
Cristina  Botta  (CERN)

PAS:  http://cds.cern.ch/record/1604480?ln=en
TWIKI:  https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13020TWiki

Search  for  ttH  
in  leptonic  
final  states



03/10/13 C.  Botta  (CERN)

Yields  after  selection
7

background yields are discussed in the next sections.251

µµ ee eµ 3` 4`
ttH, H ! WW 2.0 ± 0.3 0.9 ± 0.1 2.7 ± 0.4 3.2 ± 0.6 0.28 ± 0.05
ttH, H ! ZZ 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.09 ± 0.02
ttH, H ! tt 0.6 ± 0.1 0.3 ± 0.0 0.9 ± 0.1 1.0 ± 0.2 0.15 ± 0.02
tt W 8.2 ± 1.5 3.4 ± 0.6 13.0 ± 2.2 9.2 ± 1.9 -
tt Z/g⇤ 2.5 ± 0.5 1.6 ± 0.3 4.2 ± 0.9 7.9 ± 1.7 1.25 ± 0.88
tt WW 0.2 ± 0.0 0.1 ± 0.0 0.3 ± 0.1 0.4 ± 0.1 0.04 ± 0.02
tt g - 1.3 ± 0.3 1.9 ± 0.5 2.9 ± 0.8 -
WZ 0.8 ± 0.9 0.5 ± 0.5 1.2 ± 1.3 4.2 ± 0.9 -
ZZ 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.4 ± 0.1 0.45 ± 0.09
rare SM bkg. 1.1 ± 0.0 0.4 ± 0.0 1.5 ± 0.0 0.8 ± 0.0 0.01 ± 0.00
non-prompt 10.8 ± 4.8 8.9 ± 4.5 21.2 ± 8.1 33.2 ± 12.3 0.53 ± 0.32
charge flip - 1.9 ± 0.6 2.4 ± 0.8 - -
all signals 2.7 ± 0.4 1.2 ± 0.2 3.7 ± 0.6 4.4 ± 0.8 0.52 ± 0.09
all backgrounds 23.7 ± 5.2 18.0 ± 4.7 45.9 ± 8.6 58.9 ± 12.7 2.28 ± 0.94
data 41 19 51 68 1

Table 1: Expected and observed yields after the selection in all five final states. The rare SM
backgrounds include triboson production, tbZ, W±W±qq, and WW produced in double-parton
interactions.

6 Signal extraction252

After the event selection described in the previous section, the overall yields are still dominated253

by background. It is not optimal to infer the presence of a ttH signal on the basis of the yields254

alone. The strategy adopted in this search is to fit for the amount of signal from the distribution255

of a suitable discriminating variable.256

In the dilepton analysis, a boosted decision tree (BDT) is used as discriminating variable. The257

BDT is trained with simulated ttH signal and tt background events, with six discriminating258

variables: the pT and |h| of the trailing lepton, the minimal angular separation between the259

trailing lepton and the closest jet, the transverse mass of the leading lepton and Emiss
T , HT,260

Hmiss
T . The same training is used for the ee, eµ and µµ final states, as the gain in performance261

from dedicated trainings in each final state is found to be negligible.262

In the trilepton analysis, a BDT is also used for the final discrimination. The BDT is trained263

with simulated ttH signal and a mix of tt, ttW and ttZ background events, with seven discrim-264

inating variables: the multiplicity of hadronic jets, the pT of the jet with the highest b-tagging265

discriminant value, HT, the fraction of HT from jets and leptons within |h| < 1.2, the maximum266

of the |h| values of the three leptons, the minimal DR separation between any pair of opposite-267

sign leptons, and the mass of the best candidate hadronically-decaying top quark reconstructed268

from the jets in the event.269

As a cross-check in both the dilepton and the trilepton final states, the multiplicity of hadronic270

jets was also used as a discriminating variable. The gain in the precision of the signal strenght271

measurement from the multivariate analysis compared to this simpler cross-check is about 10%.272

In the four lepton analysis, only the multiplicity of hadronic jets is used: the sensitivity of273

this channel is anyway limited by the very small branching ratio, and the estimation of the274

kinematic distributions of the reducible backgrounds from data is also challenging due to the275

From  simulation  (with  data/MC  SF  corrections)
From  simulation  (with  data/MC  SF  corrections)  with  normalization  
from  data  yields  in  CR
From  data-‐driven  (expected  mainly  tt+jets  -‐  small  amount  of  Z/W+jets)

U
ncertainties  from

  theoretical  and  experim
ental  system

atics  
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Figure 26: 2`, one electron and one muon selection. MVA input variable distributions for events
with at least 4 jets.
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Figure 27: Distribution of the BDT discriminator for the same-sign dilepton search, for the
final states µµ (left), ee (center), and eµ (right). Events with positive and negative charge are
merged in these plots. The charge categories are used separately in the signal extraction. The
bottom panel of each plot shows the ratio between the observed events and the expectation
from simulation, with statistical (violet) and systematic (cyan) uncertainties.
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Figure 25: 2`, two electron selection. MVA input variable distributions for events with at least
4 jets.

Fakes  and  Charge-‐flip  lep.  contributions  from
  data-‐driven



03/10/13 C.  Botta  (CERN)

Input  variables  μ±μ±
5

31

 [GeV]TTrailing lepton p

Ev
en

ts

0

2

4

6

8

10

12

14

16

18

20
Data
ttH
ttW

*γttZ/
Others
Fakes

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs

 [GeV]
T

Trailing lepton p
10 20 30 40 50 60 70 80 90

Da
ta

/S
im

.

0
1
2

3

|ηTrailing lepton |

Ev
en

ts

0

2

4

6

8

10

12

14

16 Data
ttH
ttW

*γttZ/
Others
Fakes

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs

|ηTrailing lepton |
0 0.5 1 1.5 2 2.5

Da
ta

/S
im

.
0
1
2

3

) [GeV]miss
T,E

1
(lTM

Ev
en

ts

0

2

4

6

8

10
Data
ttH
ttW

*γttZ/
Others
Fakes

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs

) [GeV]miss
T,E

1
(lTM

0 20 40 60 80 100 120 140 160 180 200

Da
ta

/S
im

.

0
1
2

3

,j)2R(lΔmin 

Ev
en

ts

0

5

10

15

20

25
Data
ttH
ttW

*γttZ/
Others
Fakes

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs

,j)
2

R(lΔmin 
0 0.5 1 1.5 2 2.5 3 3.5 4

Da
ta

/S
im

.

0
1
2

3

 [GeV]TH

Ev
en

ts

0

2

4

6

8

10

12

14

16

18 Data
ttH
ttW

*γttZ/
Others
Fakes

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs

 [GeV]TH
0 500 1000

Da
ta

/S
im

.

0
1
2

3

  [GeV]miss
TH

Ev
en

ts
0

2

4

6

8

10

12

14
Data
ttH
ttW

*γttZ/
Others
Fakes

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs

  [GeV]miss
TH

0 50 100 150 200 250

Da
ta

/S
im

.

0
1
2

3

Figure 24: 2`, two muon selection. MVA input variable distributions for events with at least
four jets.
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Figure 2: Distribution of the jet multiplicity (top row) and the BDT discriminant (bottom row)
for the same-sign dilepton search, for the final states µµ (left), ee (center), and eµ (right). In
these plots events with positive and negative charge are merged. The signal is yield is the
amount predicted by the standard model, (µ = 1). The background yields are from the com-
bined fit to the final discriminant at fixed µ = 1. The bottom panel of each plot shows the
ratio between the observed events and the expectation from simulation, with statistical and
systematical uncertainties on the expectations after the fit.

overall event yields in the control regions and the kinematic distributions are found to be in318

agreement with the predictions within about 10%.319

7.2 Theoretical uncertainties320

The theoretical uncertainties on the NLO prediction for the inclusive ttH production cross sec-321

tion amount to 6% from unknown higher orders in the perturbative series and 8% from the322

knowledge of the parton distribution functions (PDFs) [4].323

Systematic uncertainties arising from the modeling of the process in PYTHIA are estimated by324

comparing the predictions obtained with different parameter configurations of the generator.325

The nominal prediction is taken from the Z2⇤ tune, and an uncertainty band is obtained from326

the envelope of the predictions for the Z2⇤, Z2 [36], PROFESSOR Q2
0 [37] and Perugia ’11 [38]327

parameter sets. The relative differences observed in variables related to hadronic jet activity are328

of about 10%, while the uncertainties are smaller for variables related to leptons. Including also329

the older D6T parameter set, now disfavoured by LHC data, does not increase substantially the330

NJets

BDT  

Post-‐fit  plots
Light-‐Blue  
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Figure 28: 3`. Input variables to the MVA for 3` leptons. Events with positive and negative
charge are merged in these plots, but they are used separately in the signal extraction.
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Figure 28: 3`. Input variables to the MVA for 3` leptons. Events with positive and negative
charge are merged in these plots, but they are used separately in the signal extraction.
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Figure 3: Distribution of the jet multiplicity (left) and BDT discriminant (center) for the trilepton
search. Events with positive and negative charge are merged in these plots, but they are used
separately in the signal extraction. The signal is yield is the amount predicted by the standard
model, (µ = 1). The background yields are from the combined fit to the final discriminant at
fixed µ = 1. The plot on the right shows the jet multeplicity for the four lepton search. The
bottom panel of each plot shows the ratio between the observed events and the expectation
from simulation, with statistical and systematical uncertainties on the expectations after the fit.

uncertainty.331

Uncertainties from the PDFs beyond those affecting the overall normalization are estimated332

with the PDF4LHC prescriptions [39] using the thee PDF sets CT10 [40], NNPDF21 [41],333

MSTW2008 [42]. The resulting uncertainties on the shapes of the discriminating variables used334

for signal extraction amount to about 5%.335

8 Background predictions336

Three categories of backgrounds are identified in this search: ttV backgrounds from associated337

production of a tt pair and one or more electroweak bosons; electroweak diboson or multibo-338

son production associated with multiple hadronic jets; and reducible backgrounds from events339

with non-prompt leptons misidentified as prompt ones, or opposite-sign dilepton events in340

which the charge of one of the leptons is mismeasured. These three classes of backgrounds341

are estimated separately with different methods, as described below. Additional minor back-342

grounds like triboson production are estimated directly from simulated events. The systematic343

uncertainties associated with each background estimate are discussed in the following sections344

and summarized in Tab. 2.345

8.1 ttV backgrounds346

Backgrounds from ttW, ttZ and ttWW, are estimated from simulated events. Just like for the347

signal, corrections are applied for the different performance of individual physics objects in348

data and simulation measured in control regions in data. In all the analysed final states, the349

contribution of the ttWW process is found to be at least one order of magnitude smaller than350

ttW and ttZ.351

The inclusive production cross sections for the ttW and ttZ processes are taken from the NLO352

computation in [43], with theoretical uncertainties from unknown higher orders of 10% and353

Post-‐fit  plots
Light-‐Blue  band  from  stat  and  syst  uncertainties  after  the  fit

NJets  4ℓBDT  3ℓNJets  3ℓ
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SM
σ/σ = µ95% CL upper limit on 

1 2 3 4 5 6 10 20 30

 < 6.6 (2.4 exp)µ   
combined

 < 9.1 (3.4 exp)µ   
dilepton

 < 6.7 (3.8 exp)µ  
trilepton

 < 6.8 (8.8 exp)µ
four-lepton

-1 = 8 TeV,  L = 19.6 fbs
CMS Preliminary

 = 125.7 GeVHm
Observed
Exp. (68%)
Exp. (95%)

•Observed  yields  and  distributions  
are  compared  to  the  expectation  
for  a  SM  Higgs  with  mH  =  125.7

•Median  expected  combined  UL:  
• in  the  absence  of  ttH  signal:  
2.4  at  95%  CL

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

•Observed  UL  is  6.6  at  95%  CL
mainly  driven  by  the  observed  excess  in  
the  ss  μμ  channel

Limits  on  μ=σ/σSM
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Best  fit  μ=σ/σSM

11

SM
σ/σ = µBest fit 

-6 -4 -2 0 2 4 6 8 10 12

+2.5
2.3- = 1.9µ   

electron-muon

+3.3
2.7- = 8.4µ   

dimuon

+4.6
4.1- = 2.8µ   

dielectron

+2.2
1.8- = 2.7µ  

trilepton

+4.4
1.8- = -4.2µ

four-lepton

-1 = 8 TeV,  L = 19.6 fbs
CMS Preliminary  = 125.7 GeVHm

+1.6
1.4- = 3.7µcombined 

•Observed  yields  and  distributions  
are  compared  to  the  expectation  
for  a  SM  Higgs  with  mH  =125.7

•The  internal  consistency  of  the  5  
best-‐fit  signal-‐strengths  with  a  
common  value:  16%  

•The  fit  to  the  combination  yields:  
μ  =  3.7+1.6-‐1.4  

•The  combined  μ  is  compatible  
with  the  SM  Higgs  boson  
prediction  μ  =  1  at  the  3%  level  
(1.9  σ)
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Anatomy  of  the  
μ±μ±  excess
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Dimuon  final  state
13

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

•An  excess  of  events  is  observed,  in  the  signal-‐like  part  of  
the  BDT  discriminator  (trained  to  separate    ttH  from  the  
reducible  background  on  the  basis  of  kinematic  variables,  
not  using  lepton  ID  variables)
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Event  kinematic  (leptons)
14

•The  kinematic  of  the  leptons  in  the  events  does  not  show  
anomalies  and  is  compatible  with  that  of  signal  or  ttV  events
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Event  kinematic  (Jets  and  ETmiss  )
15

•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  lepton
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Leptons
16

•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
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Lepton  ID  checks:  looser  MVA
17

•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

Both  muons  pass  loose  MVA  WP  

Both  muons  pass  
tight  MVA  WP  

At  least  one  
muon  fails  tight  
MVA  WP
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Lepton  ID  checks:  cut  based
18

•As  a  cross  check,  the  
analysis  was  repeated  
with  a  cut  based  muon  
selection,  instead  of  the  
lepton  MVA  

•The  result  with  the  cut  
based  selection  is  
compatible  with  the  
nominal  one,  but  the  
sensitivity  is  worse
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Signal  extraction  check
19

•The  signal  extraction  is  repeated  using  just  the  multiplicity  of  
hadronic  jets  as  discriminating  variable  instead  of  the  
kinematic  BDT.

•The  result  is  compatible  with  the  nominal  one,  but  the  
sensitivity  is  worse  (as  expected)

Njets BDT

μ+μ-‐



03/10/13 C.  Botta  (CERN)

Irreducible  background  check
20

μ(ttH)     =  2.8  +1.8/−1.7
μ(ttW)     =  1.4  +0.6/−0.5
μ(ttZ)     =  1.1  +0.4/−0.3
Results  for  ttH  and  ttW  are  
correlated,  all  the  others  are  well  
resolved.

•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  background  yields  remain  
within  1σ  from  their  input  value:  no  
indication  of  issues  with  ttW  &  ttZ
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Charge  Asymmetry
21

•Observed  21  m+m+  events  and  20  m-‐m-‐  events,  i.e.  N(++)/N(tot)  =  
0.51  ±  0.09

•This  is  compatible  with  the  expectations  for  SM  Higgs  +  
background,  N(++)/N(tot)=0.55

•Within  1σ  the  excess  events  are  compatible  with  any  charge  
asymmetry  between  zero  and  one  of  ttW,  N(++)/N(tot)=0.69

•Note  that  in  the  signal  extraction  in  the  2l  and  3l  final  state  the  
events  are  categorized  by  charge,  to  discriminate  ttW  from  ttH
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Other  hypotheses
22

• tt+bb  (or  tt+cc)  with  b/c  -‐>μ:
•excess  should  be  even  more  visible  with  the  looser  lepton  MVA  
and  it’s  not.

• tt  -‐>  μ+jets  plus  a  muon  from  pile-‐up,  or
• tt  -‐>  μ+jets  plus  a  cosmic  ray  muon:

•given  the  observed  dxy,  dz,  distribution  the  estimated  yields  are  
by  far  too  small  compared  to  the  excess

• in  general,  SM  backgrounds  producing  μ±μ±,  should  also  produce    
e±μ±  (and  any  tt+X,  X-‐>μ  should  also  contribute  in  the  3l  final  state)
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Conclusions
23

•Several  studies  have  been  performed  to  investigate  the  excess  in  
the  μ±μ±  final  state
•no  anomalies  seen  in  the  properties  of  the  selected  events
•no  indication  of  any  issue  in  the  lepton  MVA  ID  and  in  the  
reducible  background  estimation

•no  evidence  for  unaccounted  backgrounds
•More  in  general,  for  this  analysis:

•compatible  results  are  obtained  in  cross-‐check  without  using  
multivariate  methods  for  lepton  IDs  or  signal  extraction

•ttW  and  ttZ  yields  also  fitted  as  cross-‐check,  and  found  in  good  
agreement  with  the  theoretical  predictions  (i.e.  no  indication  of  
problems  there,  nor  in  the  signal  efficiencies)


