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Physics	  Motivation	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  
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Figure 10: The estimated sensitivities in the various search channels for the heavier MSSM Higgs
bosons in the [tanβ,MA] plane: H/A → τ+τ− (light blue), H → WW + ZZ (green), H/A → tt̄
(red), A → hZ (brown) and H → hh (yellow). The projection is made for the LHC with 7+8 TeV
and the full 25 fb−1 of data collected so far. The radiative corrections are such that the lightest h
mass is Mh = 126 GeV.

5.3 Remarks on the charged Higgs boson

We close this discussions with a few remarks on the charged Higgs boson case. First of all,

the production rates are very large only for MH± <∼ 170 GeV when the H± state can be

produced in top decays. In this case, the decay channel H± → τν is always substantial and

leads to the constraints that have been discussed earlier and which are less effective than

those coming from H/A → ττ searches at high tan β. In the low tan β region, two other

channels can be considered: H+ → cs̄ that has been studied by the ATLAS collaboration

in a two–Higgs doublet model with the 7 TeV data [89] and H+ → cb̄. The branching ratio

for the latter channel is significant for tan β <∼ 3 and has been obtained by assuming the

same CKM angles as in the SM, in particular Vcb ≈ 0.04 [35]. This channel, if observed

would thus allow to check some of the CKM matrix elements in the charged Higgs sector.

Finally, the processes t → H+b at low mass and pp → btH± at high mass with

H± → Wh can have large rates at sufficiently low tan β. The cross section times branching

fraction is displayed in Fig. 11 in the [tan β,MA] plane for a 14 TeV c.m. energy. Shown

are the contours with σ × BR = 1, 5 and 10 fb which, for a luminosity of 300 fb−1 would

correspond to a small number of events. We will not perform an analysis for this particular

final state. We simply note that the final state topology, pp → tbH± → tbWh resembles

that of the pp → tt̄h process that is considered as a means to measure the htt̄ Yukawa

coupling and which is considered to be viable at 14 TeV with a high luminosity.

Hence, even for the charged Higgs bosons, there are interesting search channels which

can be considered if the low tan β region is reopened.
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Figure 8. Cross section times branching ratio � · Br(H ! X) to available final states in units of pb
for 8 TeV pp collisions for the non-SM-like scalar Higgs boson, shown as a function of mH . Upper left:
tan� = 1, cos(��↵) = �0.32 for Type 1 2HDM. Upper right: tan� = 1, cos(��↵) = �0.11 for Type
2 2HDM. Lower left: tan� = 10, cos(� � ↵) = �0.43 for Type 1 2HDM. Lower right: tan� = 10,
cos(� � ↵) = �0.02 for Type 2 2HDM. In each case we have chosen �5,6,7 = 0 and mA = mH .

large tan�.

Of course, the dominant modes in the branching ratios of H and A are not necessarily

the best modes for discovery. In general the most fruitful standard channels (i.e., involving

direct decays to SM final states) are those that may be distinguished above SM backgrounds,

primarily:

• Inclusive production of H with H ! V V (⇤) or H ! ��

• Inclusive production of A with A ! ��

• Inclusive production of H or A with H,A ! ⌧+⌧� or H,A ! µ+µ�

• tt̄ production with t ! H±b̄ and H± ! ⌧±⌫

Beyond standard channels, it is useful to search for additional scalars through their decays

to h and other states. Again assuming the approximate mass ordering mh < mA ⇠ mH ⇠
mH± , the kinematically available channels with promising search prospects are:

– 25 –
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Example	  of	  2HDM	  

MSSM	  and	  2HDM	  (Type	  II)	  models	  predict	  enhanced	  sensitivity	  for	  H	  →hh	  
channel	  at	  low	  tanβ	  [*]	  in	  the	  range	  of	  MH	  between	  260	  and	  350	  GeV.	  	  	  
These	  regions	  were	  not	  excluded	  by	  previous	  searches.	  

[*] tanβ = ratio of the vacuum expectation values of the two Higgs doublets 
[**] α = the mixing of the two neutral CP-even Higgses 

[**]	  
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Analysis	  strategy	  résumé	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

•  Search	  for	  H	  →	  h	  (125	  GeV)	  h	  (125	  GeV) →bbττ	  
•  To	  reconstruct	  the	  h →ττ	  candidate,	  the	  same	  methods	  of	  the	  search	  for	  the	  

SM[1]	  and	  MSSM[2]	  Higgs	  boson	  decaying	  to	  a	  τ	  pair	  were	  used.	  	  
The	  most	  sensitive	  final	  states	  are	  studied:	  eτh,	  µτh	  and	  τhτh	  (τh	  denotes	  a	  
hadronic	  τ	  decay).	  

•  For	  h →bb	  required	  at	  least	  two	  b	  jet	  candidates	  in	  the	  event.	  

•  Used	  MH	  distribution	  to	  extract	  the	  signal	  contribution	  

•  Analyzed	  data	  collected	  in	  2012	  at	  8	  TeV	  from	  CMS,	  corresponding	  to	  an	  
integrated	  luminosity	  of	  19.7	  a-‐1	  

•  Results	  combined	  with	  the	  analysis	  A	  →	  Zh→llττ	  (CMS-‐HIG-‐14-‐034)	  

[1]	  doi:10.1007/JHEP05(2014)104	   [2]	  doi:10.1007/JHEP10(2014)160	  
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h→	  ττ and h→	  bb	  reconstruction	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

h→lτh	  
•  A	  well	  identified	  and	  isolated	  lepton	  e/µ	  

with	  |η|	  <	  2.1	  and	  pT	  >	  24/20	  GeV	  	  
•  A	  well	  identified	  and	  isolated	  τh	  	  

(pT	  >	  20	  GeV	  and	  |η|<2.3)	  
•  mT(lepton,	  pT

miss)	  <	  30	  GeV	  
h→τhτh	  

•  Two	  well	  identified	  and	  isolated	  τh	  	  
(pT	  >	  45	  GeV,	  	  |η|<2.1)	  

Required	  opposite	  sign	  pair	  and	  no	  other	  
leptons	  in	  the	  event	  

h→	  ττ	   h→	  bb	  

b	  jet	  requirements	  
•  pT	  >	  20	  GeV	  	  and	  |η|	  <	  2.4	  
•  The	  combined	  secondary	  vertex	  

discriminator	  (CSV[3])	  is	  used	  to	  identify	  	  
b	  jets	  
	  

The	  two	  b	  jets	  with	  the	  highest	  CSV	  values	  
are	  chosen	  to	  reconstruct	  the	  h→bb	  

candidate	  

[3]	  doi:10.1088/1748-‐0221/8/04/P04013	  
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H→	  hh	  Reconstruction	  and	  Signal	  Extraction	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

The	  events	  with	  at	  least	  two	  jets	  are	  classified	  in	  different	  categories:	  	  

	  

	  

	  

Mττ	  is	  reconstructed	  with	  a	  Likelihood	  based	  algorithm	  (SVfit[4]).	  

Mbb	  is	  the	  invariant	  mass	  of	  b	  jet	  pair.	  

	  
Applied	  mass	  window	  cut:	  	  

	  

To	  further	  improve	  the	  reconstruction	  of	  MH	  a	  kinematic	  fit	  
is	  applied,	  constraining	  h	  bosons	  mass	  to	  be	  125	  GeV.	  	  
	  

Event	  category	   Number	  of	  well	  
identified	  b	  jets	   Comments	  	  

2jet-‐0tag	   0	   least	  sensitive	  category,	  background	  dominated	  (Z→	  ττ,	  W,	  QCD)	  	  

2jet-‐1tag	   1	   less	  than	  half	  of	  signal	  but	  still	  background	  dominated	  	  
(Z→	  ττ,	  W,	  QCD	  and	  ttbar)	  	  

2jet-‐2tag	   ≥2	   most	  sensitive	  category,	  less	  background	  present	  	  
(mostly	  ttbar	  background)	  

[4]	  doi:10.1088/1742-‐6596/513/2/022035	  	  

Kinematic	  Fit	  
hard	  constraint	  
m(τ1τ2)	  =	  125	  GeV	  
m(b1b2)	  =	  125	  GeV	  

90	  <	  Mττ	  <	  150	  GeV	  	  

70	  <	  Mbb	  <	  150	  GeV	  	  
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Example	  of	  background	  composition	  for	  µτh	  channel	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

Z→	  ττ	

Combined	  data	  
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background	  
modeling	  

Wjets	  
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Signal	  extraction	  using	  MH	  –	  µτh	  channel	  	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  
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Example	  of	  the	  expected	  signal,	  scaled	  by	  a	  factor	  10,	  for	  one	  of	  the	  MSSM	  
scenarios	  (mH	  =	  300	  GeV	  and	  tanβ=2).	  
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Signal	  extraction	  using	  MH	  –	  eτh	  channel	  	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  
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Example	  of	  the	  expected	  signal,	  scaled	  by	  a	  factor	  10,	  for	  one	  of	  the	  MSSM	  
scenarios	  (mH	  =	  300	  GeV	  and	  tanβ=2).	  
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Signal	  extraction	  using	  MH	  –	  τhτh	  channel	  	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

Example	  of	  the	  expected	  signal,	  scaled	  by	  a	  factor	  10,	  for	  one	  of	  the	  MSSM	  
scenarios	  (mH	  =	  300	  GeV	  and	  tanβ=2).	  	  
The	  binning	  used	  takes	  into	  account	  the	  lower	  statistics	  in	  this	  channel.	  
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Results:	  Model	  Independent	  Limits	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

No	  evidence	  for	  the	  
presence	  of	  a	  BSM	  
signal.	  	  
The	  95%	  CL	  
exclusion	  limits	  on	  
production	  	  
cross-‐section	  times	  
branching	  ratio	  have	  
been	  set	  at	  ~	  0.3	  pb.	  

eτh	   µτh	  

τhτh	  
	  

combined	  
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CMS	  Model	  independent	  limits	  X	  (spin	  0) →	  hh	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

In	  the	  low	  mass	  region,	  
bbττ	  sensitivity	  is	  
between	  bbbb	  and	  

γγbb.	  
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Combined	  model	  dependent	  limits	  H→	  hh→bbττ	  +	  A	  →	  Zh→llττ	  	  	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

Observed	  and	  expected	  limits	  in	  MSSM	  low	  tanβ	  scenario	  and	  	  
2HDM	  type-‐II	  model.	  The	  highlighted	  blue	  area	  is	  excluded	  at	  95%	  CL.	  

2HDM	  type-‐II	  mA	  =	  mH	  =	  300	  GeV	  	  MSSM	  low	  tanβ	  scenario	  
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Summary	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

•  The	  search	  for	  a	  heavy	  Higgs	  boson	  decaying	  to	  two	  125	  GeV	  Higgs	  
bosons	  in	  the	  final	  state	  bbττ,	  using	  the	  data	  collected	  by	  CMS	  in	  2012,	  
has	  been	  presented.	  

•  The	  data,	  corresponding	  to	  an	  integrated	  luminosity	  of	  19.7	  a-‐1,	  have	  
shown	  no	  evidence	  for	  a	  BSM	  signal.	  

•  The	  combined	  H→	  hh→bbττ	  +	  A	  →	  Zh→llττ	  exclusion	  limits	  on	  the	  
production	  cross-‐section	  times	  branching	  ratio	  have	  been	  interpreted	  
in	  the	  MSSM	  low	  tanβ	  and	  2HDM	  type-‐II	  scenarios.	  
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Additional	  materials	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  
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SVfit	  algorithm	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

•  SVfit	  is	  a	  likelihood	  based	  algorithm	  for	  the	  reconstruction	  of	  h	  
boson	  decaying	  to	  τ	  leptons.	  

•  The	  kinematics	  of	  τ	  decays	  can	  be	  parameterized	  by	  following	  
variables:	  
•  θ	  –	  the	  angle	  between	  the	  boost	  direction	  of	  the	  τ lepton	  and	  the	  

momentum	  of	  the	  visible	  decay	  products	  in	  the	  rest	  frame	  of	  the	  τ.	  
•  φ	  –	  the	  azimuthal	  angle	  of	  the	  τ in	  the	  CMS	  detector	  frame.	  
•  mνν	  –	  invariant	  mass	  of	  the	  invisible	  momentum	  system	  for	  leptonic	  τ	  

decays	  

•  The	  kinematics	  of	  the	  τ	  pair	  decays	  depends	  upon	  4-‐6	  
parameters,	  which	  are	  constrained	  only	  by	  2	  observables	  from	  
MET	  

•  Using	  Dynamical	  Likelihood	  Methods,	  SVfit	  reconstruct	  kinematic	  
quantities	  on	  an	  event-‐by-‐event	  basis.	  
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CSV	  algorithm	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

•  This	  sophisticated	  and	  complex	  tag	  exploits	  all	  known	  variables,	  which	  can	  distinguish	  
b	  from	  non-‐b	  jets.	  	  

•  Its	  goal	  is	  to	  provide	  optimal	  b	  tag	  performance,	  by	  combining	  information	  about	  
impact	  parameter	  significance,	  the	  secondary	  vertex	  and	  jet	  kinematics.	  (Currently	  
lepton	  information	  is	  not	  included).	  

•  The	  variables	  are	  combined	  using	  a	  likelihood	  ratio	  technique	  to	  compute	  the	  b	  tag	  
discriminator.	  
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Systematic	  uncertainties	  

M.	  T.	  Grippo	  	   Higgs	  Hunting	  2015	  

•  Normalization	  uncertainties:	  
•  ID/isolation	  and	  trigger	  efficiencies	  
•  Background	  Normalization:	  used	  

alternative	  methods	  and	  studied	  the	  
difference	  in	  yield,	  but	  largely	  
dominated	  by	  statistical	  uncertainties,	  
due	  to	  limited	  statistics	  in	  data	  control	  
region	  

•  b	  tag	  uncertainties:	  evaluated	  by	  
shifting	  up	  and	  down	  in	  b	  tag	  scale	  
factors	  and	  evaluating	  the	  overall	  
change	  in	  yield	  in	  each	  category	  

•  ETmiss	  scale	  

•  Shape	  uncertainties:	  
•  jet	  energy	  scale	  
•  τ	  energy	  scale	  

9

Table 1: Systematic uncertainties that affect the estimated number of signal or background
events. The table contains the common contributions and the uncertainties for each channel.
Some uncertainties vary with pT, h, final state and process, so ranges are given.

Common Experimental Uncertainties
Source Uncertainty

Luminosity Measurements 2.6%
Electron ID and trigger 2–3%
Muon ID and trigger 2–3%

t lepton ID and trigger 6–19%
H ! hh Experimental Uncertainties

Source µth-eth thth
Emiss

T 1–10% –
b tagging efficiency 1–701% 2–5%

b mistag rate 1–5% 2.5%
Z production 3.3% 3.3%

Z ! tt: category selection 5% 6–1751%
Z ! tt due to tt embedded – 5–49%

tt 10% 10%
Diboson 15% 15%

QCD multijet 10–100% 10–40%
W+jets 10–100% 20%

Z ! ee: e misidentified as th 20–40% –
Z ! µµ: µ misidentified as th 30–60% –
Z+jets: jet misidentified as th 20–90% –

Z ! ll: jet and l misidentification – 30–67%
A ! Zh Experimental Uncertainties

Source Uncertainty
Reducible background estimate 15–50%

striboson and sTTZ 50%
b jet veto 1%

1 In these systematics the top end of the range is the result of low statistics in the relevant sample/data control
region.


