σSM)	
  

•  Sensi@vity	
  to	
  vector	
  boson	
  fusion	
  
(VBF)	
  

•  Comparison	
  of	
  decay	
  rates	
  	
  

•  Couplings	
  	
  

•  Spin	
  and	
  parity	
  

•  Searches	
  in	
  rare	
  decay	
  modes	
  	
  

Property	
  
measuremen
t	
  

Searches	
  



Lepton Energy/Momentum Calibration 
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Muons	
  

Electrons	
  

Zà4µ	



Nice	
  valida@on	
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VBF vs. ggF Production 
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μVBF+VH	
  vs	
  μggF+nH	
  	
  poten@ally	
  modified	
  by	
  
B/BSM	
  

3.3σ	
  
evidence	
  

μVBF+VH	
  /	
  μggF+vH	
  =	
  1.4+0.4-­‐0.3(stat)
+0.6-­‐0.4(sys)	
  	
  

SM	
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µggH,ttH vs µVBF,VH  
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Energy Scale and Resolution 
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Muon	
  energy	
  scale	
  and	
  resoluAon	
  correcAons	
  and	
  systemaAc	
  uncertainAes	
  determined	
  
from	
  large	
  Z,	
  J/ψ	
  and	
  Y	
  samples	
  

q 	
  Resolu@on	
  correc@on	
  (0.2-­‐1.3%),	
  scale	
  correc@on	
  (	
  <	
  0.1%)	
  
q 	
  Independent	
  measurements	
  from	
  Muon	
  Spectrometer	
  and	
  inner	
  tracker	
  
q 	
  Probe	
  global	
  and	
  local	
  scale	
  biases,	
  overall	
  uncertainty	
  on	
  4µ	
  scale	
  0.2%	
  
q 	
  Calibra@on	
  using	
  Zà	
  4µ	
  mass	
  peak	
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EM Colorimeter Calibration 
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q 	
  In-­‐situ	
  energy	
  calibra@on	
  results	
  and	
  their	
  stability	
  checked	
  with	
  different	
  
methods	
  
	
  	
  	
  	
  (E/P	
  with	
  Wà	
  eν,	
  J/ψ	
  à	
  ee)	
  
	
  
q 	
  Uncertainty	
  on	
  the	
  diphoton	
  mass	
  scale	
  0.6%,	
  largely	
  contribu@ons	
  

Ø 	
  Material	
  effects	
  (separately	
  for	
  volumes	
  for	
  |η|	
  <	
  1.8,	
  and	
  |η|	
  >	
  1.8)	
  
Ø 	
  Uncertainty	
  on	
  the	
  in-­‐situ	
  calibra@on	
  method	
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Photon Energy Calibration 
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q 	
  MC	
  based	
  calibra@on	
  at	
  cluster	
  level	
  tuned	
  in	
  test	
  beams	
  
	
  
q 	
  Need	
  accurate	
  material	
  descrip@on	
  for	
  eà	
  g	
  extrapola@on	
  
	
  	
  	
  (Cross	
  checked	
  with	
  EM	
  shower	
  shapes,	
  photo	
  conversions,	
  hadronic	
  interac@ons	
  and	
  e/p,…)	
  
	
  
q 	
  Energy	
  scale	
  correc@ons	
  from	
  Z	
  decay	
  to	
  electrons.	
  Cross	
  checked	
  at	
  the	
  lower	
  energy	
  	
  
	
  	
  	
  spectrum	
  with	
  radia@ve	
  Z	
  decays	
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