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The  top  Yukawa  coupling
• Two  main  probes  of  tt̄H  coupling  at  LHC:

•gluon  fusion  production  cross  section  (σ  ~  |yt|2),  
assuming  no  BSM  particles  in  the  loop.

•associated  production  cross  section,  a  tree  level  process  
proportional  to  |yt|2

• The  first  is  pretty  well  known:  already  now  the  
experimental  accuracy  on  yt  is  25-­‐30%  from  each  
experiment

• Significant  progress  from  the  experimental  side  on  
the  second  point  in  the  last  year.
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tt̄H  associated  production
3
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• ttH  cross  section  is  130  K  for  mH  =  126  GeV  at  √s=8  TeV  

• Higgs  decays  at  this  mass:  
• BR  H￫bbM  ~60%,  H￫WW(*)  ~20%  and  H￫γγ,  H￫ττ,  H￫ZZ(*)  significantly  
smaller  BR  but  produce  experimentally  accessible  signatures  

• ttH  events  are  crowded  due  to  the  presence  of  additional  b-­‐jets,  
jets/leptons  from  the  top  quarks  decays
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ttH  searches  at  ATLAS  &  CMS
• tt  +  b-­‐jets,  to  search  for  H→bb

• high  rate  but  big  tt+bb  bkg  and  complex  multi-­‐jet  final  state
• ATLAS:  8  TeV  data,  ATLAS-­‐CONF-­‐2014-­‐011
• CMS  Analysis  I:  8  TeV  data,  arXiv:1408.1682  (together  with  the  
low  sensitivity  channel  tt  +  ττ:  with  hadronically  decaying  taus)

• CMS  Analysis  II:  8  TeV  data,  HIG-­‐14-­‐009

• tt  +  γγ,  to  search  for  H→γγ:  
• low  rate.  important  for  the  high-­‐lumi  projection  as  systematics  
play  a  negligible  role  in  it

• ATLAS:  7+8  TeV  data,  ATLAS-­‐CONF-­‐2014-­‐043
• CMS:  7+8  TeV  data,  arXiv:1408.1682

• tt  +  leptons,  to  search  for  H→  WW,  ZZ,  ττ  (τ  →  ℓ)  
• low  rate.  clean  and  low  bkg  signatures  with  2,3,4  leptons  
• CMS:  8  TeV  data,  arXiv:1408.1682
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H￫hadrons
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Single-­‐lepton  (SL)  
channel

Di-­‐lepton  (DL)  
channel

Hadronic-­‐τ  (τh)  
channel

1  e/μ  (pT>30)

≥4  jets  ≥2b-­‐jets  

(pT>40,40,40,30)

1  e/μ  (pT>25)

≥4  jets  ≥2b-­‐jets  (pT>25)

2  OS  e/μ  (pT>20,10)

≥3  jets  ≥2b-­‐jets  

(pT>40,40,40,30)

1  e/μ  (pT>25,15)

≥3  jets  ≥2b-­‐jets  (pT>25)

1  e/μ  (pT>30),  2  τ  (pT>20),  

≥  4jets  1-­‐2b-­‐jets  
(pT>40,40,40,30)
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Analysis  Strategy
6

• Categorization  in  NJets  and  Nb-­‐Jets,  BDT/NN  built  in  each  categories  
(best  S/B  ~0.03  with  #sig  ~10)

• variables:  reconstructed  object  kinematic,  event  shape,  b-­‐tagging  
discriminator  value

2  b-­‐tags 3  b-­‐tags 4  b-­‐tags
4  jets BDT BDT
5  jets BDT BDT

>=  6  jets BDT BDT BDT

• Main  bkg  tt+jets:    

• from  simulation  separated  in  sub-­‐samples:    (tt+lf,  tt+bb,tt+b,tt+cc)

• data  in  bins  with  low  S/B  are  used  to  constraint  these  bkg  sources

2  b-­‐tags 3  b-­‐tags 4  b-­‐tags
2  jets
3  jets BDT BDTBDT

>=  4  jets BDT
BDTBDT

2  b-­‐tags 3  b-­‐tags 4  b-­‐tags
4  jets HThad HThad HThad

5  jets HThad NN NN
>=  6  jets HThad NN NN

2  b-­‐tags 3  b-­‐tags 4  b-­‐tags
2  jets HThad

3  jets HThad NN
>=  4  jets HThad NN NN

H-­‐>bb,  SL  Channel H-­‐>bb,  DL  Channel
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From  combined  fit  to  NNs/BDTs:
95%  CL  upper  limits  on  μttH  :  

Best-­‐fit  value  for  μttH  :  

Results
7

Median  Exp
(bkg  only)

Median  Exp  
(signal  injected) Obs

bb 2.7 3.3 4.4

bb 3.5 5.5 4.1

ττ 14.2 16.2 13

bb:  10  categories,  ττ:  6  categories

bb:  D
L,  ≥  3  Jets,  ≥  3  b-­‐tags

bb:  15  categories

bb:  SL,  ≥  6  Jets,  ≥  4  b-­‐tags
 + lftt c + ctt  + btt b + btt

Single t  + W,Ztt EWK Bkg. Unc.

Data H(125) x 30tt

bb 1.8+1.5-­‐1.4

bb 0.7+1.9-­‐1.9

ττ -­‐1.3+6.3-­‐5.5

@
  m

H
=1
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Alternative  Analysis  Strategy
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•  Similar  event  selection  (SL,  DL  channels  with  ≥5  jets,  ≥4  jets)

•  b-­‐tagging  discriminator  value  for  the  leading  6(4)  jets  in  SL(DL)  used  to  build  a  per-­‐
event  likelihood  ratio  to  separate  bbbb  (ttH,  tt+HF)  vs  bbjj  (tt+LF)

•  Four  event-­‐categories  based  on  exclusive  event  interpretation  for  bkg:

•  Likelihood  technique  based  on  the  theoretical  Matrix  Element  for  ttH  and  tt+bb              
used  to  compute  probability  density  functions  for  S  and  B.

•Signal  extraction  performed  fitting  the  ratio  between  these  two  probabilities  (Ps/b)

P
s/b :  SL,  CAT  3  

From  combined  fit  to  MEs:
95%  CL  upper  limits  on  μttH  :  

Best-­‐fit  value  for  μttH  (bb):  0.7+1.9-­‐1.9

Median  Exp
(bkg  only)

Median  Exp  
(signal  injected) Obs

bb 2.9 3.9 3.3

CAT1:  tt-­‐>bblvqq CAT2:  tt-­‐>bblvq(q)+g CAT3:  tt-­‐>bblvq(q) CAT4:  tt-­‐>bblvlv
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H￫photons
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Leptonic  channel   Hadronic  channel  

pT(γ  1)  >  m  γ  γ/2
pT(γ  2)  >  25
≥  1  e/μ,  pT>20  
≥2  jets  (≥1b-­‐jets),  pT>25
pT(γ  1)  >  0.35  m  γ  γ

pT(γ  2)  >  0.25  m  γ  γ

≥  1  e/μ,  pT>20  
≥2  jets  (≥1b-­‐jets),  pT>25

pT(γ  1)  >  m  γ  γ/2
pT(γ  2)  >  25
0  e/μ,  pT>20
≥5  jets  (≥1b-­‐jets),  pT>25
pT(γ  1)  >  0.35  m  γ  γ

pT(γ  2)  >  0.25  m  γ  γ

0  e/μ,  pT>20
≥  5  jets  (≥1b-­‐jets),  pT>25
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Analysis  Strategy
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• Analysis  limited  by  statistic  (low  BR  H￫γγ)  but  distinctive  signature:
• two  energetic  photons,  narrow  Higgs  peak  over  falling  bkg  in  Mγγ  distribution

• the  only  channel  that  can  eventually  confirm  that  an  excess  is  due  to  h(125)

• Strategy:  fit  the  Mγγ  distribution  using  the  diphoton  spectrum  sidebands  to    
fit  the  bkg

Median  Exp
Median  Exp  

(signal  injected) Obs

γγ 4.9 6.1 6.5

γγ 4.7 5.7 7.4

From  combined  fit  to  m(γγ)  :
95%  CL  upper  limits  on  μttH  :  
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H￫leptons
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2 2 Data and MC Samples
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Figure 1: Example leading order Feynman diagrams for tt̄H production at pp colliders, with
the Higgs boson decaying to tt, ZZ⇤ and WW⇤ (from left to right). The first, second, and third
diagrams are examples of the two same-sign lepton signature, the three lepton signature, and
the four lepton signature, respectively.

Table 1: Expected signal events for the three experimental signatures within detector accep-
tances for an integrated luminosity of 19.6 fb�1. Muon acceptance: pT > 5 GeV, |h| < 2.4;
electron acceptance: pT > 7 GeV, |h| < 2.5; b-jets acceptance: pT > 25 GeV, |h| < 2.5. To sim-
ulate the trigger acceptance we require two leptons with pT above the double-lepton trigger
thresholds: (20, 10) GeV.

Final state H ! WW⇤ H ! tt H ! ZZ⇤ Total
2 same-sign l (µ,e) 49.9 16.3 3.8 70.4

3 l (µ,e) 22.3 8.3 3.7 34.7
4 l (µ,e) 1.5 0.6 1.0 3.2

2 same-sign l (µ,e) + 2b 36.3 11.4 2.9 51.0
3 l (µ,e) + 2b 16.0 6.0 2.8 25.0
4 l (µ,e) + 2b 1.09 0.4 0.7 2.2

2 Data and MC Samples43

2.1 Data Samples44

The results presented here are based on the full ⇠19.6 fb�1 of the 2012 CMS dataset. Table 2 lists45

the datasets used for this analysis, based on the triggers used to collect the data (see Sect. 3.146

for more details). The Run2012D-16Jan2013 datasets replace the stated runs in the Run2012D-47

PromptReco datasets, which had a pixel movement problem. Luminosities are quoted from the48

HF luminosity calculation and have a 4.4% uncertainty [10].49

2.2 Signal Samples50

The tt̄H signal is modeled using the PYTHIA Monte Carlo generator. The samples and associ-51

ated cross sections used are listed in Table 3.52

2.3 Background Samples53

To model the backgrounds, this analysis primarily uses Monte Carlo (MC) samples from the54

“Summer12” MC campaign. Most of the samples are generated either with the MADGRAPH55

tree-level matrix element generator matched to PYTHIA for the parton shower, or with the56

H  decay top  pair  decaytop  pair  decay triggertrigger
WW,  ZZ,  ττ   semileptonic  or  dileptonicsemileptonic  or  dileptonic double  lepton    double  lepton    

signaturesignaturesignaturesignaturesignature
2  same-­‐sign  leptons  
(ee,eμ,μμ)
2  e/μ,  pT>20  GeV
≥4  jets  (≥1b-­‐jet),  pT>25  GeV  
(#sig~8      sig/bkg~0.08)

2  same-­‐sign  leptons  
(ee,eμ,μμ)
2  e/μ,  pT>20  GeV
≥4  jets  (≥1b-­‐jet),  pT>25  GeV  
(#sig~8      sig/bkg~0.08)

3  leptons
3  e/μ,  pT>20,10,7/5  GeV
≥2  jets  (≥1b-­‐jet),  pT>25  GeV  
no  resonant  Z-­‐>ll
(#sig~4      sig/bkg~0.07)

3  leptons
3  e/μ,  pT>20,10,7/5  GeV
≥2  jets  (≥1b-­‐jet),  pT>25  GeV  
no  resonant  Z-­‐>ll
(#sig~4      sig/bkg~0.07)

4  leptons
4  e/μ,  pT>20,10,7/5,7/5  GeV
≥2  jets  (≥1b-­‐jet),  pT>25  GeV  
no  resonant  Z-­‐>ll
(#sig~0.5    sig/bkg~0.2)
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Analysis  Strategy
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• Main  focus:  suppress  and  control  reducible  background  
(~up  to  2/3  of  the  total  bkg  after  selection)  

•   tt  with  fake  ℓ  from  b-­‐jets
Dedicated  lepton  ID  (MVA)  developed  to  suppress  it.

• data-­‐driven  estimate:  measurement  of  the  probability  for  a  
lepton  from  b-­‐jet  to  pass  the  MVA  ID  requirement

• Inclusive  selection  to  preserve  signal  efficiency.                                                
Full  event  kinematic  cannot  be  reconstructed

• to  improve  sensitivity:
• categorize  events  (for  2ℓ,  3ℓ)  in  positive  and  negative  total  
lepton  charge  (ttW,  WZ  and  Wjets  are  asymmetric),  5%  gain  in  
sensitivity

• combine  partial  kinematic  variables  in  a  BDT  (for  2ℓ,  3ℓ),  10%  
gain  in  sensitivity  (4l:  just  use  N(jet),  since  yields  are  small

• signal  extraction  performed  fitting  the  BDT/N(jet)  distributions
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From  combined  fit  to  BDTs/N(jet):
95%  CL  upper  limits  on  μttH  :  

Best-­‐fit  value  for  μttH  :  

Results
13

Median  Exp
(bkg  only)

Median  Exp  
(signal  injected)

Obs

2lss 3.4 3.6 9.0
3l 4.1 5.0 7.5
4l 8.8 11.9 6.8
all 2.4 3.5 6.6

2lss 5.3+2.1-­‐1.8
3l 3.1+2.4-­‐2.0
4l -­‐4.7+5.0-­‐1.3
all 3.7+1.6-­‐1.4
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Combination
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Limits  on  μ=σ/σSM
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• Median  expected  UL  on  μ:  
• in  the  absence  of  ttH  signal:  
2.3  at  95%  CL

• with  the  SM  ttH  production:  
3.0  at  95%  CL

• Observed  UL  is  3.9  at  95%  CL@
  m

H
=1
25

.4
  G
eV

 = 125.6 GeVH at mSMσ/σ95% CL limit on 
1 10

Combination

Same-Sign 2l

3l

4l

hτhτ

bb

γγ σ 1 ±Expected 
σ 2 ±Expected 

Expected (sig. inj.)
Observed

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs

@
  m

H
=1
25

.6
  G
eV • Median  expected  UL  on  μ:  

• in  the  absence  of  ttH  signal:  
1.7  at  95%  CL

• with  the  SM  ttH  production:  
2.7  at  95%  CL

• Observed  UL  is  4.5  at  95%  CL

arXiv:1408.1682

ATLAS-­‐CONF-­‐2014-­‐043
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Best  fit  μ=σ/σSM
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 = 125.6 GeVH at mSMσ/σBest fit 
-10 -8 -6 -4 -2 0 2 4 6 8 10

Combination

Same-Sign 2l

3l

4l

hτhτ

bb

γγ

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs

•The  best  fit  to  the  
combination  yields:                                  
μ  =  1.6+1.3-­‐1.1

•The  observed  p-­‐value  
relative  to  μ=1  is  0.5  σ  
• 1.5  σ  relative  to  μ=0  
(1  σ  expected)  @

  m
H
=1
25

.4
  G
eV

@
  m

H
=1
25

.6
  G
eV

•The  best  fit  to  the  
combination  yields:                                  
μ  =  2.8+1.0-­‐0.9

•The  observed  p-­‐value  
relative  to  μ=1  is  2  σ  
• 3.4  σ  relative  to  μ=0  
(1.2  σ  expected)  
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Conclusions
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• Significant  progress  on  the  search  for  
tt̄H  in  the  past  year
• several  signatures  have  been  explored:                                                                          
tt+bb,  tt+τhτh,  tt+γγ,  tt+leptons

• We  are  entering  the  “measurement”  
era  for  yt    (CMS  reached  1xSM  sensitivity  on  
μ(tt̄H):  Δμ/μ~1  -­‐>  Δyt/yt~50%)
• CMS  fit  μ(tt̄H)=2.8+1.1  -­‐0.9  compatible  with  
the  SM  Higgs  prediction  (μ=1)  at  2  σ
• the  excess  is  mainly  driven  by  the  
same-­‐sign  μμ  channel

• ATLAS  fit  μ(tt̄H)=1.6+1.3  -­‐1.1  compatible  with  
the  SM  Higgs  prediction  (μ=1)  at  0.5  σ

CMS  beginning  2013

CMS  now
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Backup
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Anatomy  of  the  
μ±μ±  excess
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Nominal  result
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• The  results  in  the  different  channels  are  fairly  close  to  the  SM  
Higgs  predictions  except  in  the  μ±μ±  final  state

• Excess  of  events  compared  to  the  expectations,  in  the  signal-­‐like  
region  of  the  final  BDT  discriminator

μμ   Process Expected ± syst.

ttH 2.7 ± 0.4

ttW 8.2 ± 1.4

ttZ/γ* 2.5 ± 0.5

WZ 0.8 ± 0.9

Others 1.4 ± 0.1

Reducible 10.8 ± 4.8

Data 41
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Event  kinematics
21

• The  kinematic  of  the  leptons  
in  the  events  does  not  show  
anomalies  and  is  compatible  
with  that  of  signal  or  ttV  
events

• Jets  and  ETmiss  are  more  
compatible  with  signal  or  ttV.  

• The  multeplicity  of  b-­‐tags  is  
also  signal-­‐like  (while  the  
reducible  background  has  
more  often  only  1  b-­‐tag  since  
the  other  b-­‐jet  is  misidentified  
as  a  lepton)
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Leptons
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• The  events  in  excess  are  characterized  by  having  
both  leptons  very  well  isolated.  

• Scrutiny  of  the  events  also  confirms  that  both  
leptons  are  well  reconstructed  in  the  tracker  and  
muon  system,  and  that  their  charge  is  correctly  
assigned

• The  analysis  was  also  repeated  using  a  looser  
working  point  of  the  lepton  MVA

• the  excess  is  visible  only  when  both                      
leptons  pass  the  tight  MVA  wp

• the  rest  of  the  sample  is  well  described                            
by  the  background  model

• The  analysis  was  also  repeated  with  a                                  
cut-­‐based  muon  selection.  The  result  is                  
compatible  with  the  nominal  one  but  the  
sensitivity  is  worse

both  muons  pass  the  
tight  MVA  WP

at  least  one  muon  fails  
tight  MVA  WP

both  muons  pass  loose  MVA  WP
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Irreducible  bkg  check
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• A  more  general  fit  is  performed:

• leaving  unconstrained  the  yields  of  ttW,  ttZ,  and  
reducible  background  (for  fake  e,  μ  separately)

• including  additional  control  regions  in  the  fit:  
trilepton  events  with  one  Z  candidate  (mostly  
ttZ),  and  dilepton  events  with  3  jets  (ttW  &  red.  
bkg.)

• Results  compatible  with  the  nominal  ones  (but  
~20%  worse  sensitivity)

• All  backgrounds  yields  remain  within  1σ  from  
their  input  value:  no  indication  of  issues  with  
ttW  &  ttZ

• results  for  ttH  and  ttW  are  correlated,  all  the  
others  are  well  resolved
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and electrons obtained from the control regions in data. In this case, we don’t incldue1337

the overall systematic uncertainty on the normalization of the reducible background,1338

but we still include the uncertainties on its shape and on the relative normalization1339

between the dilepton and trilepton categories.1340

• if the three-jet dilepton category is included, we assume an extra 20% uncertainty on1341

the relative normalization of the reducible background in this category compared to1342

the rest of the dilepton events (both for muons and for electrons, uncorrelated).1343

For each of the four possibilities, we explore compute the expected sensitivity and the observed1344

results for the different parameters (Tab. 17 and Fig. 90). Overall, we see that the expected sensi-1345

tivity for the unconstrained fit is 17% worse than the nominal fit if the 3-jet events are included,1346

and 25% worse if not. In all the four fits, the fitted signal strength for ttH is reduced from 3.71347

to about 2.8, as part of the excess is absorbed by ttW and ttZ. In all fits the normalizations for1348

the irreducible backgrounds are compatible with the input values within one standard devia-1349

tion, and similarly the non-prompt backgrounds are compatible with the normalization from1350

the fake rate within the uncertainties used in the nominal fit (approximately ±50% for muons1351

and ±60% for electrons).

without 3-jet events with 3-jet events
parameter expected observed expected observed
µ(ttH) 1.0�1.4

+1.6 2.7�1.7
+2.0 1.0�1.3

+1.5 2.7�1.6
+1.7

µ(ttW) 1.0�0.6
+0.6 1.4�0.6

+0.7 1.0�0.5
+0.5 1.4�0.5

+0.6

µ(ttZ) 1.0�0.3
+0.4 1.2�0.4

+0.4 1.0�0.3
+0.4 1.1�0.3

+0.4

without 3-jet events with 3-jet events
parameter expected observed expected observed
µ(ttH) 1.0�1.4

+1.6 2.9�1.7
+2.0 1.0�1.3

+1.5 2.8�1.6
+1.8

µ(ttW) 1.0�0.6
+0.6 1.6�0.7

+0.8 1.0�0.5
+0.5 1.4�0.5

+0.6

µ(ttZ) 1.0�0.3
+0.4 1.2�0.4

+0.4 1.0�0.3
+0.4 1.1�0.3

+0.4

µ(fake µ) 1.0�0.4
+0.5 0.7�0.5

+0.5 1.0�0.3
+0.3 0.7�0.3

+0.4

µ(fake e) 1.0�0.4
+0.4 0.5�0.3

+0.4 1.0�0.3
+0.3 0.9�0.3

+0.3

Table 17: Expected sensitivites and observed results for different unconstained fits. The first set
of results is when leaving the normalization of the reducible backgrounds constrained to the
prediction from the fake rate, the second one is allowing the normalization to float freely in the
fit instead. For comparison, the expected result for the nominal fit is 1.0+1.3

�1.1.
1352

We select two of the four fits and study also the correlations between the fitted parameters.1353

The results for the fit not including 3-jet events and not floating the reducible background1354

normalization are shown in Fig. 91, while the ones for the fit including 3-jet events and floating1355

the reducible background are shown in Fig. 92. In both fits the correlation between the µ(ttH)1356

and µ(ttW) is clearly visible, while µ(ttZ) is uncorrelated since it contributes less to the signal1357

region and is measured accurately in the dedicated control region. Some correlation is also1358

visible between µ(ttW) and the normalization of the reducible backgrounds, since the two1359

processes both contribute to the 3-jet final state; the correlation is larger for the muons since1360

in the electron case there are additional backgrounds that contribute (e.g. ttg and charge mis-1361

assignment). The correlation between the normalization of the reducible backgrounds from1362

non-prompt leptons and the ttH signal yield are smaller, since ttH does not contribute to the1363
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Input  Variables  ATLAS
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