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ttW and ttZ
• Rare, heavy SM processes

• σ(ttW) = 203 fb, σ(ttZ) = 206 fb at 8 TeV

• ttZ provides best direct measurement 
of the top-Z coupling

• Some new physics models enhance 
the ttW and ttZ cross sections without 
affecting Higgs or top production

• ttW and ttZ are backgrounds to ttH 
and to many new physics processes
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Tree-‐‑level  (W  and  (Z  
production  at  the  LHC



• Previous analyses by CMS and ATLAS at 7 and 8 TeV used a cut-based 
approach in the most sensitive channels, observed ttZ at ~3 σ significance 
and achieved ~2 σ sensitivity to ttW

Previous ttW and ttZ results
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ttZ signatures

+

• Best S/B in opposite-sign 2l (OS), 3l and 4l final states

• Expect a Z-mass lepton pair and b-jets, plus one or two 
leptons, missing energy, and/or light flavor jets
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ttW signatures
• Best S/B in same-sign 2l (SS) and 3l final states

• Expect leptons, b-jets, and missing energy, plus an extra 
lepton or extra light flavor jets
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Backgrounds
• Primarily ttbar, Z, WZ, and ZZ plus extra jets

• Prompt leptons from W/Z and non-prompt from b decay
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Reconstructed objects
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Leptons

1st  lepton  pT  >  20  GeV,  others  pT  >  10  GeV

Leptons Muon  |η|  <  2.4,  electron  |η|  <  2.5Leptons

Tight  and  loose  cuts  vs.  non-‐‑prompt  leptons*

Jets
pT  >  25  GeV,  |η|  <  2.5,  anti-‐‑kt  (R  =  0.5)

Jets
Medium  and  loose  b-‐‑tag  (CSV)

Missing  ET From  all  objects  (MET)  and  selected  objects  (MHT)

*  Prompt  leptons  are  usually  isolated  from  other  objects  in  the  event,  
_and  their  tracks  originate  close  to  the  collision  vertex.    Non-‐‑prompt  
_leptons  have  nearby  hadrons,  and  are  displaced  from  the  vertex.



Selection
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OS  @ZOS  @Z SS  @WSS  @WSS  @WSS  @W 3l  @W3l  @W 3l  @Z3l  @Z 4l  @Z

Leptons

ee/µμµμ eµμ ee eµμeµμ µμµμ 3l3l 3l3l 4l

Leptons Both  looseBoth  loose Both  tightBoth  tightBoth  tightBoth  tight 2  SS  tight2  SS  tight 2  SS  tight2  SS  tight All  looseLeptons

|mll  -‐‑  91|  <  10|mll  -‐‑  91|  <  10 |mee  -‐‑  91|  >  10|mee  -‐‑  91|  >  10|mee  -‐‑  91|  >  10|mee  -‐‑  91|  >  10 |mll  -‐‑  91|  >  10|mll  -‐‑  91|  >  10 |mll  -‐‑  91|  <  10|mll  -‐‑  91|  <  10 |mll  -‐‑  91|  <  10

Jets 5   ≥  6 33   ≥  4  ≥  4 1   ≥  2 3   ≥  4   ≥  1

B-‐‑tags ≥  1  medium  ≥  1  medium     ≥  2  loose  ||      
≥  1  medium  
  ≥  2  loose  ||      
≥  1  medium  
  ≥  2  loose  ||      
≥  1  medium  
  ≥  2  loose  ||      
≥  1  medium  

  ≥  2  loose  ||      
≥  1  medium  
  ≥  2  loose  ||      
≥  1  medium  

  ≥  2  loose  ||      
≥  1  medium  
  ≥  2  loose  ||      
≥  1  medium     ≥  1  loose

Channels 22 6666 22 22 MHT  >  30MHT  >  30

1  Z→ll 2  Z→ll
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Event modeling
• Prompt: leptons from W or Z decays

• ttbar and Z in OS events; WZ in SS; WZ and ZZ in 3l; ZZ in 4l

• Estimated using MC; large uncertainty on extra jets and b-/c-jets

• Non-prompt (NP): leptons from quarks (semi-leptonic decay or 
jet fakes)

• ttbar in SS events; ttbar and Z in 3l; ttbar, Z, and WZ in 4l

• SS/3l estimated using data-driven fake rate from sideband; 4l using MC

• Charge flip (QF): leptons with mis-reconstructed charge

• Opposite-sign ttbar and Z events can appear as SS events

• Data-driven estimate from OS events
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Non-prompt background
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• To reject non-prompt leptons, apply cuts selecting well isolated 
leptons with tracks close to the collision vertex

• Derive fake rate from same-sign ttbar and 3l Z+fake events

• Use events with leptons that fail cuts to model non-prompt background

SS  ee,  2  jets
lep2 pT

SS  eµμ,  2  jets
lep2  |η| SS  µμµμ,  2  jets

lep2 pT

3l,  0  jets
SS lep2 pT



Event reconstruction
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Event reconstruction
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• Matching linear discriminant (MatchLD)

• For each variable, get ratio of value for the correct jet(s) to value for any jet(s)

b-tag, charge
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b-tag

b-tag



• Renormalize ratio histogram to have average value of 1.0 for events 
where the jets are correctly assigned

• Attempt every permutation of jets matched to the decay products of the 
ttbar system.  Choose permutation with highest score = log(Πi  ratioi)

dijet  mass
matched  
to  W

dijet  mass
matched  or
unmatched

W  mass
ratio

1.0
good
match

bad  
match
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MatchLD: 3l ttZ



• For events where both b’s from the top 
and both q’s from the W are 
reconstructed as jets, 75% of 4 jet and 
40% of >=5 jet events have every jet 
correctly matched to its parent particle 

• For correct matches, the average ratio 
is 1 (so the match score centers near 0)

• Partial matches (all but one jet 
matched) allow us to identify signal 
events where one of the quarks forms 
a jet outside our acceptance
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MatchLD: 3l ttZ

ttZ  →  l+l-‐‑  blν  bqq
Full  match  score



• Train boosted decision tree with ttZ vs. WZ and ttbar MC

medium
b-‐‑tags

Z  mass ttZ  →  l+l-‐‑  blν  bqq
Full  match  score
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• Also include MT of system, partial matches to ttZ system 
(ttZ → l+l- blν bq, ttZ → l+l- lν bqq, ttZ → l+l- blν qq)

3l,  >=4  jets

3l ttZ BDT



Matching other systems
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ttW  →  lν  blν  bqq
Full  match  score  

ttZ  →  l+l-‐‑  bq  bqq
Partial  match

score

OS  ee/µμµμ  
>=6  jets

@Z @W

SS  eµμ  
>=4  jets

Full  and  partial  
match  scores  
used  in  BDTs

OS  @Z SS  @W 3l  @W 3l  @ZFull  and  partial  
match  scores  
used  in  BDTs

ttZ → l+l- bqq bqq ttW → lν blν bqq ttW → lν bl+ν bl-ν ttZ → l+l- blν bqq
Full  and  partial  
match  scores  
used  in  BDTs tt → bl+ν bl-ν tt → lb qq blν tt → lb lν blν

• Also use input variables, e.g. MT of t → blν from best matched tt → lb qq blν



• Train boosted decision trees 
with ttW vs. ttbar MC

• Use a mix of kinematic and 
matching variables

• Kinematic variables from pT 
of objects and jet b-tag (CSV)

• Event matching variables for 
ttW and ttbar systems
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• Reconstructing events with a linear discriminant first allows for 
more input variables and better separation than a BDT alone, 
since BDTs are more limited by the statistics of training events

ttW BDT inputs

Variables  ranked  by  signal-‐‑background  separation



OS  ee/µμµμ  
>=6  jets

3l,  >=4  jets 4l,  >=1  jet

Final discriminants
SS  ee,  >=4  jetsSS  µμµμ,  >=4  jets SS  eµμ,  >=4  jets

@W

@Z
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Results
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Results

• ttZ vs. ttW simultaneous cross-section measurement
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Constraints on new physics
• These  (W  and  (Z  cross  section  measurements  place  the  best  

direct  constraints  certain  dimension  six  operators  to  date
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18 10 Extended interpretation

10 Extended interpretation533

Direct measurement of the ttZ and ttW cross sections can be applied to searches for new physics534

(NP) within the framework of effective field theory. The effects of new particles or interac-535

tions can be captured in a model-independent way by supplementing the SM lagrangian with536

higher-dimensional operators involving SM fields. The effective lagrangian can be written [41]537

as an expansion in 1/Λ:538

Leff = LSM +
1

Λ
L1 +

1

Λ2
L2 + · · ·

= LSM +
1

Λ ∑
i
(ciOi + h.c.) +

1

Λ2 ∑
i
(ciOi + h.c.) + · · ·

(1)

where LSM is the SM lagrangian density of dimension four, L1 is of dimension five, etc. The539

cutoff energy scale is denoted Λ, the Wilson coefficients ci are numerical constants which pa-540

rameterize the strength of the non-standard interactions, and Oi are operators corresponding541

to combinations of SM fields. Hermitian conjugate terms are denoted h.c. Good agreement542

between data and SM expectations suggests that deviations due to NP are small and it is rea-543

sonable to work in the first order of the Wilson coefficients [42]; we limit ourselves to this544

domain.545

It is not possible [41] to construct a dimension-five operator which conserves lepton number,546

so only dimension-six operators are considered in this work. Assuming baryon number con-547

servation, there are 59 independent dimension-six operators [43]. We follow the notation and548

operator naming scheme introduced in [44]. We study the effect of these operators on the top-549

Z coupling constants and the ttW and ttZ cross sections, and compare them to the measured550

values.551

10.1 Constraints on the axial and vector components of the top-Z coupling552

Figure 8: Difference between the profile likelihood and the best fit profile likelihood functions

for the relative vector and axial components of the top-Z coupling. Contours corresponding to

the best fit and the 1σ, 2σ, and 3σ CL are shown in lines.

Indirect measurements of the top quark to Z boson coupling include, for example, precision553

studies of the Z → bb branching ratio at LEP [45–50]. The ttZ process provides the first experi-554

mentally accessible direct probe of the top-Z coupling.555

Constraints on new physics
• Some  dimension  six  operators  would  specifically  affect  the  

vector  and  axial  components  of  top-‐‑Z  coupling

• Interpret  (Z  cross  section  measurement  in  terms  of  best  fit  to,  
and  limits  on  C1,V  and  C1,A

*From http://arxiv.org/abs/1404.1005
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Difference between SM CV and C1,V
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Summary
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+W  and  +Z
measurements
+W  and  +Z
measurements

@W@W@W@W@W@W @Z@Z@Z@Z@Z@Z+W  and  +Z
measurements
+W  and  +Z
measurements Cross  sectionCross  sectionCross  sectionCross  section SignificanceSignificance Cross  sectionCross  sectionCross  sectionCross  section SignificanceSignificance

Data Analysis Theory*Theory* Obs.Obs. Exp. Obs. Theory*Theory* Obs.Obs. Exp. Obs.
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[3]  CMS:  EPJ  C74  (2014)  3060
[4]  ATLAS-‐‑CONF-‐‑2014-‐‑038

[1]  CMS:  Phys.  Rev.  Le/.  110  (2013)  172002
[2]  ATLAS-‐‑CONF-‐‑12-‐‑126

*  NLO  cross  sections  with  scale  uncertainties  from  
Garzelli  et.  al.,  JHEP  11  (2012)  056
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Prospects for LHC Run II
• Running at 13 TeV - all tt+X cross sections 

rise, some dramatically

• Plan to deliver 100 fb-1 in Run II

• Expect ~900 tt+tt events per detector by 2018!

• Expect ~55k ttW and ~76k ttZ events per detector

• ~550 ttW and ~760 ttZ in 2015 alone, if we’re lucky

• For comparison, Tevatron Run I produced ~670 tt 
pairs per detector, and Run II produced ~72k tt 
pairs per detector

• Entering the era of precision studies of tt+X
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Expected SM cross 
sections

Expected SM cross 
sections

Expected SM cross 
sections

8 TeV 13 TeV

tt 248 pb 816 pb

ttW 203 fb 566 fb

ttZ 206 fb 760 fb

tt+tt 0.9 fb 9.2 fb
twiki.cern.ch/twiki/bin/view/
LHCPhysics/TtbarNNLO

dx.doi.org/10.1007/JHEP07(2014)079

arxiv.org/abs/1309.1947

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO
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http://dx.doi.org/10.1007/JHEP07(2014)079
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1309.1947
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3l ttZ kinematics
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• Pre-fit distributions with systematic uncertainties for signal-like events in 
the 3l ttZ channel (3 jets with  BDT > 0.3 and ≥4 jets with BDT > -0.2)

Number
of  jets

Z  pT

Mass  of    
t  →  bqq  
matched  
to  @Z


