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Higgs	  Produc,on	  and	  Decays
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Higgs	  to	  Bosons	  Searches	  in	  CMS

3

Mode Mass	  Range Data	  Used	  (?-‐1) Mass
resoluCon

CMS	  Document

H	  →γγ

H	  →WW→2ℓ2ν
H	  →WWW→3ℓ3ν

H→ZZ→4l
H→ZZ→2l2τ
H→ZZ→2l2j
H→ZZ→2l2ν

110-‐150 4.8 1-‐3	  % arXiv:1202.1487	  
HIG-12-001 (MVA)
HIG-12-002 (FP)

110-‐600 4.6 20% arXiv:1202.1489
110-‐200 4.6 20% HIG-‐11-‐034	  (PAS)
110-‐600 4.7 1-‐2% arXiv:1202.1997	  
190-‐600 4.7 10-‐15% arXiv:1202.3617	  

130-‐165/200-‐600 4.6 3% arXiv:	  1202.1416
250-‐600 4.6 7% arXiv:1202.3478	  

Higgs	  Mass	  GeV/c2

γγ
WW→2l2ν

WWW→3l3ν
ZZ→4l

ZZ→2l2τ
ZZ→2l2j
ZZ→2l2ν

100 200 300 400 500 600

5	  exclusive	  final	  states

5	  exclusive	  final	  states

6	  exclusive	  final	  states

2	  exclusive	  final	  states

8	  exclusive	  final	  states

3	  exclusive	  final	  states

1	  final	  state

H→ɣɣ

	  Fermionic	  
channels	  in

R.Mankel’s	  talk

*
*

http://
http://
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H→ZZ→2ℓ2ν

• Signature	  and	  selec,on
• 2	  isolated	  leptons	  Z→2e/Z→2μ,	  matching	  

the	  Z	  mass	  and	  boosted

• large	  MET,	  not	  aligned	  with	  jets	  or	  leptons

• b-‐jet	  veto

• Final	  discriminant:	  MT-‐shape

• Backgrounds
• ZZ,	  irreducible	  

• Z+jets:	  est.	  from	  ɣ-‐jets	  data

• bbar,	  WW,	  W+jets:	  est.	  from	  off	  Z-‐peak	  data

• WZ

• Mass-‐resolu,on:	  7%

• Two	  analysis,	  cut	  based	  and	  mT-‐shape

arXiv 1202.3478
(submitted to JHEP)

Most	  sensiEve	  channel	  for	  the	  high	  mass	  search

5



Alessandro	  Thea	   SM@LHC	  2012



April	  12th

Distribu,ons
Data-‐driven	  predic.on	  for	  Z+jets	  
background,	  using	  ɣ+jets	  events

MT	  a<er	  the	  very	  .ght	  MET	  cutData-‐driven	  predic.on	  for	  Abar/WW	  
background,	  using	  mZ	  sidebands

H→ZZ→2ℓ2ν

6



Alessandro	  Thea	   SM@LHC	  2012



April	  12th

Limits	  and	  Exclusion

Expected:	  290	  <	  mH	  <	  490	  GeV
Observed:	  270	  <	  mH	  <	  440	  GeV

7

H→ZZ→2ℓ2ν
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jet:	  207	  GeV
jet:	  114	  GeV

e:	  114	  GeV
e:	  177	  GeV

m2ℓ2j	  =	  580	  GeV

H→ZZ→2ℓ2j
• Signature	  and	  selec,on

• 2	  opposite	  sign	  isolated	  prompt	  leptons	  
(Z→2e/Z→2μ)

• two	  jets:	  Z→jj	  with	  0,	  1,	  2	  b-‐tags

• cut	  on	  angular	  topology	  likelihood	  
discriminant

• Most	  of	  sensi,vity	  from	  2	  b-‐tag	  category	  

• Final	  discriminant:	  mℓℓjj	  mass	  distribu,on	  

• Main	  backgrounds	  es,mated	  from	  mjj	  
sidebands
• Z+jets	  (	  including	  heavy	  flavor	  jets	  )

• WZ,	  ZZ

• Abar,	  WW

• Mass	  resolu,on:	  3%

arXiv 1202.1416
(submitted to JHEP)
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Distribu,ons	  and	  Limits
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H→WW→2ℓ2ν
μ

PT=32	  GeV

e
PT=34	  GeV

MET
47	  GeV

• Highest	  sensi,vity	  for	  mH≈2mW

• Signature	  and	  selec,on
• 2	  opposite	  sign	  isolated	  leptons

• high	  MET	  and	  no	  mass	  peak

• small	  Δɸ(ℓ+ℓ-‐)

• classifica,on	  by	  number	  of	  jets	  (pT>30	  GeV)

• Z-‐peak	  veto	  and	  b-‐jet	  veto

• The	  challenge	  is	  to	  remove	  &	  control	  large	  backgrounds
• WW,	  irreducible,	  es,mated	  from	  data

• Z+jets,	  b,	  W+jets:	  from	  data

• WZ,	  ZZ	  from	  MC

• Two	  analyses:	  cut	  based	  and	  Boosted	  Decision	  Tree	  
(BDT)	  shape

arXiv 1202.1489
(submitted to PLB)
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Cut	  based
H→WW

12

Expected:	  129	  <	  mH	  <	  236	  GeV
Observed:	  132	  <	  mH	  <	  238	  GeV

WW	  selec,on Higgs	  selec,on
(mass	  dependent)

Cut	  based,	  Data	  vs	  MC	  yield

Data	  described	  well	  by	  the	  MC
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MVA	  Analysis	  0,1	  jets

BDT Classifier
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• BDT	  trained	  on	  pTℓ,	  mℓℓ,	  
Δɸℓℓ,	  ΔRℓℓ	  and	  mTℓℓ,	  mTℓ	  at	  
each	  mass	  point	  against	  WW	  
con,nuum

• BDT	  shape	  analysis

• Overall	  Uncertain,es

• signal	  efficiency	  ~20%

• backgrounds	  ~20%

• Addi,onal	  mℓℓ	  shape	  and	  
matrix	  element	  analysis	  
used	  as	  cross-‐check

13

H→WW
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MVA	  Exclusion	  Limit
H→WW

arXiv:1202.1489

14

Expected:	  127	  <	  mH	  <	  270	  GeV
Observed:	  129	  <	  mH	  <	  270	  GeV

H→WW

http://arxiv.org/pdf/1202.1489.pdf
http://arxiv.org/pdf/1202.1489.pdf
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H→ZZ→4ℓ:	  the	  Golden	  Channel

• Signature
• 4	  isolated	  lepton	  from	  common	  vertex

• narrow	  mass	  peak

• Fully	  reconstructed,	  mass	  resolu,on	  ~1-‐2%

• Main	  backgrounds:
• ZZ	  con,nuum,	  irreducible	  

• b→2ℓ2ν2b,	  	  Z+bb	  reducible,	  est.	  from	  data

• Event	  Selec,on:	  
• same	  flavor,	  opposite	  charge

• (50/60)	  <	  mZ1	  <	  120	  GeV,	  (12/60)	  <	  mZ2	  <	  120	  GeV

• m4ℓ	  >	  100	  GeV

• ZZ	  con,nuum:	  
• Shape	  known	  at	  NLO,	  corrected	  for	  gg→ZZ→4ℓ	  

evaluated	  with	  MCFM

• Rate	  obtained	  from	  Z	  yield	  in	  data	  &	  theore,cal	  
predic,on	  for	  ra,o	  of	  ZZ	  to	  Z	  cross	  sec,ons

pT	  43	  GeV pT	  26	  GeV

pT	  20	  GeVpT	  48	  GeV

arXiv 1202.1997
(submitted to PRL)
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H→ZZ→4ℓ

m4ℓ	  >	  100	  GeV/c2
Exp.	  	  events:	  67.1	  ±	  6.0

Obs.	  events:	  72
16

100	  <	  m4ℓ	  <	  160	  GeV
Expected	  	  events:	  9.5	  ±	  1.3

Observed	  events:	  13
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Exclusion	  Limits	  and	  p-‐values

• Exclusion	  ranges:	  [134,158],[180,305],[340,465]

• Largest	  excess:	  2.5σ	  at	  119	  GeV	  (1.6σ	  a}er	  LEE	  in	  110-‐160	  GeV)

• Also,	  local	  p-‐value	  =	  1.5σ	  at	  126	  GeV	  and	  ~2σ	  at	  320	  GeV

17

H→ZZ→4ℓ
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H→ɣɣ
• Very	  good	  mass	  resolu,on	  1-‐2%

• Narrow	  mass	  peak

• Signature
• 2	  isolated	  high-‐ET	  photons

• Small	  peak	  over	  smooth	  background

• 2	  addi,onal	  jets	  for	  the	  VBF	  channel

• Main	  backgrounds
• Reducible:	  fake	  photons	  (ɣ+jet,	  Drell-‐Yan	  

to	  electrons)

• Irreducible:	  ɣɣ	  QCD	  produc,on

19

• Two	  analysis
• Cut	  in	  categories

• MVA	  analysis

• Event	  by	  event	  mass	  resolu,on,	  
photon-‐ID	  discriminant,	  di–photon	  
kinema,c	  and	  vertex	  probability	  
combined	  in	  a	  BDT
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MVA	  Analysis
• 4	  Non-‐VBF	  event	  classes	  

split	  based	  on	  the	  di-‐
photon	  BDT	  classifier	  
output	  

• Background	  shape	  fibed	  
by	  a	  5th	  order	  polynomial	  
constrained	  to	  be	  
posi,ve.
• Possible	  bias	  is	  always	  

<20%	  of	  the	  stat.	  err.

• Different	  background	  
es,ma,ons	  give	  
compa,ble	  results
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VBF	  analysis
• Two	  jets	  with	  pT>30/20	  GeV	  with	  Δη>3.5	  

• Using	  an	  exclusive	  dijet	  tag	  class	  improves	  the	  sensi,vity	  by	  10%

• The	  dijet	  tag	  selec,on	  has	  high	  S/B,	  ~1/3

• Photon	  iden,fica,on	  is	  the	  same	  as	  for	  the	  other	  classes

• Tighter	  cut	  on	  the	  leading	  photon	  (pT	  /mɣɣ>	  55/120)
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Limits	  and	  Exclusion
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Expected	  exclusion	  about	  	  1.2-‐2.1	  ,mes	  SM	  Higgs
Observed	  exclusion	  in	  the	  ranges:

[110−111],	  [117.5−120.5],	  [128.5−132.0],	  
[139.0−140.0]	  and	  [146.0−147.0]	  GeV.

Expected	  exclusion:
cut	  based	  analysis

Expected	  exclusion:
MVA
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• Largest	  excess	  around	  125	  GeV	  

• Local	  significance	  2.9σ

• Global	  significance	  1.6σ,	  es,mated	  with	  
Look	  Elsewhere	  Effect	  (LEE)	  in	  the	  mass	  
range	  110-‐150	  GeV	  via	  toy	  experiments

H→ɣɣ
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95%	  CL	  Exclusion	  Limit	  on	  μ	  =	  σ/σSM
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Expected	  exclusion:	  114.5—543	  GeV
Observed	  exclusion:	  127.5—600	  GeV

5.1 SM Higgs boson 11
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Figure 5: The observed and expected 95% CL upper limits on the signal strength parameter
µ = s/sSM for the SM Higgs boson hypothesis as a function of the Higgs boson mass in the
range 110–600 GeV (left) and 110–145 GeV (right).

Higgs boson cross section that is excluded at 95% CL, expressed as a multiple of the SM Higgs
boson cross section.

The median expected exclusion range of mH at 95% CL in the absence of a signal is 114.5–
543 GeV. The differences between the observed and expected limits are consistent with statisti-
cal fluctuations since the observed limits are generally within the green (68%) or yellow (95%)
bands of the expected limit values. For the largest values of mH, we observe fewer events than
the median expected number for the background-only hypothesis, which makes the observed
limits in that range stronger than expected. However, at small mH we observe an excess of
events. This makes the observed limits weaker than expected in the absence of a SM Higgs
boson.

Figure 6 shows the observed/expected limits for the five individual decay channels studied,
and their combination. For masses beyond 200 GeV, the limits are driven mostly by the H ! ZZ
decay channels, while in the range 125–200 GeV, the limits are largely defined by the H ! WW
decay mode. For the mass range below 120 GeV, the dominant contributor to the sensitivity is
the H ! gg channel. The results shown are calculated using the asymptotic formula for the
CLs method.

To quantify the consistency of the observed excesses with the background-only hypothesis, we
show in Fig. 7 (left) a scan of the combined local p-value p0 in the low-mass region. The local
p-values shown in Fig. 7 are obtained with the asymptotic formula (lines) and validated by
generating ensembles of background-only pseudo-datasets (points).

A broad offset of about one standard deviation, caused by excesses in the channels with poor
mass resolution (bb, tt, WW), is complemented by localized excesses observed in the ZZ !
4` and gg channels. The largest excess in the combination is at 125 GeV and arises mostly
from the observed excess in the gg channel. The narrow feature in the H ! ZZ(⇤) ! 4`
channel at 119.5 GeV, associated with three ZZ ! 4` events, is considerably reduced in the
combination, mostly by the H ! gg channel that has a better sensitivity and actually shows
a deficit of events for that mass. Figure 8 shows the interplay of contributing channels for
the two Higgs boson mass hypotheses mH = 119.5 and 125 GeV. The plots show the level of
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By	  High	  &	  Low	  Mass	  Resolu,on	  Channels

• The	  two	  sets	  	  have	  nearly	  iden,cal	  sensi,vity

• The	  γγ+4ℓ	  group	  shows	  a	  localized	  excess	  >2σ	  around	  mH=121-‐125	  GeV

• The	  WW+ττ+bb	  group	  shows	  a	  broad	  excess,	  reaching	  2σ	  around	  115-‐125	  GeV	  

High	  mass	  resoluEon	  channels:	  γγ	  +	  4l Poor	  mass	  resoluEon	  channels:	  WW	  +	  ττ	  +	  bb
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Quan,fying	  The	  Low	  Mass	  Excess

27

• Minimum	  p-‐value	  observed	  at	  125	  GeV	  with	  local	  significance:
• 2.8	  σ	  –	  Similar	  significance	  expected	  from	  signal	  

• Es,mated	  global	  significance:
• 	  0.8	  σ	  in	  [110–600]	  GeV,	  2.1	  σ	  in	  [110–145]	  GeV	  

• Not	  inconsistent	  (±1σ)	  with	  SM	  	  Higgs
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Summary
• The	  Higgs	  bosonic	  decay	  channels	  have	  been	  the	  main	  actors	  in	  

the	  2011	  hunt	  for	  the	  Higgs.
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Summary
• The	  Higgs	  bosonic	  decay	  channels	  have	  been	  the	  main	  actors	  in	  

the	  2011	  hunt	  for	  the	  Higgs.

• H→ɣɣ,	  H→WW,	  H→ZZ	  	  in	  7	  independent	  modes,	  cover	  the	  full	  
mass	  range	  110–600	  GeV
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Summary
• The	  Higgs	  bosonic	  decay	  channels	  have	  been	  the	  main	  actors	  in	  

the	  2011	  hunt	  for	  the	  Higgs.

• H→ɣɣ,	  H→WW,	  H→ZZ	  	  in	  7	  independent	  modes,	  cover	  the	  full	  
mass	  range	  110–600	  GeV

• In	  combina,on	  with	  the	  fermionic	  channels
• Expected	  95%	  CL	  exclusion	  range,	  in	  absence	  of	  Higgs,	  is	  117–543	  GeV

• Observed	  95%	  CL	  exclusion	  range	  is:	  127–600	  GeV

• If	  it’s	  there,	  it’s	  hiding	  in	  the	  114.4–127.5	  GeV	  mass	  range	  (at	  95%	  CL)
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• If	  it’s	  there,	  it’s	  hiding	  in	  the	  114.4–127.5	  GeV	  mass	  range	  (at	  95%	  CL)

• An	  excess	  in	  the	  low	  mass	  range	  seen
• More	  data	  are	  required	  to	  determine	  the	  source	  of	  this	  excess.

28



Alessandro	  Thea	   SM@LHC	  2012



April	  12th

Summary
• The	  Higgs	  bosonic	  decay	  channels	  have	  been	  the	  main	  actors	  in	  

the	  2011	  hunt	  for	  the	  Higgs.

• H→ɣɣ,	  H→WW,	  H→ZZ	  	  in	  7	  independent	  modes,	  cover	  the	  full	  
mass	  range	  110–600	  GeV

• In	  combina,on	  with	  the	  fermionic	  channels
• Expected	  95%	  CL	  exclusion	  range,	  in	  absence	  of	  Higgs,	  is	  117–543	  GeV

• Observed	  95%	  CL	  exclusion	  range	  is:	  127–600	  GeV

• If	  it’s	  there,	  it’s	  hiding	  in	  the	  114.4–127.5	  GeV	  mass	  range	  (at	  95%	  CL)

• An	  excess	  in	  the	  low	  mass	  range	  seen
• More	  data	  are	  required	  to	  determine	  the	  source	  of	  this	  excess.

• The	  collisions	  at	  8	  TeV	  has	  just	  started
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• If	  it’s	  there,	  it’s	  hiding	  in	  the	  114.4–127.5	  GeV	  mass	  range	  (at	  95%	  CL)

• An	  excess	  in	  the	  low	  mass	  range	  seen
• More	  data	  are	  required	  to	  determine	  the	  source	  of	  this	  excess.

• The	  collisions	  at	  8	  TeV	  has	  just	  started

• The	  SM	  Higgs	  boson	  won’t	  be	  able	  to	  run	  for	  long...	  
(but	  keep	  your	  fingers	  crossed)

28





Alessandro	  Thea	  April	  12th SM@LHC	  2012

Backup





Alessandro	  Thea	  April	  12th SM@LHC	  2012

Backup
H→WW



Alessandro	  Thea	   SM@LHC	  2012



April	  12th

HàWWà2l	  2ν:	  What	  To	  Expect	  For	  	  MH=124

31

Inject	  a	  SM	  like	  Higgs	  signal	  over	  predicted	  backgrounds

Bkgd	  +	  Signal	  @	  MH=124 2011	  Data
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WH→3ℓ3ν

• Signature
• 3	  isolated	  leptons

• high	  MET

• Backgrounds
• WZ,	  ZZ,	  top	  and	  Z/ɣ*+jet	  

• Selec,on	  similar	  to	  the	  H→WW	  analysis
• Mass	  independent	  cut	  and	  count

• Main	  backgrounds	  es,mated	  from	  data

CMS document
HIG-11-034

3

40 GeV are rejected.

The WZ ! 3`n background is largely reduced by requiring that all the same-flavour opposite-
charge lepton pairs have a dilepton mass at least 25 GeV away from mZ.

Finally, the signal region is defined by requiring in addition to all above cuts that the small-
est dilepton mass m`` and the smallest DR distance between the opposite-charge lepton pairs
DR`+`� are between 12 and 100 GeV and smaller than 2, respectively. Table 1 shows the number
of data events observed at the different stages of the selection. After all cuts 7 events remain in
the signal region.

stage WH (120) WH (120) data all bkg. WZ ZZ top+Z/g⇤

H ! tt H ! WW ! 3`n ! 4`
3-lepton preselection 2.1 ± 0.0 3.5 ± 0.1 950 968.3 ± 11.9 482.9 ± 1.8 78.4 ± 0.9 348.0 ± 9.7
min-MET > 40 GeV 1.0 ± 0.0 1.8 ± 0.1 244 270.5 ± 4.4 208.2 ± 1.1 7.9 ± 0.3 54.5 ± 4.3

Z removal 0.4 ± 0.0 1.0 ± 0.1 40 47.9 ± 3.1 15.9 ± 0.4 0.7 ± 0.1 31.3 ± 3.1
top veto 0.1 ± 0.0 0.6 ± 0.1 12 14.2 ± 1.3 8.8 ± 0.4 0.4 ± 0.1 4.9 ± 1.3

DR`+`� & m`` 0.1 ± 0.0 0.5 ± 0.1 7 8.4 ± 0.9 5.7 ± 0.2 0.3 ± 0.1 2.6 ± 0.9

Table 1: Observed number of events, and expected number of signal and background events
for an integrated luminosity of 4.6 fb�1 at different stages of the analysis. Only statistical un-
certainties on the processes are reported.

4 Background estimation

A combination of data-based methods and detailed studies with simulated events is used to
estimate background contributions. There are four main background categories: WZ ! 3`n,
ZZ ! 4`, Z + g and non-prompt leptons. The first three contributions are estimated from
simulated samples, with corrections from data control samples, while the non-prompt lepton
backgrounds are solely evaluated from data.

The WZ ! 3`n overall normalization is taken from data using trilepton events with one of
the same-flavour opposite-charge lepton pairs compatible with a Z boson using a ±15 GeV
mass window. All other selection requirements were applied, except the DR`` and the upper
dilepton mass cuts. The sample is completely dominated by this process.

The ZZ ! 4` background is largely reduced by the Emiss
T requirement and the veto of events

containing an additional lepton. The Z + g background, where the g fakes an electron through
an asymmetric conversion is difficult to estimate from data. Additional cross-checks are per-
formed to place data-based constraints on this estimate. It is important to notice that the num-
ber of selected events for this background already after the Emiss

T requirements is close to zero.

The non-prompt lepton backgrounds arise from leptonic decays of heavy quarks, hadrons
misidentified as leptons, and electrons from photon conversion. The main sources are top
(tt and tW) and Z/g⇤ + jets. The Z/g⇤ + jets contribution (DY + jets) is largely reduced by
several orders of magnitude by the lepton identification, in addition to the Emiss

T requirements.
Therefore, only about 10% of the background events with at least one non-prompt lepton is
coming from the Z/g⇤ + jets process. The estimate of these contributions is derived directly
from data using a control sample of events where two leptons pass the standard criteria and
the other does not, but satisfies a relaxed set of requirements (”loose” selection), resulting in a
”2 tight - fail” sample. The efficiency, eloose, for a jet satisfying the loose selection to pass the
tight selection is determined using data from an independent multijet event sample dominated
by non-prompt leptons, and parameterized as a function of pT and h of such lepton. The back-
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Best-‐fit	  results
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mγγ	  Resolu,on	  in	  the	  BDT	  Categories
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Hàγγ	  :	  Systema,c	  Uncertain,es

11

Table 3: Separate sources of systematic uncertainties accounted for in this analysis. The mag-
nitude of the variation of the source that has been applied to the signal model is shown in the
second column.

Sources of systematic uncertainty Uncertainty
Per photon Barrel Endcap
Photon identification efficiency 1.0% 2.6%
Energy resolution (Ds/EMC) R9 > 0.94 (low h, high h) 0.22%, 0.61% 0.91%, 0.34%

R9 < 0.94 (low h, high h) 0.24%, 0.59% 0.30%, 0.53%
Energy scale ((Edata � EMC)/EMC) R9 > 0.94 (low h, high h) 0.19%, 0.71% 0.88%, 0.19%

R9 < 0.94 (low h, high h) 0.13%, 0.51% 0.18%, 0.28%
Photon identification BDT ±0.025 (shape shift)

(Effect of up to 11% event class migration.)
Photon energy resolution BDT ±10% (shape scaling)

(Effect of up to 8% event class migration.)

Per event
Integrated luminosity 4.5%
Vertex finding efficiency 0.4%
Trigger efficiency One or both photons R9 < 0.94 in endcap 0.4%

Other events 0.1%
Dijet selection
Dijet-tagging efficiency VBF process 10%

Gluon-gluon fusion process 70%
Production cross sections Scale PDF
Gluon-gluon fusion +12.5% -8.2% +7.9% -7.7%
Vector boson fusion +0.5% -0.3% +2.7% -2.1%
Associated production with W/Z 1.8% 4.2%
Associated production with tt +3.6% -9.5% 8.5%
Scale and PDF uncertainties (y, pT)-differential

(Effect of up to 16% event class migration.)
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H	  àγγ	  :	  Studies	  of	  Background	  Model

• The	  distribu.on	  of	  background	  events	  in	  Mγγ	  is	  assumed	  to	  behave	  
as	  a	  con.nuous	  func.on.	  Since	  no	  prior	  knowledge	  is	  assumed	  of	  
the	  specific	  form	  of	  this	  func.on	  we	  choose	  a	  parameteriza.on	  
which	  is	  demonstrably	  flexible	  enough	  to	  describe	  any	  reasonable	  
form	  without	  introducing	  a	  bias.	  Studied	  several	  test	  func.onal	  
forms	  all	  of	  which	  provide	  good	  fits	  to	  MC	  and	  data.

• Choose	  some	  func.onal	  form	  as	  truth	  model	  (used	  here	  2nd	  Order	  
polynomial,	  double	  exponen.al,	  double	  power	  law	  and	  4-‐term	  
“par.al	  Laurent	  series")

• Fit	  chosen	  truth	  form	  	  to	  background	  MC	  scaled	  to	  5d-‐1	  and	  throw	  
background	  only	  toys.

• Fit	  test	  func.onal	  form	  +	  signal	  model	  and	  evaluate	  signal	  strength	  
μ	  (in	  units	  of	  σSM)

• Bias	  defined	  as	  mean	  value	  of	  signal	  strength	  μ,	  should	  be	  0	  for	  
background	  only	  toys
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Photon	  Energy	  Scale	  &	  Resolu,on

Resolu.on	  in	  data	  improves	  typically	  by	  
10%	  in	  barrel	  (	  |η|<1,	  R9>0.94	  )	  w.r.t	  

LP’11	  data
Instrumental	  resoluCon	  in	  the	  best	  category	  

=	  0.99	  ±0.01	  GeV

Energy	  resoluCon	  studied	  with	  Z→ee,	  W→eν	  ,	  π0	  inter-‐calibraCons	  and	  laser	  
signals	  for	  transparency	  correcCons

Energy	  scale	  for	  W→eν	  and	  
Z→ee	  stable	  throughout	  2011	  
at	  the	  level	  of	  0.2%	  in	  barrel	  

and	  0.7%	  in	  endcap	  
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H→ZZ→2ℓ2τ
H→ZZ→eeeτ

candidate

e
e

e

τhad

H(400GeV)

H(200GeV)

Shape-‐based	  analysis
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Figure 1: a) Distribution of the four-lepton reconstructed mass for the sum of the 4e, 4µ, and
2e2µ channels. b) Expansion of the low mass range with existing exclusion limits at 95% CL;
also shown are the central values and individual candidate mass measurement uncertainties.
Points represent the data, shaded histograms represent the background and unshaded his-
togram the signal expectations.

The reducible and instrumental background rates are small. These rates have been obtained
from data and the corresponding m4` distributions are obtained from MC samples.

The measured distribution is compatible with the expectation from SM direct production of
ZZ pairs. We observe 72 candidates, 12 in 4e, 23 in 4µ, and 37 in 2e2µ, while 67.1 ± 6.0 events
are expected from standard model background processes. No hard photon (pg

T > 5 GeV) was
found, outside the isolation veto cone that surrounds each lepton, that could be unambiguously
identified as FSR. Thirteen candidates are observed within 100 < m4` < 160 GeV while 9.5± 1.3
background events are expected. We observe 53 candidates for the high-mass selection com-
pared to an expectation of 51.3 ± 4.6 events from background. This high-mass event selection
is used to provide a measurement of the total cross section s(pp ! ZZ + X)⇥ B(ZZ ! 4`) =
28.1+4.6

�4.0(stat.)± 1.2(syst.)± 1.3(lumi.) fb. The measurement agrees with the SM prediction at
NLO [47] of 27.9 ± 1.9 fb. The local p-values, representing the significance of local excesses
relative to the standard model expectation, are shown as a function of mH in Fig. 2a, obtained
either taking into account or not the individual candidate mass measurement uncertainties,

Table 1: The number of candidates observed, compared to background and signal rates for
each final state for 100 < m4` < 600 GeV for the baseline selection. For the Z+X background,
the estimations are based on data

Channel 4e 4µ 2e2µ
ZZ background 12.27 ± 1.16 19.11 ± 1.75 30.25 ± 2.78
Z+X 1.67 ± 0.55 1.13 ± 0.55 2.71 ± 0.96
All background 13.94 ± 1.28 20.24 ± 1.83 32.96 ± 2.94
mH = 120 GeV 0.25 0.62 0.68
mH = 140 GeV 1.32 2.48 3.37
mH = 350 GeV 1.95 2.61 4.64
Observed 12 23 37

Final state 4e 4µ 2e2µ
Obs. Events 3 5 5
Exp. Events 1.7 3.3 4.5
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Observa,on	  of	  Z→4ℓ	  
CMS Preliminary 

Di-‐lepton	  mass	  cut	  relaxed	  to	  4	  GeV

Standard	  Candle	  for	  H→ZZ→4l	  search
• direct	  calibra.on	  of	  m4ℓ	  scale
• direct	  measurement	  of	  m4ℓ	  resolu.on
• m4ℓ=91.3±0.6	  GeV	  (stat)
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Observed	  Exclusion	  Confidence	  Levels

47

10 5 Results

If CLs  a for µ = 1, we determine that the SM Higgs boson is excluded at the 1� a confidence
level. To quote the upper limit on µ at the 95% confidence level, we adjust µ until we reach
CLs = 0.05.

When the observed event yield lies above the expectation under the signal+background hy-
pothesis, µ̂ is at its maximum allowed value of µ, the test statistic qobs

µ = 0 (Eq. (6)), and CLs+b,
CLb and hence CLs equal unity (Eqs. (7-9)).

5 Results
Combined results of searches for SM, SM4, and fermiophobic Higgs bosons are presented in
this section. Unless stated otherwise, the following conventions are used. The observed values
are shown by a solid line. A dashed line indicates the median of the expected results for the
background-only hypothesis. The green (dark) and yellow (light) bands indicate the ranges in
which the measured values are expected to reside in at least 68% and 95% of all experiments
under the background-only hypothesis. The probabilities for an observation to lie above or
below the 68% (95%) band are at most 16% (2.5%) each.

5.1 SM Higgs boson

The CLs value for the SM Higgs boson hypothesis as a function of its mass is shown in Fig. 4.
The observed and median expected values of CLs as well as the 68% and 95% bands are ob-
tained by generating ensembles of pseudo-datasets. The thick red horizontal lines indicate CLs
values of 0.10, 0.05, and 0.01. The mass regions where the observed CLs values are below these
lines are excluded with the corresponding (1 � CLs) confidence levels of 90%, 95%, and 99%,
respectively. We exclude a SM Higgs boson at 95% CL in the mass range 127.5–600 GeV. At
99% CL, we exclude it in the mass range 129–525 GeV.

Figure 5 shows the 95% CL upper limits on the signal strength modifier, µ = s/sSM, obtained
by generating ensembles of pseudo-datasets, as a function of mH. The ordinate thus shows the
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Figure 4: The observed and expected CLs values for the SM Higgs boson hypothesis as a func-
tion of the Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right). The
three horizontal lines on the CLs plot show confidence levels of 90%, 95%, and 99%, defined as
(1 � CLs).
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Figure 7: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of
the SM Higgs boson mass in the range 110–145 GeV. The local p-values for individual channels
and their combination are obtained with the asymptotic formula (lines); the combined local p-
value is validated by generating ensembles of background-only pseudo-datasets (points). The
dashed line shows the expected local p-values p0(mH), should a Higgs boson with a mass mH
exist. The band in the right plot corresponds to the ±1s uncertainties on the µ̂ values.
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Figure 8: Values of µ̂ = s/sSM for the combination (solid vertical line) and for contribut-
ing channels (points) for two hypothesized Higgs boson masses: 119.5 GeV (left) and 125 GeV
(right). The band corresponds to ±1s uncertainties on the overall µ̂ value. The horizontal bars
indicate ±1s uncertainties on the µ̂ values for individual channels.


