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Tevatron Run II

• Electroweak physics : W, Z’s have 
large cross sections → high statistics, 
precision measurements
– W, Z masses, widths, σ, W 

helicity
– Gauge boson pair production

New physics effects ≈ s/Λ2

• Many new results appearing
– Higgs searches
– More top, Single top soon
– New physics searches
– B physics
– QCD

M. Kruse, 2004 FNAL User’s Mrg

Tevatron Rates



Physics landscape changes in 2007

--104gg, m=1 TeV

?105Higgs, 
Mh=130 GeV

109 B factories1012-1013bb

104 Tevatron107tt

107 LEP107Z→e+e-

107 Tevatron108W→eν

Previous 
experiments

10 fb-1 at LHCProcess
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Top and Bottom Quarks

• The Third Generation and the Standard Model

• Top Quarks
– Top Quark Decay

– Pair Production

– Single Top production

• Bottom Quarks
– Pair Production



Who Needs a Top Quark?

• Top needed for anomaly cancellation
• Triangle diverges; grows with energy

• Anomaly independent of mass; depends only on gauge 
properties
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Anomalies, continued

• Standard Model Particles:

• V=γ,  A=Wa (SU(2) gauge bosons)

• Nc=3 is number of colors; Ng is number of generations

• Anomaly cancellation requires complete generation

( ) 01
2
1

3
1

2
1

3
2

2
1 2

22
2

3 =�
�

�
�
�

�−+�
�

�
�
�

�−�
�

�
�
�

�−+�
�

�
�
�

�
�
�

�
�
�

�=� ggcgcem NNNNNQT

111eR

-1/221(νL,eL)

1/313dR

-2/313uR

1/623(uR,dR)

U(1)YSU(2)LSU(3)Particle



Top Quark Properties

• Top is weak isospin partner of b quark
– b quark properties well measured at LEP/SLD
– Example: Z→ bb:

– b quark is T3= -1/2 particle, so it must have T3=1/2 partner

• DEFINE this to be the top

• SM: Qem=(T3+Y)/2    	 Qem
t=2/3|e|

• Color triplet 
• Spin-1/2
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Top Couplings

• Top-gluon coupling

• Top -W coupling
– Flavor changing with CKM matrix V, and left-handed

• Top -Z coupling
– Violates parity symmetry

• Top Higgs coupling
– Of O(1)
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Top Quark Decay Formula

• Dominant decay of top quark is t→W+b

• Theoretical error is ∼1%
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No Free Quarks

� QCD color confinement

Observe mesons and baryons

Charmed mesons:

Charmed, strange mesons:

Bottom mesons:

Bottom, charmed mesons:

cc mesons:

bb mesons:

Non-perturbative binding



Top Quark is Different

• Top quark decays before it can form bound states
– Top quark lifetime: τt ≈ 5 x 10-25 sec

– τQCD ≈ 3 x 10–24 sec

• Very different from b system: τb≈ 1.55 ± 0.06 ps

• Top quark interactions may be first indication of 
new physics beyond the SM
– Top quark mass critical for precision measurements

– Top quark couples strongly to Higgs, so it is window to 
electroweak symmetry breaking



Top Quark Discovery at Fermilab in 1995

• Run I, pp at √s=1.8 TeV, L∼125 pb-1

• Run II, pp at √s=1.96 TeV, eventually L∼4-6 fb-1

• Top quark produced by

• Strongly produced; sensitive to αs(µR)

• Mt=178±4.3 GeV >> Mb

ttqq

ttgg

→
→

CDF

DØ



New CDF/D0 Combined Top Quark Mass

Combination of Run I results:

Combination dominated by D0 lepton + jets result

CDF/D0 hep-ex/0404010

Good fit:

63% probability

Mt=178.0±±±±4.3 GeV

Run II top
masses arriving 

daily!



Why is the top quark mass so important?

• In QED, running of α at scale M not affected by 
heavy quarks with Mq>> M

• Decoupling theorem:  diagrams with heavy virtual 
particles don’t contribute at scales M << Mq  if 

– Couplings don’t grow with Mq

– Gauge theory with heavy quark removed is still 
renormalizable
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Why is the top quark mass so important?

• Spontaneously broken SU(2) x U(1) theory 
violates both conditions

– Longitudinal modes of gauge bosons grow with 
mass (εL≈pV/MV)

– Theory without top quark is not renormalizable

• Effects from top quark grow with Mt
2

Expect Mt to have  large effect on precision observables
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Why do we care so much about Mt?

• Mt is fundamental 
parameter

• Mt measurement gives 
limit on Mh

• δMt must match δMW:  

– Tevatron Run II with 2 fb-1

– δMW∼27 MeV

– δMt∼3 GeV
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Simple Example

• ρ parameter

• Calculate in N=4-2ε dimensions
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How heavy is a heavy quark?

Production and decay of heavy quarks can be calculated perturbatively

� A simple criterion:

� QCD running coupling constant:

Reliable perturbative calculation in 
QCD requires αs(µ) << 1

Renormalization scale µ ~ order of 
the hard scale

αs(MZ)=.118



Top Quark Cross Section
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•Hadronic energy, S

•Partonic sub-energy, s=x1x2S

•Parton distribution functions, Fi(x,µF)

•To any given order in αs, σH  independent of µ

•µ dependence of σH  often used to estimate theoretical uncertainty

•Typically see reduced scale dependence at higher orders

QCD factorization:



Heavy flavor pair production

Dominates at Tevatron for top 
production (90% of cross section)
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Hadronic Cross Sections at NLO in QCD

• NLO corrections from
• NLO corrections contain one loop virtual diagrams and 

real gluon emission 
• Sample virtual diagrams:

• In N=4-2ε dimensions, virtual diagrams have 1/ ε2 and 1/ ε
poles

• Add wavefunction, mass, coupling renormalization
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Hadronic Cross Sections at NLO in QCD, 2

• Sample real gluon emission diagram:

• Need to
– Renormalize UV divergences in σvirt

– Cancel IR divergences in σvirt+σreal

– NLO result has form:

– αs(Mt)∼0.1 so perturbation theory converges well
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�Soft singularity: Eg→0

�Collinear singularity: cosθ →0

�At NLO, also small contribution from qg initial state



Hadronic Cross Sections at NLO in QCD, 3

• Need to
– Check µ dependence of σNLO:

• To any given order in αs, dσH/dµ=0
• Using

• µ dependence predicted

– Near threshold, corrections take form:
– Large logarithms can be summed to improve convergence of perturbation 

theory
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Theoretical predictions for top pair production

• Ingredients
– Parton level cross section with NLO 

matrix elements plus resummation to 
all orders of soft logarithms

• Resummation improves stability 
with respect to scale variations

• Very sensitive to Mt

– PDFs

Kidonakis & Vogt, hep-ph/0308222

pp→tt, √S=1.96 TeV, 

Mt=175 GeV

LO     NLO NNLO-NNLL

Scale variation

Note increase in rate at Run II



Top Pair Production, continued

• PDF uncertainties (fix µ=Mt, √S=1.96 
TeV)

– CTEQ6 family of PDFs

– Mt=175 GeV:  σ=6.70±0.45 pb

– Mt=180 GeV:  σ=5.75±0.38 pb

• Full range of uncertainties
– Mt/2< µ<2Mt, CTEQ6, MRST PDFs, 

√S=1.96 TeV

– Mt=175 GeV:  5.82<σ <7.41 pb

– Mt=180 GeV:  5.0 < σ <6.34 pb

Cacciari, Frixione, Mangano, Nason, Ridolfi, hep-ph/0303085

σ(1.96)/ σ (1.8)=1.295 ±0.15 stable 
to scale choices, PDFs, Mt

�Updated σ’s from summer 
conferences (see Quadt talk)

�Good agreement between 
theory/experiment



Need Monte Carlos which include NLO 

• Match NLO with parton shower

• Subtract terms which are 
included in parton shower from 
NLO result
– At high pT, NLO

– At low pT,  MC

pp→tt at LHC

Frixione, Nason & Webber, hep-ph/0305252

MC@NLO



Top Quark Mixing

• Weak interaction eigenstates are not mass eigenstates

• Interactions mix down-type quarks with Cabbibo-
Kobayashi-Maskawa Matrix V:

• Top quark emits W boson and become a b quark (Vtb), an s 
quark (Vts) or a d quark  (Vtd)
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Top Quark Decays

• Unitarity of CKM matrix (VV+=1) and assuming 3 
generations:

• Dominant decay of top quark is t→Wb

• More than 3 generations, almost no limit on Vtb
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Top and CKM

• Predict from unitarity:

• Vts and Vtd measured indirectly from b physics

D0 Run II (158-169 pb-1) in e-jets  and µ-jets 
channels (2 different lifetime triggers):

SVT:  R=0.70+0.27
-0.24 (stat)+0.11-0.10(syst)

CSIP: R=0.65+0.34
-0.30(stat)+0.17

-0.12(syst)
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generation Standard Model
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• Decay amplitude for t→Wb

• Substitute expressions for momenta & polarization vectors

Top Quark Decay

tWbtb uuV
g
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Left-handed fermion: 
spin is opposite from 
direction of motion



• Decay amplitude for t→Wb

• Transverse W: ε±=(1/√2)(0,1, ±i,0)
– Γ(t→WTb)∼g2Mt

– No enhancement

Top Quark Decay, 2
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•hW=+ forbidden by angular momentum conservation

•Massless b quark always left-handed; heavy top can be either 
left- or right-handed



Top Quark Decay, 3

• W helicity correlated with momentum of decay leptons
– hW= + gives harder charged leptons than hW= -

– 2 fb-1 give 5% measurement
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CDF Run I: F0=91±37±13%

D0 Run I:    F0=56±31%

Tests V-A structure of tbW vertex



LHC is Top Factory

� σ ∼ 800 pb  	 107 events/year

�Large statistics 	 Precision measurements of:

• Production cross section

• Mass

�Probe rare decays of top and BSM top decays

�Top is background for new physics

x1x2∼10-3 for √S=14 TeV

Production dominated by 
gluon fusion (∼90% from 
gg )

2
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Top at LHC

�Precision measurement of top mass from leptons plus jet:

))()(( bbjjlbbWWtt ν→→ −+

�Including e, µ, BR∼30%

S/B∼∼∼∼6.5!

•Signal from MC@NLO

•Most important bkgd: W + jets 
(tree)

•Largest systematic uncertainties: jet 
energy scale, b fragmentation, initial and 
final state radiation

δδδδMt∼∼∼∼2 GeV



Single Top in the SM

• Single top produced at hadron colliders through 
interactions involving a W boson and b quark.

• Rates directly proportional to |Vtb|2

• At tree level there are three modes:
• s-channel W exchange

– Large rates at Tevatron, small at LHC.

• t-channel W exchange
– Dominant mode at Tevatron and LHC.

• t-W associated production

– Small at Tevatron, large rate at LHC.

Sensitive to b quark PDFs



t-channel

t W

s-channel

LHC

t-channel

s-channel

t W

Single Top

Not yet seen!

314±15 pb2.95±0.33 pbTotal

56±8 pb0.09±0.02 pbσtW (LL)

10.7±1.1 pb0.88±0.12 pb< 12.9 pbσs (NLO)

247±12 pb1.98±0.28 pb< 13.5 pbσt (NLO)

LHC
Tevatron

Run 2

Run I 
Limitsσσσσ

Run 2

Uncertainties 
from PDFs, δMt

Z. Sullivan, hep-ph/0408049

2-4 fb-1 at 
Tevatron gives 
Vtb∼±7-9%

Single top rate ∼1/2 tt rate at Tevatron



Single top at the LHC

• Large background from 
σ(tt)=830 pb, σ(Wbb)>300 
pb

• Large QCD multi-jet 
background

• Largest uncertainty is PDF 
uncertainty in theory
– Assume 6% theory uncertainty

δ|Vtb| to:

.4% from Wg

1.4% from Wt

2.7% from W*

•Vtb can be constrained 
using unitarity 

•This assumes the SM, with 
3 generations

•Physics beyond the SM can  
modify these results



b-quarks at Tevatron

�We cannot really measure b-quark momentum
�Long-standing puzzle

Usually model fragmentation by 
writing hadronic B meson σ as:
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b-mesons at Tevatron

Cacciari, Nason, PRL 89 (2002)

Improved theory and 
fragmentation functions



Conclusion

• Exploration of t- and b- quark properties sheds light on 
structure of SM

• So far, everything looks like the SM

Still hoping for something new


