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Direct	
  search	
  via	
  H-­‐>τν	
  ,	
  H-­‐>cs	
  
•  Fake	
  τ	


•  True	
  τ	
  (Embedding)	
  
•  Mul=-­‐jet	
  background	
  
•  Matrix	
  method	
  



H+-­‐>τ+ντ	


•  Three	
  channels:	
  	
  
•  τ-­‐>hadrons:	
  

•  N-­‐>WbHb-­‐>qqbHb	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Patrick	
  talk	
  earlier	
  today	
  
•  N-­‐>WbHb-­‐>lνbHb	
  

•  τ-­‐>lν:	
  
•  N-­‐>WbHb-­‐>qqbHb	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Catrin	
  talk	
  morning	
  session	
  

•  Many	
  common	
  backgrounds	
  
•  Heavy	
  use	
  of	
  data	
  to	
  es=mate	
  the	
  background	
  
•  ATLAS	
  publica=ons	
  with	
  37	
  pb-­‐1	
  and	
  with	
  4.7Y-­‐1	
  

•  JHEP	
  1206	
  (2012)	
  39;	
  arXiv:1204.2760;	
  CERN-­‐PH-­‐EP-­‐2012-­‐083	
  
(4.7	
  Y-­‐1)	
  

•  ATLAS-­‐CONF-­‐2011-­‐051	
  (37	
  pb-­‐1)	
  
•  ATLAS-­‐CONF-­‐2012-­‐011	
  (4.7	
  Y-­‐1)	
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H+-­‐>cs	
  
•  N-­‐>WbHb-­‐>lνbbcs	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Catrin	
  talk	
  
•  ATLAS-­‐CONF-­‐2011-­‐094	
  (35	
  	
  pb-­‐1)	
  	
  



Fake	
  rate	
  
Deals	
  with:	
  e,	
  jet	
  -­‐>τ	



•  An	
  electron	
  or	
  a	
  jet	
  	
  iden=fied	
  as	
  a	
  
	
  	
  	
  	
  τ	
  they	
  are	
  dubbed	
  “fake”	
  

•  Method:	
  	
  
•  Find	
  the	
  fake	
  rate	
  defined	
  as	
  (#of	
  fakes)/(total	
  #	
  τ	
  candidates)	
  
•  Sum	
  the	
  #	
  of	
  objects	
  (w/	
  the	
  appropriate	
  selec=on)	
  	
  mul=plied	
  by	
  
the	
  above	
  fake	
  rate.	
  	
  

•  Different	
  applica=on	
  for	
  each	
  
	
  	
  	
  	
  object.	
  
•  Done	
  in	
  bins	
  of	
  pT	
  (and	
  η).	
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e	
  	
  	
  	
  τ	
  fakes	
  
•  “Tag	
  and	
  probe”	
  method	
  
•  Use	
  clean	
  Z-­‐>e+e-­‐	
  signal	
  
•  One	
  =ght	
  electron	
  to	
  “tag”	
  
•  Other	
  electron	
  to	
  probe	
  the	
  probability	
  to	
  be	
  iden=fied	
  as	
  a	
  τ-­‐jet	
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Figure 2: The fake rate for probe objects passing the τ identification, the electron veto, and overlap

removal with reconstructed electrons is shown parametrized in pT and |η|. The uncertainties indicated
are statistical only.

5.1.4 Application to estimate the electron-to-τ fake background to the H+ selections

The electron-to-τ fake background is estimated the following way: In simulated events, any true electron

matched to a τ jet candidate is labeled as an identified τ jet and the event is given a weight equal to the

probability given by the fake rate measured in this section, instead of performing the usual τ identification

(i.e. the τ identification part is taken from data instead of simulation). All relevant quantities (Emiss
T
, ΣET ,

Emiss
T
significance, mT , opposite-charge requirement) are then recalculated under the hypothesis that the

electron is identified as a τ jet. The baseline selections of both the τ+jets and the τ+lepton channels

(with the exception of the τ log-likelihood identification requirements) are then applied and the number

of events surviving is counted (summing the weights of these events). The prediction using the fake rate

derived from data and the expectation from Monte Carlo are shown in Table 3.

Table 3: Application of the fake rate obtained from Z → ee events. The numbers shown are the expected
number of events after the baseline τ+lepton selection (normalized to 37 pb−1), and after the baseline

τ+jets selection (normalized to 36 pb−1), for one-track τ jets. The predictions based on the fake rate

measurement (the first uncertainty is statistical and the second is systematic), as well as the Monte Carlo

prediction (statistical uncertainties only), are given.

Selection Sample Fake rate prediction [num. of events] MC prediction [num. of events]

τ+jets tt̄ 1.08 ± 0.01(stat) ± 0.38(syst) 1.50 ± 0.09(stat)
τ+lepton tt̄ 0.65 ± 0.01(stat) ± 0.04(syst) 0.79 ± 0.08(stat)

5.2 Events with muons misidentified as τ jets

The muon-to-τ fake rate has been studied in a control sample of Z → µµ events, in a similar manner as
the electron-to-τ fake rate described in Section 5.1. The Monte Carlo description of the muon-to-τ fake

rate is found to be consistent with that in data. Since the Monte Carlo expectation is that this background

is 2-3 orders of magnitude smaller than even the uncertainties of other backgrounds, it is concluded that

the background due to muons misidentified as τ jets is negligible.

7

•  Similar	
  method	
  for	
  µ	
  but	
  with	
  2-­‐3	
  orders	
  smaller	
  -­‐>	
  negligible	
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Jets	
  	
  	
  	
  	
  τ	
  fakes	
  (1)	
  (37pb-­‐1	
  publication	
  only)	
  	
  
•  γ+jets	
  event	
  are	
  used.	
  Iden=fied	
  by	
  the	
  γ	
  trigger.	
  
•  Binned	
  by	
  the	
  number	
  of	
  tracks	
  in	
  the	
  jet	
  and	
  pT.	
  

•  Systema=cs	
  include:	
  
•  Contamina=on	
  (real	
  τ)	
  from	
  processes	
  like	
  QCD	
  and	
  Z,W	



•  Control	
  sample	
  uncertainty	
  and	
  correla=on	
  to	
  other	
  methods.	
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Figure 3: Jet-to-τ fake rates measured from γ+jet events for 1-track and 3-track τ jets. Statistical and

systematic uncertainties are given for Monte Carlo, while the uncertainties shown for data are only

statistical.

5.3 Events with jets misidentified as τ jets

A measurement of the probability of jets to be misidentified as τ jets is performed using γ+jet events

selected from collision data. This particular control sample is selected as the jet in these events is domi-

nantly quark-initiated (as opposed to QCD jets events, where jets are dominantly gluon-initiated) which

is also the case for the background investigated in this section, i.e., tt̄, single top-quark, andW+jets. The

resulting fake rate is used to predict the part of these backgrounds which is due to jet-to-τ fakes, for both

the τ+jets and τ+lepton analyses.

5.3.1 Method

For the measurement of the jet→τ fake rate, events are required to pass a γ trigger. Identified γs are
required to be matched to the trigger object and pass a tight isolated photon selection. They must have

|η| < 2.5 and a transverse momentum of at least 25 GeV. Events are selected which have one γ and a jet
of pT > 20 GeV separated by a ∆R of at least 0.7. The fake rate is binned in number of tracks associated

to the τ jet candidate and in pT. The object going into the denominator of the fake rate calculation is a τ

jet candidate which must have pT > 20 GeV, |η| < 2.5, 1 or 3 associated tracks, and pass lepton vetoes in
order to reduce lepton fakes that would otherwise contaminate the fake measurement.

Objects going into the numerator of the fake rate calculation must pass the complete τ identification

as described in Section 3. They must also have between 1 and 3 associated tracks, not be within ∆R of 0.4

of any e or µ passing the common object selection, and pass the cuts for reconstructed τ identification.

Once measured, the fake rate can be applied to MC to test its ability to accurately measure the number

of fakes and to predict fakes in data. The resulting fake rates are shown in Figure 3.

5.3.2 Systematic uncertainties

The systematic uncertainties considered are (the values depend slightly on pT ):

• Contamination of the control sample with true τ jets from Z → ττ and W → τν (negligible).

• Contamination of the control sample with QCD multi-jet events. This is tested by investigating the
effect of modifying the photon identification requirements on the measured fake rate, in particular

loosening the photon isolation which increases the impurity from QCD jets in the control sample

(≈ 10%).

8
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Jets	
  	
  	
  	
  τ	
  fakes	
  (2)	
  –	
  Current	
  method	
  
•  Non-­‐τ	
  jets	
  are	
  used	
  by	
  selec=ng	
  a	
  W+jets	
  sample:	
  
•  b-­‐jet	
  veto	
  to	
  reject	
  N	
  events.	
  
•  Leptonic	
  W.	
  

•  Miss-­‐iden=fica=on	
  probability	
  is	
  measured	
  in	
  bins	
  of	
  pT	
  and	
  η.	


Typical	
  values:	
  7%	
  (1	
  prong)	
  and	
  2%	
  (3	
  prong)	
  

•  Applying	
  the	
  probabili=es	
  to	
  the	
  number	
  of	
  jets	
  in	
  the	
  final	
  
sample	
  (aper	
  removing	
  b-­‐tagged	
  jets).	
  

Things	
  to	
  consider	
  (systema=cs):	
  
•  Object	
  related	
  
•  q/g	
  ra=o	
  difference	
  between	
  the	
  target	
  N	
  and	
  the	
  W+jets.	
  
•  True	
  taus	
  in	
  the	
  sample.	
  
•  Control	
  sample	
  size.	
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Embedding:	
  
Deals	
  with:	
  true	
  τ background	
  (hadronic)	



•  N	
  -­‐>	
  Xµ	
  is	
  similar	
  to	
  N-­‐>Xτ	
  in	
  everything	
  but	
  µ	
  .vs.	
  τ	


•  If	
  the	
  µ	
  is	
  replaced	
  by	
  a	
  τ	
  we	
  have	
  a	
  guaranteed	
  background	
  
environment	
  with	
  everything	
  but	
  the	
  lepton	
  having	
  data	
  
characteris=cs.	
  (also	
  used	
  in	
  H-­‐>ττ)	
  

	
  Procedure:	
  
•  Selected	
  N	
  evens	
  containing	
  a	
  µ	
  (from	
  the	
  decaying	
  W)	
  
•  Scale	
  the	
  µ	
  momentum	
  to	
  compensate	
  for	
  the	
  mass	
  difference	
  
•  Simulate	
  a	
  τ	
  with	
  the	
  scaled	
  µ	
  4-­‐momenta	
  
•  Embed	
  the	
  simulated	
  τ	
  back	
  in	
  the	
  data	
  event	
  
•  Run	
  the	
  H+	
  analysis	
  to	
  get	
  the	
  normaliza8on	
  of	
  the	
  :	
  background:	
  
	
  

Ntt−bkg = Nsel
EMB (1− fW→τ→µ )

εtrig
τ

εsel
µ
B(τ → had) 7	
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For	
  the	
  τ+jets	
  channel	
  

•  Since	
  embedding	
  uses	
  N	
  events	
  and	
  universality	
  predicts	
  
exactly	
  the	
  number	
  of	
  τs,	
  an	
  absolute	
  bkg	
  predic=on	
  can	
  
be	
  made.	
  

•  mT	
  shape	
  is	
  the	
  alterna=ve	
  used	
  in	
  the	
  first	
  (37pb-­‐1)	
  pub.	
  
to	
  normalize	
  the	
  bkg	
  in	
  a	
  N	
  dominated	
  region	
  

whereNτ is the estimated number of events with correctly reconstructed τ jets, Nembedded is

the number of embedded events in the signal region, cτ→µ is the fraction of events in which

the selected muon is a decay product of a τ lepton (taken from simulation), ετ+Emiss
T

−trigger

is the τ + Emiss
T trigger efficiency (as a function of pτT and Emiss

T , derived from data),

εµ−ID,trigger is the muon trigger and identification efficiency (as a function of pT and η,

derived from data) and B(τ → hadrons + ν) is the branching ratio of the τ lepton decays

involving hadrons. The mT distribution for correctly reconstructed τ jets, as predicted by

the embedding method, is shown in Fig. 5 and compared to simulation.
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Figure 5. Comparison of the mT distribution for correctly reconstructed τ jets, predicted by the
embedding method and simulation. Combined statistical and systematic uncertainties (as described
in Section 7) are shown.

6.5 Event yields and mT distribution after the selection cuts

Table 6 shows the expected number of background events for the SM-only hypothesis and

the observation in the data. The total number of predicted events (signal+background)

in the presence of a 130 GeV charged Higgs boson with B(t → bH+) = 5% is also shown.

The number of events with a correctly reconstructed τ jet is derived from the number of

embedded events and does not depend on the cross section of the tt̄ → bb̄W+W− process.

On the other hand, the τ+jets analysis relies on the theoretical inclusive tt̄ production

cross section σtt̄ = 167+17
−18 pb [26] for the estimation of the background with electrons or

jets misidentified as τ jets. In the presence of a charged Higgs boson in the top quark

decays, with a branching ratio B(t → bH+), the contributions of tt̄ → bb̄W+W− events in

these backgrounds are scaled according to this branching ratio. The data are found to be

– 17 –
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Embedding	
  (cont.)	
  

Systema=cs:	
  
•  Control	
  sample	
  uncertainty	
  and	
  sta=s=cs	


•  τ	
  simula=on	
  (iden=fica=on,	
  energy	
  scale)	
  
•  µ	
  isola=on	
  
•  Embedding	
  parameters	
  
•  mT	
  shape	
  due	
  to	
  τ	
  energy	
  scale	
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τ+jets	
   τ+lepton	
  



Control	
  region	
  (inverted	
  selection)	
  
Deals	
  with:	
   	
  multi-­‐jet	
  background	
  	
  

•  Template	
  method	
  fiqng	
  the	
  ETmiss	
  shape	
  
•  Star=ng	
  with	
  loose	
  τ	
  selec=on	
  but	
  rejec=ng	
  the	
  =ght	
  selec=on	
  
and	
  a	
  b-­‐veto-­‐>	
  a	
  sample	
  of	
  non-­‐selected	
  events	
  with	
  similar	
  
characteris=cs	
  is	
  obtained.	
  

•  ETmiss	
  shape	
  must	
  be	
  similar	
  to	
  	
  
the	
  baseline	
  shape	
  (checked	
  at	
  	
  
an	
  early	
  selec=on	
  stage)	
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where ∆φτ,miss is the azimuthal angle between the τ jet and the direction of the missing

momentum. This discriminating variable is related to the W boson mass in the W → τν

background case and to the H+ mass for the signal hypothesis.

6.2 Data-driven estimation of the multi-jet background

The multi-jet background is estimated by fitting its Emiss
T shape (and the Emiss

T shape of

other backgrounds) to data. In order to study this shape in a data-driven way, a control

region is defined where the τ identification and b-tagging requirements are modified, i.e.

τ candidates must pass a loose τ identification but fail the tight τ identification used in

the signal selection, and the event is required not to contain any b-tagged jet. Hence,

the requirement on mjjb is also removed. Assuming that the shapes of the Emiss
T and mT

distributions are the same in the control and signal regions, the Emiss
T shape for the multi-jet

background is measured in the control region, after subtracting the simulated background

contributions from other processes. These other processes amount to less than 1% of the

observed events in the control region. The Emiss
T shapes obtained with the τ+jets selection

of Section 6.1 or in the control region are compared just before the Emiss
T requirement in the

baseline selection in Fig. 4(a). The differences between the two distributions are accounted

for as systematic uncertainties. For the baseline selection, the Emiss
T distribution measured

in the data is then fit using two shapes: the multi-jet model and the sum of other processes

(dominated by tt̄ and W+jets), for which the shape and the relative normalisation are

taken from simulation, as shown in Fig. 4(b). The ratio between the numbers of multi-jet

background events in the control and signal regions enters the likelihood function for the

signal estimation (see Section 8) as a nuisance parameter while the shape of the multi-jet

background is measured in the same region after additionally requiring Emiss
T > 65 GeV.
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Figure 4. (a) Shape of Emiss
T in a control region of the data or using the baseline selection,

after subtracting the expectation from tt̄, W+jets, and single top quark processes estimated from
simulation. The distributions are compared just before the Emiss

T requirement in the baseline
selection of Section 6.1, with the exception that, in the control region, the τ selection and the
b-tagging requirements are modified, see text. (b) Fit of the Emiss

T template to data, in the signal
region. Only statistical uncertainties are shown.
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where ∆φτ,miss is the azimuthal angle between the τ jet and the direction of the missing

momentum. This discriminating variable is related to the W boson mass in the W → τν

background case and to the H+ mass for the signal hypothesis.

6.2 Data-driven estimation of the multi-jet background

The multi-jet background is estimated by fitting its Emiss
T shape (and the Emiss

T shape of

other backgrounds) to data. In order to study this shape in a data-driven way, a control

region is defined where the τ identification and b-tagging requirements are modified, i.e.

τ candidates must pass a loose τ identification but fail the tight τ identification used in

the signal selection, and the event is required not to contain any b-tagged jet. Hence,

the requirement on mjjb is also removed. Assuming that the shapes of the Emiss
T and mT

distributions are the same in the control and signal regions, the Emiss
T shape for the multi-jet

background is measured in the control region, after subtracting the simulated background

contributions from other processes. These other processes amount to less than 1% of the

observed events in the control region. The Emiss
T shapes obtained with the τ+jets selection

of Section 6.1 or in the control region are compared just before the Emiss
T requirement in the

baseline selection in Fig. 4(a). The differences between the two distributions are accounted

for as systematic uncertainties. For the baseline selection, the Emiss
T distribution measured

in the data is then fit using two shapes: the multi-jet model and the sum of other processes

(dominated by tt̄ and W+jets), for which the shape and the relative normalisation are

taken from simulation, as shown in Fig. 4(b). The ratio between the numbers of multi-jet

background events in the control and signal regions enters the likelihood function for the

signal estimation (see Section 8) as a nuisance parameter while the shape of the multi-jet

background is measured in the same region after additionally requiring Emiss
T > 65 GeV.
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Figure 4. (a) Shape of Emiss
T in a control region of the data or using the baseline selection,

after subtracting the expectation from tt̄, W+jets, and single top quark processes estimated from
simulation. The distributions are compared just before the Emiss

T requirement in the baseline
selection of Section 6.1, with the exception that, in the control region, the τ selection and the
b-tagging requirements are modified, see text. (b) Fit of the Emiss

T template to data, in the signal
region. Only statistical uncertainties are shown.

– 15 –

•  ETmiss	
  shape	
  of	
  other	
  SM	
  	
  
	
  	
  and	
  the	
  QCD	
  is	
  fiNed	
  to	
  the	
  	
  
	
  	
  data.	
  
•  Overall	
  normaliza=on	
  and	
  QCD	
  
	
  	
  	
  	
  frac=on	
  are	
  the	
  only	
  fiNed	
  
	
  	
  	
  	
  parameters.	
  

Systema=cs:	
  
•  Fit	
  procedure	
  (range,	
  binning)	
  
•  N	
  and	
  W+jets	
  shape	
  and	
  their	
  rela=ve	
  norm.	
  
•  Sample	
  size	
  



Matrix	
  method	
  
Deals	
  with:non-­‐prompt	
  muons	
  (only	
  H-­‐>cs)	
  

•  Published	
  result	
  with	
  35pb-­‐1	
  
•  Mul=-­‐jet	
  background	
  in	
  the	
  µ	
  channel	
  is	
  es=mated	
  with	
  “matrix	
  
method”	
  	
  

•  r	
  is	
  es=mated	
  from	
  Z-­‐>µµ	


•  f	
  is	
  es=mated	
  from	
  2	
  control	
  regions	
  design	
  to	
  avoid	
  prompt	
  muons	
  

•  Low	
  ETmiss	
  	
  for	
  QCD	
  source	
  
•  High	
  ETmiss	
  	
  but	
  high	
  impact	
  parameter	
  muons	
  	
  

•  For	
  the	
  electron	
  channel	
  a	
  likelihood	
  template	
  fit	
  of	
  ETmiss	
  is	
  used	
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Background	
  Summary	
  
τ+jets	
  channel	
  

consistent with the estimation of the SM background. The mT distribution for the τ+jets

channel, after all selection cuts are applied, is shown in Fig. 6.

Sample Event yield (τ+jets)

True τ (embedding method) 210 ± 10± 44

Misidentified jet→ τ 36± 6± 10

Misidentified e → τ 3± 1± 1

Multi-jet processes 74± 3± 47

All SM backgrounds 330 ± 12± 65

Data 355

t → bH+ (130 GeV) 220 ± 6± 56

Signal+background 540 ± 13± 85

Table 6. Expected event yields after all selection cuts in the τ+jets channel and comparison with
4.6 fb−1 of data. The numbers in the last two rows, obtained for a hypothetical H+ signal with
mH+ = 130 GeV, are obtained with B(t → bH+) = 5%. The rows for the backgrounds with
misidentified objects assume B(t → bW ) = 100%. Both statistical and systematic uncertainties are
shown, in this order.
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Figure 6. Distribution of mT after all selection cuts in the τ+jets channel. The dashed line
corresponds to the SM-only hypothesis and the hatched area around it shows the total uncertainty
for the SM backgrounds. The solid line shows the predicted contribution of signal+background
in the presence of a charged Higgs boson with mH+ = 130 GeV, assuming B(t → bH+) = 5%
and B(H+ → τν) = 100%. The contributions of tt̄ → bb̄W+W− events in the backgrounds with
misidentified objects are scaled down accordingly.
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Figure 5: Comparison of the mT distribution for correctly reconstructed τ jets, predicted by the embed-
ding method and simulation. Combined statistical and systematic uncertainties (as described in Sec-

tion 7) are shown.

charged Higgs boson with B(t → bH+) = 5% is also shown. The number of events with a correctly
reconstructed τ jet is derived from the number of embedded events and does not depend on the cross
section of the tt̄ → bb̄W+W− process. On the other hand, the τ+jets analysis relies on the theoretical
inclusive tt̄ production cross section σtt̄ = 167

+17
−18 pb [29] for the estimation of the background with

electrons or jets misidentified as τ jets. In the presence of a charged Higgs boson in the top quark decays,
with a branching fraction B ≡ B(t → bH+), the contributions of SM-like tt̄ → bb̄W+W− events in these
backgrounds are scaled by (1 − B)2. The data are found to be consistent with the estimation of the SM
background. The mT distribution for the τ+jets channel, after all selection cuts are applied, is shown in
Fig. 6.

Sample Event yield (τ+jets)

True τ (embedding method) 210 ± 10 ± 44
Misidentified jet→ τ 36 ± 6 ± 10
Misidentified e→ τ 3 ± 1 ± 1
Multi-jet processes 74 ± 3 ± 47
∑

SM 330 ± 12 ± 65
Data 355

t → bH+ (130 GeV) 220 ± 6 ± 56
Signal+background 540 ± 13 ± 85

Table 6: Number of expected events after all selection cuts in the τ+jets channel and comparison with
4.6 fb−1 of data. The numbers in the last two rows, for a hypothetical H+ signal with mH+ = 130 GeV,

correspond to B(t → bH+) = 5%. The rows for the backgrounds with misidentified objects assume
B(t → bW) = 100%. Both statistical and systematic uncertainties are shown, in this order.
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Summary	
  
•  Background	
  is	
  no	
  longer	
  divided	
  into	
  physics	
  sources	
  which	
  
depend	
  on	
  XS	
  for	
  es=ma=on	
  	
  

•  Smaller	
  dependence	
  on	
  simula=on	
  
	
  	
  	
  	
  	
  -­‐>	
  Reduc=on	
  in	
  systema=c	
  uncertain=es	
  
	
  

•  Background	
  sources	
  are	
  divided	
  into	
  the	
  analysis	
  objects	
  	
  	
  
•  All	
  background	
  sources	
  can	
  be	
  es=mated	
  in	
  a	
  data	
  driven	
  way.	
  
•  Some	
  of	
  the	
  methods	
  are	
  applicable	
  for	
  other	
  searches	
  as	
  well.	
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