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H ➞ γγ
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SM

fermiophobic

• light	  Higgs	  favored	  by	  precision	  
electroweak	  tests	  

• H➝γγ	  one	  of	  the	  most	  sensi@ve	  
channels	  at	  low	  masses	  despite	  the	  
small	  branching	  ra6o
– striking	  signature	  (two	  photons,	  peak	  in	  
invariant	  mass)

• very	  interes@ng	  channel	  in	  models	  
where	  Higgs	  is	  fermiophobic	  
– high	  branching	  ra7o	  for	  di-‐photon	  decay
– exclusion/discovery	  with	  O(A-‐1)



• discovery	  poten@al	  dependent	  on	  di-‐photon	  invariant	  mass	  
resolu@on

➪	  excellent	  performance	  of	  em	  crystal	  calorimeter	  (ECAL)	  needed

• design	  energy	  resolu@on	  of	  ECAL	  ~0.5%	  for	  E(γ)	  >100GeV	  (for	  
unconverted	  γ	  in	  barrel)

• cri6cal	  issues:	  	  

➪	  transparency	  loss	  due	  to	  

	  	  	  	  	  radia@on	  damage	  

	  	  	  	  	  use	  of	  laser	  monitoring

➪	  on-‐site	  energy	  calibra@on	  

	  	  	  	  	  use	  of	  π0➝γγ,	  Ee/pe,	  	  Z➝e+e-‐
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ELECTROMAGNETIC CALORIMETER (ECAL)
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76K PbWO4 crystals
organized in barrel (|η|<1.48)    

and endcap (1.48<|η|<3.) sectors 
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ANALYSIS STRATEGY
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STEP CRITICAL ISSUES
1)	  two	  isolated	  photons	  with	  	  

	  	  	  	  large	  transverse	  momentum
pT(1γ)>40GeV, pT(2γ)>30GeV

|η|<1.444 || 1.566<|η|<2.5 

• 6ght	  isola6on	  to	  reject	  γ+jet	  
and	  QCD	  background

• determine	  efficiency	  from	  data

2)	  di-‐photon	  mass	  reconstruc@on • vertex	  determina6on	  in	  
presence	  of	  pile-‐up	  (PU)	  

• energy	  scale	  and	  resolu6on	  
calibra6on

3)	  signal	  extrac@on • event	  categories	  to	  maximize	  
sensi6vity

• background	  shape
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BACKGROUND REJECTION
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γ

• photon	  isola@on	  variables	  evaluated	  within	  a	  cone	  of	  
√Δη2+Δφ2=0.3-‐0.4	  to	  reject	  γ+jet	  and	  QCD	  background
•based	  on	  ΣpTtrk,	  energy	  deposited	  in	  em	  and	  hadronic	  calorimeters.	  
Corrected	  for	  PU	  via	  subtrac7on	  of	  PU	  energy	  density	  

• lepton	  veto
• cluster	  shape	  in	  ECAL	  to	  reject	  π0➝γγ	  (using	  spread	  along	  η)	  and	  
conversions	  (use	  of	  R9	  =	  E3x3crys/Ecluster)	  

• all	  above	  combined	  in	  barrel/endcap	  and	  large/small	  R9	  classes
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SELECTION EFFICIENCY

photon	  ID	  and	  trigger	  efficiency	  is	  
determined	  from	  data	  control	  
samples	  

1)	  Z➝e+e-‐	  with	  tag	  and	  probe:
• one	  electron	  selected	  with	  7ght	  ele-‐ID	  
(tag),	  other	  used	  to	  measure	  trigger	  and	  
offline	  selec7on	  efficiency	  (probe)

• cannot	  be	  used	  to	  measure	  ele.	  veto

2)	  Z➝μ+μ-‐γ:
• select	  muons	  and	  photon	  (w/o	  
electron	  veto)	  to	  make	  Z	  mass

• use	  γ	  to	  derive	  electron	  veto	  efficiency
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Z

Z

probe to 
measure eff

tagged with tight 
ele ID

e+

e-

µ+

probe to 
measure eff

µ-

γ

Category εdata(%)εdata(%) εMC(%)εMC(%) εdata/εMCεdata/εMC

All cuts except electron rejection (from Z➝ee)All cuts except electron rejection (from Z➝ee)All cuts except electron rejection (from Z➝ee)All cuts except electron rejection (from Z➝ee)All cuts except electron rejection (from Z➝ee)All cuts except electron rejection (from Z➝ee)All cuts except electron rejection (from Z➝ee)
barrel, R9>0.94 91.77±0.1491.77±0.14 92.43±0.0792.43±0.07 0.993±0.0020.993±0.002
barrel, R9<0.94 72.67±0.4372.67±0.43 71.89±0.0871.89±0.08 1.011±0.0071.011±0.007

endcap, R9>0.94 80.33±0.4780.33±0.47 80.04±0.1880.04±0.18 1.004±0.0081.004±0.008
endcap, R9<0.94 57.80±1.2657.80±1.26 55.09±0.1555.09±0.15 1.049±0.0251.049±0.025

Electron rejection cut (from Z➝µµ)Electron rejection cut (from Z➝µµ)Electron rejection cut (from Z➝µµ)Electron rejection cut (from Z➝µµ)Electron rejection cut (from Z➝µµ)Electron rejection cut (from Z➝µµ)Electron rejection cut (from Z➝µµ)
barrel, R9>0.94 99.78 +0.13

-0.16 99.59 +0.13
-0.17 1.002 +0.002

-0.002

barrel, R9<0.94 98.77 +0.59
-0.73 97.70 +0.32

-0.37 1.011 +0.007
-0.008

endcap, R9>0.94 99.32 +0.51
-1.02 99.29 +0.30

-0.42 1.000 +0.006
-0.011

endcap, R9<0.94 93.0 +2.1
-2.3 93.34 +0.79

-0.86 0.996 +0.024
-0.027
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• “large”	  pile-‐up	  condi@ons
➪	  <NPU>~5.6	  	  

• di-‐photon	  invariant	  mass	  resolu@on	  
affected	  by	  vertex	  choice

• vextex	  determina@on	  based	  on
– tracks	  belonging	  to	  vertex	  combined	  
with	  di-‐photon	  kinema@cs
‣ use	  of	  	  ΣpT2trk	  and	  pT	  balancing

– conversion-‐track	  finding	  and	  projec7on	  
on	  beam	  spot	  

• performance	  cross-‐checked	  using	  	  
Z➝μ+μ-‐	  a_er	  removing	  muon	  tracks
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VERTEX DETERMINATION
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ECAL
γ cluster

correct vtx PU vtx

beam spot ~ 6cm

mistake 
in ηγ

Vertex ID efficiency
Higgs(120GeV)
MC

1.3m



• Z➝e+e-‐	  invariant	  mass	  to	  determine	  energy	  scale	  and	  resolu@on
– done	  in	  each	  different	  photon	  categories	  (barrel/endcap,	  large/small	  R9)
– maximum	  likelihood	  analysis	  performed	  while	  modifying	  energy

• photon	  energy	  smeared	  on	  MC	  to	  match	  data	  
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PHOTON ENERGY SCALE AND RESOLUTION
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barrel-barrel
pT(γγ)>40GeV

R9>0.94

barrel-barrel
R9>0.94

Z➝e+e-‐

H➝γγ

MC
•Resolu6on	  degraded	  by	  sub-‐op6mal	  correc6ons	  
	  	  for	  transparency	  loss	  and	  material	  budget
•S6ll	  room	  for	  improvement



• event	  categories	  to:
– maximize	  sta7s7cal	  power	  
– exploit	  differences	  in	  kinema7cs	  between	  signal	  and	  backgrounds

• 8	  categories:

• limit	  is	  extracted	  with	  two	  methods	  giving	  consistent	  results	  
– modified	  frequen@st	  approach	  (CLs)	  using	  profile	  likelihood	  
– bayesian	  approach	  with	  flat	  prior

• signal	  from	  MC	  a_er	  energy	  smearing	  (see	  previous	  slide)

• bkg	  is	  ficed	  with	  2nd	  order	  Bernstein	  poly.	  (100GeV<Mγγ<150GeV)
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CATEGORIES AND LIMIT EXTRACTION
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(1) pT(γγ)<40GeV
(2) pT(γγ)>40GeV

⊗
2 pT categories 

(1)1γ,2γ in barrel
(2) remainder

⊗
2 η categories 

(1) R9(1γ,2γ)>0.94
(2) remainder

2 R9 categories 
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SYSTEMATICS
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Source Systematics
applicable to individual photonsapplicable to individual photons

Photon identification efficiency 1.0% ÷ 4.0%
R9 cut efficiency 4.0% ÷ 6.5%
Energy resolution 0.2% ÷ 0.5%
Energy scale 0.05% ÷ 0.34%

applicable to di-photonsapplicable to di-photons
Integrated luminosity 6.0%
Trigger efficiency 1.0%
Vertex finding efficiency 0.5%
pT>40GeV cut efficiency 6.0%

cross sections and branching ratioscross sections and branching ratios
Gluon-gluon cross section 12.5%(scale)  7.9%(PDF)
Fermiophobic: scale 0.5%(VBF) 0.8%(WH) 1.6%(ZH)
Fermiophobic: PDF 3.1%
Fermiophobic: BR 5.0%



• with	  1.09d-‐1	  no	  striking	  structure	  seen	  

• good	  agreement	  with	  expected	  MC	  
background	  shape	  and	  normaliza@on
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Mγγ SPECTRUM
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All Categories
Together

Examples of bkg fit in categories

barrel-barrel, 
R9>0.94
pT(γγ)>40GeV

barrel-barrel, 
R9>0.94
pT(γγ)<40GeV
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EXCLUSION PLOTS: SM HIGGS

Exclusion	  (@95%	  CL)	  0.06	  pb	  <	  σ×BR	  <	  0.26	  pb	  
– ×2	  ÷	  ×6	  SM	  for	  110	  GeV	  <	  m(H)	  <	  135	  GeV
– observed	  limit	  within	  2σ	  from	  expected	  value
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SM Higgs
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EXCLUSION PLOTS: FERMIOPHOBIC

Exclusion	  (@95%	  CL)	  0.04	  pb	  <	  σ×BR	  <	  0.18	  pb	  
–m(H)	  >	  111	  GeV	  constraint	  for	  fermiophobic	  Higgs
– observed	  limit	  within	  2σ	  from	  expected	  value
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fermiophobic Higgs



• Search	  for	  H➝γγ	  performed	  with	  1.095-‐1:
– stringent	  photon	  isola+on	  criteria	  corrected	  for	  PU	  energy
– vertex	  determina+on	  based	  on	  topology	  and	  conversions
– photon	  energy	  scale	  and	  resolu+on	  determined	  from	  data
– event	  categories	  according	  to	  mass	  resoluGon	  and	  S/B	  to	  
maximize	  sensiGvity

• Exclusion	  limits	  (@95%	  CL):
– σ×BR	  between	  ×2	  and	  ×6	  SM	  for	  110	  GeV	  <	  m(H)	  <	  135	  GeV
–m(H)	  >	  111	  GeV	  constraint	  for	  fermiophobic	  Higgs

• PerspecGves:	  
– improve	  energy	  calibra+on	  to	  fully	  exploit	  ECAL	  potenGal	  and	  
increase	  Higgs	  discovery	  reach

Daniele del Re H➝γγ with CMS 

CONCLUSIONS
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CMS PAS HIG-11-010



BACKUP
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PILEUP RE-WEIGHTING

• re-‐weigh@ng	  applied	  on	  the	  
number	  of	  in-‐6me	  PU	  events	  
according	  to	  the	  number	  of	  
expected	  number	  of	  
interac6ons	  in	  data	  

• consistently	  applied	  when	  
deriving	  efficiencies	  and	  
resolu6ons

• 	  average	  PU	  condi6ons:
– <NPU>	  =	  5.6	  	  	  	  σZ=5.8cm	  

16
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VERTEX ID: VARIABLES
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VERTEX ID: CONVERSIONS

• about	  40%	  of	  photons	  converts	  in	  Tracker	  Volume

• measure	  photon	  direc6on	  using	  conversion	  vertex	  posi@on	  and	  
cluster	  barycenter	  

18
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VERTEX ID: PERFORMANCE

Overall	  performance	  integrated	  over	  
Higgs	  PT	  spectrum	  (from	  data):

19



Mul6ple	  interac6ons	  pose	  addi6onal	  challenges	  in	  this	  area:

• addi@onal	  energy	  in	  isola@on	  cones	  (ECAL	  and	  HCAL)
– addressed	  using	  FastJet	  ρ	  subtrac7on

• for	  track	  isola@on	  cut	  on	  Δz	  to	  reject	  PU	  tracks,	  but	  need	  to	  
protect	  against	  incorrect	  vertex	  assignment
– addi7onal	  cut	  on	  track	  isola7on	  computed	  wrt	  vertex	  giving	  highest	  
track	  isola7on	  sum	  for	  a	  given	  photon

Daniele del Re H➝γγ with CMS 

PHOTON ISOLATION AND PU
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Wrongly chosen vertex 

"+jet event 



Daniele del Re H➝γγ with CMS 

ISOLATION VARIABLES
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PHOTON ID IN CATEGORIES 

• different	  cuts	  are	  applied	  for	  different	  photon	  categories	  based	  on	  η	  x	  R9

• cuts	  are	  op6mized	  such	  that	  given	  for	  a	  given	  purity	  value	  (S/B)	  
efficiency	  is	  op6mized	  across	  the	  photon	  categories	  

22
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BACKGROUND NORMALIZATION

• DiPhoton	  bkg	  divided	  in	  different	  categories	  defined	  by	  
experimental	  origin:	  k-‐factors	  derived	  x	  category	  as	  product	  of	  
(KNLO/KLO)*	  (KDATA/KNLO)

prompt-‐prompt	  1.3±0.2	  CMS	  QCD-‐10-‐035
prompt-‐fake	  1.3±0.25	  CMS	  gamma-‐jet	  QCD-‐10-‐037
fake-‐fake	  1±0.5
DY:	  CMS	  measurements	  in	  EWK-‐10-‐005
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PHOTON ENERGY SCALE AND RESOLUTION

• energy	  scale	  and	  resolu6on	  correc6ons	  measured	  from	  Z→ee	  per	  
photon	  category	  (2	  η	  x	  2	  R9)

• values	  obtained	  by	  

1)	  smearing	  electron	  energies	  in	  the	  MC	  

2)	  find	  the	  values	  (bias	  and	  smearing)	  that	  maximize	  the	  likelihood	  
between	  the	  invariant	  mass	  distribu6ons	  in	  data	  and	  smeared	  MC

• electrons	  divided	  in	  categories	  (same	  categories	  as	  photons)

• results	  cross-‐checked	  with	  fit	  to	  the	  Z	  line	  shape	  using	  Breit-‐Wigner	  ⊗	  
Crystal	  ball	  (with	  larger	  uncertain6es)

24
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Z ➝ EE  AFTER SMEARING
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Both	  electrons	  in	  Barrel	  High	  
R9	  category

One	  electron	  in	  Barrel	  High	  R9	  
category,	  One	  electron	  in	  
Endcap	  Low	  R9	  category
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EVENT CLASSES

• For	  signal/background	  modeling	  (and	  limit/signal	  extrac6on)	  
divide	  events	  in	  8	  classes	  (2η	  x	  2R9	  x	  2	  pTγγ)	  exploi6ng	  differences	  
in	  mass	  resolu6on	  and	  S/B

• pTγγ	  classifica@on	  par@cularly	  sensi@ve	  to	  Fermiophobic	  higgs	  
scenarios	  (produc6on	  mechanism	  restricted	  only	  to	  VBF	  and	  VH)

26

!eff = half width of narrowest window containing 68.3% 
(Used because of non-Gaussian tails: both fitted !, and FWHM 

are too optimistic; RMS is too pessimistic) 
 

mH=120 GeV/c2
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SIGNAL MODELING

Two	  approaches	  pursued	  for	  limit	  serng:

• parametric	  model
– fit	  smeared/corrected	  MC	  invariant	  mass	  distribu7ons	  with	  a	  parametric	  
model

– systema7cs	  are	  parametrized	  as	  shape	  varia7ons

• binned/template	  morphing
– Nominal	  shape	  obtained	  from	  histograms	  of	  smeared/corrected	  MC
– Systema7cs	  incorporated	  as	  alternate	  histograms	  (+/-‐	  1σ)	  and	  using	  
template	  morphing

27
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PARAMETRIC SIGNAL MODELING

• fit	  separately	  correct	  and	  incorrect	  vertex	  selected	  events	  in	  each	  
of	  the	  8	  event	  classes	  using	  sum	  of	  gaussians	  (up	  to	  3	  needed.	  
Gaussian	  used	  because	  numerically	  convenient)

• interpola@on	  between	  available	  MC	  mass	  points	  to	  derive	  the	  
model	  as	  a	  func6on	  of	  Higgs	  mass

28

Correct Vtx Incorrect Vtx
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EFF X ACC VS HIGGS MASS
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 syst. error# 1 ±

Eff	  x	  Acc	  goes	  from	  ~36%	  to	  ~46%	  from	  110	  to	  140	  Higgs	  mass:	  
mostly	  due	  to	  fixed	  40,30	  pT	  cuts	  and	  to	  the	  pT	  dependence	  of	  the	  
photon	  iden6fica6on
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MASS RESOLUTION: BEST AND WORST CLASS
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PAS PAS

Both	  photons	  in	  Barrel	  and	  
High	  R9,	  PT>40	  GeV

At	  least	  one	  photon	  in	  endcap,	  
min(R9)<0.94,	  PT<40	  GeV
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BACKGROUND MODELING

• Background	  modeled	  by	  a	  fit	  to	  data	  in	  each	  event	  class	  from	  100	  
to	  150	  GeV	  
– limit	  extracted	  in	  region	  110-‐140	  to	  allow	  enough	  sidebands

• Fitng	  using	  2nd	  order	  polynomials	  to	  allow	  for	  kinema6c	  turn-‐on	  
in	  high	  pT	  categories	  and	  to	  have	  enough	  parametric	  freedom	  to	  
reasonably	  cover	  systema6cs

• Bernstein	  polynomials	  basis	  chosen	  (physically	  equivalent	  to	  a	  
simple	  2nd	  order	  polynomial	  func6on)	  in	  order	  to	  avoid	  fit	  to	  
become	  nega6ve	  (used	  as	  pdf	  in	  limit	  extrac6on)	  
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http://www.idav.ucdavis.edu/education/CAGDNotes/Bernstein-Polynomials.pdf

http://www.idav.ucdavis.edu/education/CAGDNotes/Bernstein-Polynomials.pdf
http://www.idav.ucdavis.edu/education/CAGDNotes/Bernstein-Polynomials.pdf


Daniele del Re H➝γγ with CMS 

BACKGROUND FITS: LOW PT(<40) CLASSES
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Both EB

At least 
one in EE

min(R9)>0.94 min(R9)<0.94



Daniele del Re H➝γγ with CMS 

BACKGROUND FITS: HIGH PT(>40) CLASSES
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min(R9)>0.94 min(R9)<0.94

Both EB

At least 
one in EE
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Daniele del Re H➝γγ with CMS 

BACKGROUND FIT: ALL CATEGORIES COMB.
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Region used in limit setting



Daniele del Re H➝γγ with CMS 

SETTING LIMITS

• CLs	  Frequen6st	  method	  is	  used	  with	  “LHC-‐type”	  test	  sta6s6cs

• Limits	  are	  given	  in	  Higgs	  mass	  range	  110-‐140	  in	  0.5	  GeV/c2	  mass	  
steps

• Bayesian	  limit	  is	  compared	  with	  CLs	  results
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Daniele del Re H➝γγ with CMS 

LIMIT FOR SM HIGGS (RELATIVE)
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Daniele del Re H➝γγ with CMS 

LIMIT FOR FERMIOPHOBIC (RELATIVE)

37

CMS Excluded region between 110-111 GeV (expected 110-114)
Latest Tevatron results:
•D0 8.2 fb-1: <112 GeV (exp. 112)
•CDF 7.0 fb-1: <114 GeV (exp. 111)



Daniele del Re H➝γγ with CMS 

UL: CLASSES AND SYSTEMATICS 
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Computed on expected limit @ 120 GeV 



Daniele del Re H➝γγ with CMS 

UL: CLASSES AND SYSTEMATICS 
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Computed on expected limit @ 120 GeV 
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Daniele del Re H➝γγ with CMS 

P-VALUES (SM)
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Values	  extracted	  from	  asympto6c	  behavior	  of	  
ProfileLikelihood	  test	  sta6s6cs.	  Look	  elsewhere	  effect	  
not	  included	  (~12)
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Daniele del Re H➝γγ with CMS 

P-VALUES (FERMIOPHOBIC)
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