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The Top Quark and the Standard Model 
•  Discovered in 1995 at the Tevatron 
•  Completes the third genera-on of 

quarks 
•  Dominant decay (~100%): 
•  Large Mass (Mt ≈ 175 GeV) 

–  Near EW symmetry breaking scale 
–  Could it be involved in new 

interac-ons? 
•  Short Life-me (τtop ≈ 10‐24 s) 

–  Decays before hadroniza-on 
–  Momentum and spin transferred to 

decay products 
–  Study a “bare” quark! 

•  Ideal place to look for physics beyond 
the Standard  Model 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What Can We Learn About Top Produc-on? 
•  Do we understand the 
produc-on rate? 
–  Cross‐sec-on measurements 

•  Are there new massive 
par-cles that decay to tops? 
–  Resonance searches 
– Dedicated searches for new 
par-cles 

•  Do top quarks have the 
expected couplings and 
interac-ons? 
–  Vtb 
–  Forward‐backward asymmetry 

•  Already hints of something new? 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SM Produc-on ? 

Z’ ? 

Axigluon ? 

W’ ? 



•  Evidence of new interac-ons 
will not be isolated to one 
measurement 

•  Example: forward‐backward 
asymmetry in top pair 
produc-on 
– Measured to be larger than 
predicted in SM NLO predic-on 
•  More on this result later 

– Many theore-cal models 
developed 

–  Every model also affects 
produc-on rate and mass 
spectrum 

•  Important to look in many 
places 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Asymmetry and cross‐sec-on vs. energy  
for several new physics models 

M. I. Gresham, I. ‐W. Kim, K. M. Zurek [arXiv:1107.4364] 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How Might We See New Physics in Top 
Produc-on? 



Top Quark Iden-fica-on 
Decay modes characterized by W decays 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“Lepton” = electron or muon 
Taus usually treated separately 

τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions
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Finding Tops: Tagging b jets 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•  b quarks are long‐lived, travel ~3 mm before decay 
•  Iden-fy jets with displaced ver-ces as coming from b’s 
•  Can use a mul-variate b discriminant to improve efficiency and 

purity 
•  Requiring tagged b jets significantly reduces backgrounds 



Single Top Quark Produc-on 

•  Directly accesses t‐W‐b vertex 
•  Good sensi-vity to new physics 

–  Ra-o of s‐channel vs. t‐channel 
produc-on 

–  Angular distribu-ons and top polariza-on 
•  Experimentally challenging 

–  Small cross‐sec-on (~3 pb) 
–  Large W+jets background 
–  First observed in 2009 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s‐channel 
t‐channel 

σt = 2.05 ± 0.22 pb 

σs = 0.95± 0.08 pb 

PRD 66, 054024 (2002) 
(Mtop = 172.5 GeV) 



tb+tqb cross section [pb]
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σcombined = 2.76+0.58– 0.47 pb 

|Vtb| > 0.77 at 95% C.L. 

•  σsingle top propor-onal to |Vtb|2: 

 tb+X, tqb+X) [pb]!p(p" 
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Theoretical SM prediction at top quark mass 170 GeV
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Lepton+Jets, 
σ = 3.43+0.73–0.74 pb 

Lepton+Jets 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Missing ET+Jets, σ 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2.3+0.6–0.5 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Single Top Cross‐Sec-on 

CDF

Mt = 172.5 GeV  Mt = 175 GeV 



s‐ and t‐channel Single Top 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s-channel cross section [pb]
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σs = 0.98 ± 0.63 pb 
σt = 2.90 ± 0.59 pb 

σs = 1.8 +0.7‐0.5 pb 
σt = 0.8 ± 0.4pb 

CDF

Mt = 172.5 GeV 

First observa-on (5.5σ) 
of t‐channel single top! 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Exo-c Single Top Produc-on 
•  Searches for heavy gauge boson 
decaying to single top quarks 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couplings 
95% C.L. Limits: 
MW’ > 800 GeV for MW’ > MνR 
MW’ > 825 GeV 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MW’ < MνR 

Generic couplings 

(aR, aL)  95% C.L. Mass Limit (GeV) 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> MνR 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< 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(0,1)  863 

(1,1) 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Top Quark Pair Produc-on 

•  Larger cross‐sec-on than single top (~7 pb) 
•  Also larger signal‐to‐background ra-o 
•  Good place for studying top proper-es 
–  Requires strong understanding of produc-on mechanism 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~85% 

~15% 
σNLO = 7.4+0.5‐0.7 pb 

JHEP 0809, 127 (2008) 
(Mtop = 172.5 GeV) 



Lepton+Jets Channel 

•  Good combina-on of large branching 
frac-on and low backgrounds 

•  Fully constrained kinema-cally – top 
quarks can be completely reconstructed 

•  Cross‐sec-on can be measured with or 
without requiring b jet iden-fica-on 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Number of jets

2 3 4!

N
u

m
b

e
r 

o
f 

e
v

e
n

ts

0

500

1000

1500

2000

2500

3000

3500

4000

4500
-1DØ, L=5.3 fb

Number of jets

2 3 4!

N
u

m
b

e
r 

o
f 

e
v

e
n

ts

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Number of jets

2 3 4!

N
u

m
b

e
r 

o
f 

e
v

e
n

ts

0

500

1000

1500

2000

2500

3000

3500

4000

4500

b‐tag Required?  σ (pb) 

No  7.82 ± 0.55 

Yes  7.32 ± 0.71 

Combina-on  7.70 ± 0.52  

b‐tag Required?  σ (pb) 

No  7.68 +0.71–0.64 

Yes  8.13 +1.02–0.90 

Combined Method  7.78 +0.77–0.64 

CDF Mt = 172.5 GeV 



Dilepton Channel 
•  Very low backgrounds, but also small 
branching frac-on (~5%) 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Mt = 172.5 GeV 

σ = 7.36 +0.90–0.79 pb 

CDF
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b‐tag: 
  σ = 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± 0.92 pb 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σ = 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± 0.97 pb 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All Hadronic Channel 
•  Largest branching 

frac-on, but huge 
backgrounds from 
QCD mul-‐jet 
produc-on 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•  Iden-fy τ as a narrow jet with a 
small number (1‐3) associated tracks 

•  Large background from 
misiden-fica-ons 

Mt = 172.5 GeV 

σ = 8.8 ± 3.3(stat) ± 2.7(syst) pb 

σ = 6.9 ± 1.2(stat) +0.8–0.7(syst) ± 0.4(lumi) pb 

Mt = 170 GeV 

CDF

Mt = 172.5 GeV 



Cross‐Sec-on Combina-ons 

•  Very good agreement with theory across all channels 

•  Note: not all recent results included in combina-on 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CDF
Mt = 172.5 GeV  Mt = 175 GeV 

� 

σCDF = 7.50 ± 0.48pb

� 

σ D0 = 7.40−53
+60 pb
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Top 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•  Differen-al cross‐sec-on as a func-on of top quark 
transverse momentum 
–  Lepton+jets channel 
– Unfold to correct for acceptance and detector effects 
– Good agreement with NLO and NNLO predic-ons 



Boosted Tops 
•  Search for highly boosted top quarks (PT > 400 GeV) 
– Decay products collimated in a single jet 

•  How to dis-nguish boosted top jets from light quark jets? 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Top Pairs 

CDF

“All Hadronic”: mJet1 vs. mJet2 

QCD Jets 

“Lepton+Jets”: mJet1 vs. missing ET significance 



Boosted Top Cross‐Sec-on Limits 

•  SM Predic-on at NNLO: σ2(PT(t) > 400 GeV) = 4.55+0.50–0.41 } 
•  Observed: σ2(PT(t) > 400 GeV) < 38 } at 95% C.L. 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CDF

“All Hadronic”  “Lepton+Jets” 



Resonances in M2 
•  Predicted by many models with new massive par-cles 

–  Z’, KK‐gluons, colorons, etc. 
•  Assume narrow width, search for a bump 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Lepton+Jets Channel: 
MZ’ > 900 GeV at 95% C.L. 

Lepton+Jets Channel: 
MZ’ > 820 GeV at 95% C.L. 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Top Pairs Plus Missing ET 
•  Search for pair‐produced heavy par-cles (T’ = 4th gen. quark) decaying to 

top quarks and undetectable par-cles (X = dark ma~er) 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Searches for 4th Genera-on Quarks 
•  Look for 4th genera-on heavy top‐like quark (t’) 
pairs decaying to Wq (q=d,s,b) 

•  Same final state as top pair decay 
–  Look at event HT and reconstructed t’ mass 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Forward‐Backward Asymmetry 
•  Asymmetry in number of events where top quark 
goes along (against) proton direc-on 
– Unfold to get true asymmetry from measured 
asymmetry 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Summary 
•  Top quark produc-on con-nues to be an 
ac-ve area of study at the Tevatron 
– Tes-ng the Standard Model and looking for new 
ways tops could be produced 

•  This talk showed some highlights, many 
addi-onal results available: 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h~p://www‐cdf.fnal.gov/physics/new/top/top.html 

h~p://www‐d0.fnal.gov/Run2Physics/top/index.html 


