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IntroducCon:	
  Run	
  1	
  -H(bb)	
  Analysis	
  

•  Focus	
  on	
  lepton+jets	
  and	
  dilepton	
  channels	
  
–  Lepton	
  =	
  e,	
  µ

•  Lepton	
  +	
  jets:	
  1	
  charged	
  lepton,	
  6	
  jets,	
  4	
  b-­‐jets	
  
•  Dilepton:	
  2	
  charged	
  leptons,	
  4	
  jets,	
  4	
  b-­‐jets	
  
•  Very	
  difficult	
  signature	
  modeling	
  



MC	
  Samples	
  

•  -H:	
  POWHEG+PYTHIA	
  reweighted	
  to	
  SHERPAOL	
  (-+bb)	
  
•  -+Z,	
  -+W:	
  MADGRAPH+PYTHIA	
  
•  W+jets:	
  ALPGEN+PYTHIA	
  
•  Z+jets:	
  ALPGEN+PYTHIA	
  
•  Dibosons:	
  ALPGEN+PYTHIA	
  
•  Single	
  top:	
  POWHEG+PYTHIA	
  



SelecCon	
  and	
  	
  Object	
  DefiniCons	
  
Lepton+Jets:	
  
•  1	
  isolated	
  lepton	
  
•  pT	
  >	
  25	
  GeV	
  
•  |η|	
  <	
  2.5	
  (excluding	
  calorimeter	
  gap)	
  
•  nJets	
  ≥	
  4	
  
•  pjetT	
  >	
  25	
  GeV	
  
•  |ηjet|	
  <	
  2.5	
  
•  No	
  MET	
  cut	
  
•  No	
  second	
  lepton	
  

Dilepton:	
  
•  2	
  isolated	
  leptons	
  
•  p1lT	
  >	
  25	
  GeV	
  
•  p2lT	
  >	
  15	
  GeV	
  
•  |ηl|	
  <	
  2.5	
  (excluding	
  calorimeter	
  gap)	
  
•  nJets≥2	
  
•  pjetT	
  >	
  25	
  GeV	
  
•  |ηjet|	
  <	
  2.5	
  
•  |mll-­‐91|	
  >	
  8	
  GeV	
  
•  mll	
  >	
  15	
  GeV	
  
•  2	
  b-­‐tags	
  with	
  mll	
  >	
  60	
  GeV	
  
•  HT	
  >	
  130	
  GeV	
  for	
  eµ	
  selecCon	
  

Takasugi	
  (UCLA)	
   4	
  



Considered	
  Regions	
  

•  Single	
  lepton:	
  
– Signal	
  depleted:	
  (4j,2b),	
  (4j,3b),	
  (4j,4b),	
  (5j,2b),	
  (5j,3b),	
  
(≥6j,	
  2b)	
  

– Signal	
  rich:	
  (5j,	
  ≥4b),	
  (≥6j,	
  2b),	
  (≥6j,	
  ≥4b)	
  	
  
•  Dilepton:	
  
– Signal	
  depleted:	
  (2j,2b),	
  (3j,2b),	
  (3j,3b),	
  (4j,2b)	
  
– Signal	
  rich:	
  (≥4j,	
  3b),	
  (≥4j,	
  ≥4b)	
  



Signal	
  Regions	
  

•  “Signal-­‐depleted”	
  (blue)	
  and	
  
“signal-­‐rich”	
  (red)	
  regions	
  

•  S/√B	
  and	
  S/B	
  for	
  each	
  region	
  
shown	
  
– “Signal-­‐rich”	
  requires	
  S/√B	
  >	
  0.3	
  
and	
  S/B	
  >1%	
  



Background	
  ComposiCon	
  

•  Breakdown	
  of	
  the	
  background	
  
for	
  each	
  considered	
  region	
  
–  Signal-­‐depleted	
  regions	
  
predominantly	
  -+light	
  

–  Signal-­‐rich	
  regions	
  predominantly	
  
-+bb	
  

•  -+bb(cc)	
  has	
  one	
  jet	
  matched	
  
to	
  a	
  b(c)-­‐hadron	
  
– -+light	
  is	
  remainder	
  of	
  -+jets	
  
events	
  



SystemaCc	
  UncertainCes	
  
•  UncertainCes	
  due	
  to	
  physics	
  objects	
  
•  JES	
  
•  JER	
  
•  b-­‐tagging	
  breakdown	
  
•  -	
  cross	
  secCon	
  (-­‐5/+6%)	
  
•  -+bb/cc	
  50%	
  (e.g.,	
  scale	
  variaCons,	
  PDF	
  set,	
  etc)	
  
•  -	
  reweighCng	
  systemaCcs	
  
•  -+bb	
  modeling	
  SHERPAOL	
  systemaCcs	
  
•  PYTHIA	
  v	
  HERWIG	
  
•  -H	
  scale,	
  generator,	
  hadronisaCon,	
  PDF	
  

uncertainCes	
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Systematic uncertainty Type Comp.
Luminosity N 1

Physics Objects
Electron SN 5
Muon SN 6
Jet energy scale SN 22
Jet vertex fraction SN 1
Jet energy resolution SN 1
Jet reconstruction SN 1
b-tagging e�ciency SN 6
c-tagging e�ciency SN 4
Light-jet tagging e�ciency SN 12
High-pT tagging e�ciency SN 1

Background Model
tt̄ cross section N 1
tt̄ modelling: pT reweighting SN 9
tt̄ modelling: parton shower SN 3
tt̄+heavy-flavour: normalisation N 2
tt̄+cc̄: pT reweighting SN 2
tt̄+cc̄: generator SN 4
tt̄+bb̄: NLO Shape SN 8
W+jets normalisation N 3
W pT reweighting SN 1
Z+jets normalisation N 3
Z pT reweighting SN 1
Lepton misID normalisation N 3
Lepton misID shape S 3
Single top cross section N 1
Single top model SN 1
Diboson+jets normalisation N 3
tt̄+ V cross section N 1
tt̄+ V model SN 1

Signal Model
tt̄H scale SN 2
tt̄H generator SN 1
tt̄H hadronisation SN 1
tt̄H PDF SN 1

Table 3 List of systematic uncertainties considered. An “N”
means that the uncertainty is taken as normalisation-only for
all processes and channels a↵ected, whereas an “S” denotes
systematic uncertainties that are considered shape-only in all
processes and channels. An “SN” means that the uncertainty
is taken on both shape and normalisation. Some of the sys-
tematic uncertainties are split into several components for a
more accurate treatment. This is the number indicated in the
column labelled as “Comp.”.

this analysis, the largest jet energy scale uncertainty
arises from the ⌘ dependence of the JES calibration in
the end-cap regions of the calorimeter. It is the second
leading uncertainty.

8.2.3 Heavy- and light-flavour tagging

A total of six (four) independent sources of uncertainty
a↵ecting the b(c)-tagging e�ciency are considered [37].
Each of these uncertainties corresponds to an eigenvec-
tor resulting from diagonalising the matrix containing
the information about the total uncertainty per jet pT
bin and the bin-to-bin correlations. An additional un-
certainty is assigned due to the extrapolation of the b-
tagging e�ciency measurement to the high-pT region.
Twelve uncertainties are considered for the light-jet tag-
ging and they depend on jet pT and ⌘. These systematic
uncertainties are taken as uncorrelated between b-jets,
c-jets, and light-flavour jets.

No additional systematic uncertainty is assigned due
to the use of parameterisations of the b-tagging proba-
bilities instead of applying the b-tagging algorithm di-
rectly since the di↵erence between these two approaches
is negligible compared to the other sources.

8.3 Uncertainties on background modelling

8.3.1 tt̄+jets modelling

An uncertainty of +6.5%/–6% is assumed for the in-
clusive tt̄ production cross section. It includes uncer-
tainties from the top quark mass and choices of the
PDF and ↵S. The PDF and ↵S uncertainties are calcu-
lated using the PDF4LHC prescription [106] with the
MSTW2008 68% CL NNLO, CT10 NNLO [107] and
NNPDF2.3 5f FFN [108] PDF sets, and are added in
quadrature to the scale uncertainty. Other systematic
uncertainties a↵ecting the modelling of tt̄+jets include
uncertainties due to the choice of parton shower and
hadronisation model, as well as several uncertainties re-
lated to the reweighting procedure applied to improve
the tt̄ MC model. Additional uncertainties are assigned
to account for limited knowledge of tt̄+HF jets produc-
tion. They are described later in this section.

As discussed in Sect. 5, to improve the agreement
between data and the tt̄ simulation a reweighting proce-
dure is applied to tt̄ MC events based on the di↵erence
in the top quark pT and tt̄ system pT distributions be-
tween data and simulation at

p
s = 7 TeV [57]. The

nine largest uncertainties associated with the experi-
mental measurement of top quark and tt̄ system pT,
representing approximately 95% of the total experimen-
tal uncertainty on the measurement, are considered as
separate uncertainty sources in the reweighting applied
to the MC prediction. The largest uncertainties on the
measurement of the di↵erential distributions include ra-
diation modelling in tt̄ events, the choice of generator



tt+bb	
  SystemaCcs	
  
•  Example	
  of	
  variaCon	
  in	
  scale	
  and	
  PDF	
  in	
  -+bb	
  with	
  
SHERPAOL	
  
–  Scale	
  up	
  and	
  down	
  by	
  factor	
  2	
  
–  PDF	
  sets	
  MSTW	
  and	
  NNPDF	
  compared	
  to	
  CT10	
  (default)	
  

	
  Scale	
  variaCon	
   	
  PDF	
  set	
  variaCon	
  



SystemaCcs	
  
•  SystemaCcs	
  in	
  the	
  
most	
  signal-­‐rich	
  
regions	
  of	
  both	
  
channels	
  

•  Pre-­‐	
  and	
  post-­‐
likelihood	
  fit	
  



In	
  short:	
  

•  Run	
  1	
  search	
  for	
  -H(H-­‐>bb)	
  in	
  both	
  single	
  
lepton	
  and	
  dilepton	
  channels	
  
– UClized	
  new	
  modelling	
  of	
  -+bb	
  (SherpaOL)	
  

•  No	
  significant	
  excess	
  observed	
  
– Limit	
  at	
  3.4	
  x	
  SM	
  



So	
  what	
  about Run	
  2?	
  

•  Similar	
  process	
  
– Look	
  at	
  lepton+jets	
  and	
  dilepton	
  events	
  (l=e,µ)	
  

•  Currently	
  synchronising	
  cuslow	
  challenges	
  in	
  
data	
  and	
  MC	
  

√s	
  (TeV)	
   8	
   14	
  
-H	
  (mH	
  =	
  125	
  GeV)	
  (t)	
   130	
   611	
  
-	
  (pb)	
   253	
   950	
  

Dominant	
  background	
  for	
  -H(bb)	
  is	
  
2000x	
  larger	
  than	
  signal	
  
	
  



SynchronisaCon	
  Cuslow:	
  l+jets	
  

•  MC	
  
– One	
  file	
  (e.g.,	
  mc15_13TeV.
410000.PowhegPythiaEvtGen_P2012_-bar_hda
mp172p5_nonallhad.merge.DAOD_TOPQ1.e36
98_s2608_s2183_r6765_r6282_p2413/
DAOD_TOPQ1.06405917._000001.pool.root.1)	
  

– Matches	
  for	
  both	
  e+jets	
  and	
  µ+jets	
  in	
  -bar!	
  
– Data	
  underway	
  

•  Last	
  step	
  (njets	
  ≥	
  6,	
  b-­‐tags	
  ≥	
  4)	
  blinded	
  as	
  the	
  
strongest	
  signal	
  region	
  in	
  single	
  lepton	
  case	
  for	
  run	
  1	
  
(see	
  slide	
  6)	
  



Lepton	
  IsolaCons	
  
•  Start	
  with	
  default	
  isolaCons	
  (from	
  Run	
  1)	
  
– Gradient	
  [default],	
  GradientLoose,	
  Loose,	
  Medium,	
  
Tight	
  

•  Use	
  these	
  on	
  25ns	
  data	
  and	
  MC	
  (-H,	
  -,	
  single	
  
top,	
  W-­‐>lnu,	
  Z-­‐>ll,	
  diboson)	
  
–  Currently	
  running	
  on	
  grid	
  

•  Working	
  with	
  Bologna	
  
– Ma-eo	
  Franchini,	
  Silvia	
  Biondi,	
  and	
  Roberto	
  Spighi	
  

•  Compare	
  MC	
  to	
  Data	
  
–  Looser	
  isolaCons	
  possible?	
  
– AlternaCve	
  definiCons?	
  Mini-­‐isolaCon?	
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Figure 30: Number of tt̄H events in the tt̄ signal region with di↵erent ID and isolation cuts applied.

Top STD Iso
medium, 
Cut based

Top STD Iso
tight, 
Cut based

 y
ie

ld
s

tt

10000

12000

14000

16000

18000

10000

12000

14000

16000

18000

@ 98%
 cone30

Tp
@ 90%

 cone30
Tp Top STD Iso

 y
ie

ld
s

tt

10000

12000

14000

16000

18000

10000

12000

14000

16000

18000

lep
T

/pcone30
T

Varying cut on p

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

 y
ie

ld
s

tt

10000

12000

14000

16000

18000

10000

12000

14000

16000

18000

Likelihood loose
Likelihood medium
Likelihood tight
Likelihood very tight
Cut based medium
Cut based ID

 yields with different cuts appliedtt

Other cut combinations

Figure 31: Number of tt̄ events in the tt̄ signal region with di↵erent ID and isolation cuts applied.
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Figure 30: Number of tt̄H events in the tt̄ signal region with di↵erent ID and isolation cuts applied.
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Figure 31: Number of tt̄ events in the tt̄ signal region with di↵erent ID and isolation cuts applied.

Lepton	
  IsolaCons:	
  Run	
  1	
  Studies	
  

•  Different	
  lepton	
  isolaCon	
  and	
  
idenCficaCons	
  tested	
  
– Final	
  isolaCon	
  for	
  Run	
  1:	
  
pTcone30/pTlep	
  <	
  0.12	
  

– Use	
  this	
  at	
  a	
  starCng	
  point	
  for	
  Run	
  
2	
  studies	
  



MC:	
  Top	
  Sets	
  
•  -H	
  

–  mc15_13TeV.341177.aMcAtNloHerwigppEvtGen_UEEE5_CTEQ6L1_CT10ME_-H125_inc.me	
  
rge.DAOD_TOPQ1.e3921_s2608_s2183_r6869_r6282_p2413	
  

–  mc15_13TeV.341270.aMcAtNloHerwigppEvtGen_UEEE5_CTEQ6L1_CT10ME_-H125_inc_se	
  
mil.merge.DAOD_TOPQ1.e3921_s2608_s2183_r6869_r6282_p2413	
  

•  -	
  
–  mc15_13TeV.

410000.PowhegPythiaEvtGen_P2012_-bar_hdamp172p5_nonallhad.merge	
  .DAOD_TOPQ1.e
3698_s2608_s2183_r6765_r6282_p2413	
  

•  Single	
  Top	
  
–  mc15_13TeV.410011.PowhegPythiaEvtGen_P2012_singletop_tchan_lept_top.merge.D	
  

AOD_TOPQ1.e3824_s2608_s2183_r6630_r6264_p2413	
  
–  mc15_13TeV.410012.PowhegPythiaEvtGen_P2012_singletop_tchan_lept_anCtop.mer	
  

ge.DAOD_TOPQ1.e3824_s2608_s2183_r6630_r6264_p2413	
  
–  mc15_13TeV.410013.PowhegPythiaEvtGen_P2012_Wt_inclusive_top.merge.DAOD_TOPQ	
  

1.e3753_s2608_s2183_r6630_r6264_p2413	
  
–  mc15_13TeV.410014.PowhegPythiaEvtGen_P2012_Wt_inclusive_anCtop.merge.DAOD_	
  

TOPQ1.e3753_s2608_s2183_r6630_r6264_p2413	
  	
  



MC:	
  Boson	
  Sets	
  
•  W-­‐>lν

–  mc15_13TeV.361100.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wplusenu.merge.DAOD_TOPQ	
  1.e3601_s2576_s2132_r6765_r6282_p2413	
  
mc15_13TeV.361101.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wplusmunu.merge.DAOD_TOP	
  Q1.e3601_s2576_s2132_r6725_r6282_p2413	
  
mc15_13TeV.361102.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wplustaunu.merge.DAOD_TO	
  PQ1.e3601_s2576_s2132_r6725_r6282_p2413	
  	
  

•  Z-­‐>ll	
  
–  mc15_13TeV.361106.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Zee.merge.DAOD_TOPQ1.e36	
  01_s2576_s2132_r6780_r6282_p2413	
  
–  mc15_13TeV.361107.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Zmumu.merge.DAOD_TOPQ1.e	
  3601_s2576_s2132_r6765_r6282_p2413	
  
–  mc15_13TeV.361108.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Ztautau.merge.DAOD_TOPQ1	
  .e3601_s2576_s2132_r6765_r6282_p2413	
  

•  Diboson	
  
–  mc15_13TeV.361063.Sherpa_CT10_llll.merge.DAOD_TOPQ1.e3836_s2608_s2183_r6869	
  _r6282_p2413	
  	
  
–  mc15_13TeV.361064.Sherpa_CT10_lllvSFMinus.merge.DAOD_TOPQ1.e3836_s2608_s218	
  3_r6869_r6282_p2413	
  
–  mc15_13TeV.361065.Sherpa_CT10_lllvOFMinus.merge.DAOD_TOPQ1.e3836_s2608_s218	
  3_r6869_r6282_p2413	
  
–  mc15_13TeV.361066.Sherpa_CT10_lllvSFPlus.merge.DAOD_TOPQ1.e3836_s2608_s2183	
  _r6869_r6282_p2413	
  	
  
–  mc15_13TeV.361067.Sherpa_CT10_lllvOFPlus.merge.DAOD_TOPQ1.e3836_s2608_s2183	
  _r6869_r6282_p2413	
  	
  
–  mc15_13TeV.361068.Sherpa_CT10_llvv.merge.DAOD_TOPQ1.e3836_s2608_s2183_r6869	
  _r6282_p2413	
  
–  mc15_13TeV.361069.Sherpa_CT10_llvvjj_ss_EW4.merge.DAOD_TOPQ1.e3836_s2608_s2	
  183_r6869_r6282_p2413	
  	
  
–  mc15_13TeV.361070.Sherpa_CT10_llvvjj_ss_EW6.merge.DAOD_TOPQ1.e3836_s2608_s2	
  183_r6869_r6282_p2413	
  	
  
–  mc15_13TeV.361071.Sherpa_CT10_lllvjj_EW6.merge.DAOD_TOPQ1.e3836_s2608_s2183	
  _r6869_r6282_p2413	
  
–  mc15_13TeV.361072.Sherpa_CT10_lllljj_EW6.merge.DAOD_TOPQ1.e3836_s2608_s2183	
  _r6869_r6282_p2413	
  
–  mc15_13TeV.361073.Sherpa_CT10_ggllll.merge.DAOD_TOPQ1.e3836_s2608_s2183_r68	
  69_r6282_p2413	
  
–  mc15_13TeV.361077.Sherpa_CT10_ggllvv.merge.DAOD_TOPQ1.e3836_s2608_s2183_r68	
  69_r6282_p2413	
  
–  mc15_13TeV.361081.Sherpa_CT10_WplvWmqq.merge.DAOD_TOPQ1.e3836_s2608_s2183_r	
  6869_r6282_p2413	
  
–  mc15_13TeV.361082.Sherpa_CT10_WpqqWmlv.merge.DAOD_TOPQ1.e3836_s2608_s2183_r	
  6869_r6282_p2413	
  
–  mc15_13TeV.361083.Sherpa_CT10_WlvZqq.merge.DAOD_TOPQ1.e3836_s2608_s2183_r68	
  69_r6282_p2413	
  
–  mc15_13TeV.361084.Sherpa_CT10_WqqZll.merge.DAOD_TOPQ1.e3836_s2608_s2183_r68	
  69_r6282_p2413	
  
–  mc15_13TeV.361085.Sherpa_CT10_WqqZvv.merge.DAOD_TOPQ1.e3836_s2608_s2183_r68	
  69_r6282_p2413	
  
–  mc15_13TeV.361086.Sherpa_CT10_ZqqZll.merge.DAOD_TOPQ1.e3926_s2608_s2183_r68	
  69_r6282_p2413	
  
–  mc15_13TeV.361087.Sherpa_CT10_ZqqZvv.merge.DAOD_TOPQ1.e3926_s2608_s2183_r68	
  69_r6282_p2413	
  	
  



Data	
  Sets	
  
•  Data	
  

–  data15_13TeV.00276262.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00276329.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00276336.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00276416.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00276511.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00276689.physics_Main.merge.DAOD_TOPQ1.f623_m1480_p2411/	
  
–  data15_13TeV.00276731.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00276778.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00276790.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00276952.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2419/	
  
–  data15_13TeV.00276954.physics_Main.merge.DAOD_TOPQ1.f620_m1480_p2411/	
  
–  data15_13TeV.00278880.physics_Main.merge.DAOD_TOPQ1.f628_m1497_p2419/	
  
–  data15_13TeV.00278912.physics_Main.merge.DAOD_TOPQ1.f628_m1497_p2419/	
  
–  data15_13TeV.00278968.physics_Main.merge.DAOD_TOPQ1.f628_m1497_p2419/	
  
–  data15_13TeV.00279169.physics_Main.merge.DAOD_TOPQ1.f628_m1497_p2419/	
  
–  data15_13TeV.00279259.physics_Main.merge.DAOD_TOPQ1.f628_m1497_p2419/	
  
–  data15_13TeV.00279284.physics_Main.merge.DAOD_TOPQ1.f628_m1497_p2419/	
  
–  data15_13TeV.00279515.physics_Main.merge.DAOD_TOPQ1.f628_m1497_p2419/	
  	
  


