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Top Quark propertiesTop Quark propertiesTop Quark propertiesTop Quark properties

• Top quark, when it was discovered at Fermilab in 1995, completed 

the three generation structure of the SM and opened up the new 

field of Top quark physics.

• With the mass of 175 GeV/c2175 GeV/c2 , Top quark is the heaviest heaviest 

discovered elementary particle which breaksbreaks the electroweak 

gauge symmetry maximallymaximally among the other observed particles of 

the SM.

• Contrary to other quarks, Top quark decays rapidlyrapidly via weak weak 

interactioninteraction without forming any hadronic bound state. 

• Top quark almost exclusively decays to a WW--boson and a bboson and a b--quarkquark.

BR(tBR(t��W+bW+b) ~ 0.99) ~ 0.99



Top quarkTop quark
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RbRbRbRb has  a very strong sensitivity  to top masshas  a very strong sensitivity  to top masshas  a very strong sensitivity  to top masshas  a very strong sensitivity  to top mass

Top quarkTop quark

LEP,SLCLEP,SLCLEP,SLCLEP,SLC



Importance of the Importance of the toptop quark massquark mass
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All observables include the combined effect!

→ mt plays a key role in precision test of the SM

� to predict the Higgs mass

� and once the Higgs is discovered to check

the consistency of the model
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Direct measurements:

LEP2 and Tevstron

Z-Pole measrements:

Constrain electroweak 

radiative corrections

Allow to predict Mw

and Mtop within SM

Good agreement:

Successful SM test

Both data sets prefer a 

Light Higgs boson

Importance of the Importance of the toptop quark massquark mass



Top quark and Higgs bosonTop quark and Higgs boson

Top quark plays a key role in Higgs boson production

The largest source 

of SM Higgs
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Top and HiggsTop and Higgs



Cross Section of Various SM Processes

The LHC is a b, W, Z, top, Higgs, The LHC is a b, W, Z, top, Higgs, The LHC is a b, W, Z, top, Higgs, The LHC is a b, W, Z, top, Higgs, …………
factory!factory!factory!factory!
The problem is to detect the events!The problem is to detect the events!The problem is to detect the events!The problem is to detect the events!



Top quark production at the LHCTop quark production at the LHC

Top quarks are produced at the LHC mainly via Strong

interactions in two sub-processes:

QuarkQuark--anti quark annihilation anti quark annihilation 

GluonGluon--gluon fusion,gluon fusion,

Cross section (pb)

LHC (pp,                   ) 833833833833833833833833 10%10% 90%90%TeVS 14=

ttqq → ttgg →

ttqq →

ttgg →

→ approx. 1 tt-pair per second at 1033/cm2/s 

LHC is a top factory!



Top quark production at the LHCTop quark production at the LHC

� Proton beam can be seen as beam of quarks and gluons with a wide band of energies 

� The proton constituents (partons) carry only a fraction 0 ≤ x ≤ 1 of the proton momentum

Proton Proton
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Partonic center-of-mass: 

center-of-mass energy (S): 
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The gluon distribution function is much larger than all quarks



Top quark mass at the LHC Top quark mass at the LHC 

semi-leptonic

± 1.2 GeV

→ total top mass error  ≤ 1 GeV possible  with O(10 fb-1)  of well understood data



Spin and polarization studiesSpin and polarization studies

Top quark decays before hadronization via weak interaction therefore 

the spin information is transferred  to  its decay products

(Wb ���� jjb /l ν ν ν ν b)

-We can determine the spin and polarization by looking at the 

angular distributions of its decay products

-Test SM couplings with clean probe

)cos1(
2

1

cos
ii

id

d
θα

θ
+=

Γ

The angular distribution of the final particles:

Top rest frameTop rest frame
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Spin and polarization studiesSpin and polarization studies

Top quarks produced in ttbar pairs are scarcely polarized, therefore in order to study

the spin and polarization of the top quarks the correlation between top spin and

anti-top spin is considered.

G. G. G. G. G. G. G. G. MahlonMahlonMahlonMahlonMahlonMahlonMahlonMahlon and S. Parke ,hepand S. Parke ,hepand S. Parke ,hepand S. Parke ,hepand S. Parke ,hepand S. Parke ,hepand S. Parke ,hepand S. Parke ,hep--------ph/9512264ph/9512264ph/9512264ph/9512264ph/9512264ph/9512264ph/9512264ph/9512264

Near threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and anti--------top tendtop tendtop tendtop tendtop tendtop tendtop tendtop tend

to have their spin alignedto have their spin alignedto have their spin alignedto have their spin alignedto have their spin alignedto have their spin alignedto have their spin alignedto have their spin aligned

Near threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and antiNear threshold, top and anti--------top tendtop tendtop tendtop tendtop tendtop tendtop tendtop tend

to have their spin oppositeto have their spin oppositeto have their spin oppositeto have their spin oppositeto have their spin oppositeto have their spin oppositeto have their spin oppositeto have their spin opposite



Spin and polarization studiesSpin and polarization studies
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Spin and polarization studiesSpin and polarization studies



Study of the WStudy of the W--polarization in Top quark decaypolarization in Top quark decay

The W-boson from a top quark, t����W+b, can be produced with a longitudinal, 

left-handed or right-handed helicity. According to the SM expectation, the 

corresponding probabilities are as follows:

Right-handed

Left-handed    

Longitudinal 

Consider t����Wb����l+n+b, This can be seen in angular distribution of the charged 

lepton coming from W boson in the rest frame of the W-boson:
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In agreement with SM prediction

Study of the WStudy of the W--polarization from CDFpolarization from CDF

at at FermilabFermilab



Study of the WStudy of the W--polarization in ATLAS polarization in ATLAS 

Results of 10fb^{-1} data:

WW--polarization will be measured very polarization will be measured very 

precisely at the LHC, the analysis is precisely at the LHC, the analysis is 

systematically dominated. systematically dominated. 





Study of the Study of the WtbWtb vertex  vertex  

A A A A model independentmodel independentmodel independentmodel independent extension of the SM is to introduce new interactions:extension of the SM is to introduce new interactions:extension of the SM is to introduce new interactions:extension of the SM is to introduce new interactions:

25.024.0,55.018.0 <<−<<−→ RL ggTevatron

13.012.0,097.0052.0 <<−<<−→ RL ggLHC



WW--Polarization can be used to test the Polarization can be used to test the WtbWtb vertexvertex

Presence of anomalous couplings ���� deviation in W-helicity fractions



Top chargeTop charge



Top chargeTop charge

Radiative production : 

pp→ttγ

σ proportional to |Qtop|²
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Electroweak (Single) top quark productionElectroweak (Single) top quark production

Another source of top quark at the LHC is Single top quark production. Top quarks 

are produced via electroweak interaction. Single top quarks are produced via

three processes which can be listed by the virtuality of the involved W-boson:

t-channel,  W-boson is space-like 

cross section = 245 pb, the largest 

source of  Single top

0
2 ≤Wq

s-channel,  W-boson is time-like 

cross section = 10 pb

0
2 ≥Wq

22

WW Mq =

tW-channel,  W-boson is real 

cross section = 60 pb



Single Top Quark at Single Top Quark at Single Top Quark at Single Top Quark at Single Top Quark at Single Top Quark at Single Top Quark at Single Top Quark at TevatronTevatronTevatronTevatronTevatronTevatronTevatronTevatron

The D0 collaboration at Tevatron claimed the first evidence for discovery of 

single top in December of 2006. In the D0 search, the t-channel and s-channel

Single top events are combined to one single top signal. According to the SM

the cross section of t+st+s channel single top at Tevatron with the center of energy

of 1.96 TeV is:

The measured cross section by D0 is:

 SM predictionSM predictionSM predictionSM predictionSM predictionSM predictionSM predictionSM prediction

This result is consistent with the SM. The Signal Significance of this discovery 

is 3.4 which means that the probability that the events considered as signal are 

due to  background fluctuation is 0.035%.

CDF has not claimed the discovery of Single Top yet.
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NEUTRINONEUTRINONEUTRINONEUTRINONEUTRINONEUTRINONEUTRINONEUTRINO

One tOne t--channel single top event at CDF channel single top event at CDF 

BBBBBBBB--------JETJETJETJETJETJETJETJET

Light JETLight JETLight JETLight JETLight JETLight JETLight JETLight JET



Single Top Quark at LHCSingle Top Quark at LHCSingle Top Quark at LHCSingle Top Quark at LHCSingle Top Quark at LHCSingle Top Quark at LHCSingle Top Quark at LHCSingle Top Quark at LHC

10.110.1

After including uncertaintiesAfter including uncertainties
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Single top quark production as a window to Physics Beyond  SMSingle top quark production as a window to Physics Beyond  SM

� � � � The cross sections of single top processes are proportional to  The cross sections of single top processes are proportional to  The cross sections of single top processes are proportional to  The cross sections of single top processes are proportional to  . . . . 
These processes provide the These processes provide the These processes provide the These processes provide the only way to measure directlyonly way to measure directlyonly way to measure directlyonly way to measure directly ....
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UnitatrityUnitatrityUnitatrityUnitatrityUnitatrityUnitatrityUnitatrityUnitatrity of the CKM matrixof the CKM matrixof the CKM matrixof the CKM matrixof the CKM matrixof the CKM matrixof the CKM matrixof the CKM matrix

Fourth Fourth Fourth Fourth Fourth Fourth Fourth Fourth 

GenerationGenerationGenerationGenerationGenerationGenerationGenerationGeneration
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VtbVtbVtbVtb deviates deviates deviates deviates 
Considerably from 1Considerably from 1Considerably from 1Considerably from 1



SM prediction withSM prediction withSM prediction withSM prediction withSM prediction withSM prediction withSM prediction withSM prediction with

theoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertainty

Fourth generation Fourth generation Fourth generation Fourth generation 
of quarksof quarksof quarksof quarks

LHCLHCLHCLHCLHCLHCLHCLHC



Spin correlation in tSpin correlation in t--channel Single top quark channel Single top quark 

�The The The The tttt----channel single topchannel single topchannel single topchannel single top quark production provides the possibility to studyquark production provides the possibility to studyquark production provides the possibility to studyquark production provides the possibility to study
the spin and polarization of the spin and polarization of the spin and polarization of the spin and polarization of one isolated quarkone isolated quarkone isolated quarkone isolated quarkone isolated quarkone isolated quarkone isolated quarkone isolated quark....

Because single top quarks are produced via weak interaction, theBecause single top quarks are produced via weak interaction, theBecause single top quarks are produced via weak interaction, theBecause single top quarks are produced via weak interaction, they are highly y are highly y are highly y are highly 
polarized.  polarized.  polarized.  polarized.  
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spin 4spin 4spin 4spin 4----vectorvectorvectorvector

In top rest frameIn top rest frameIn top rest frameIn top rest frame���� )ˆ,0( sS = wherewherewherewhere ssss is unit vector which defines the spin is unit vector which defines the spin is unit vector which defines the spin is unit vector which defines the spin 
quantization axis.quantization axis.quantization axis.quantization axis.

In top rest frame, the spin of the top isIn top rest frame, the spin of the top isIn top rest frame, the spin of the top isIn top rest frame, the spin of the top is aligned aligned aligned aligned with the momentum direction of the lightwith the momentum direction of the lightwith the momentum direction of the lightwith the momentum direction of the light
Quark in the final state (qQuark in the final state (qQuark in the final state (qQuark in the final state (q’’’’) ) ) ) 



Spin correlation in tSpin correlation in t--channel Single top quark channel Single top quark 
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Single top quark production as a window to Physics Beyond  SMSingle top quark production as a window to Physics Beyond  SM

NonNon--SM top interactionsSM top interactions

At the LHC the uncertainty on At the LHC the uncertainty on At the LHC the uncertainty on At the LHC the uncertainty on a is 5%  is 5%  is 5%  is 5%  



Single top quark production as a window to Physics Beyond  SMSingle top quark production as a window to Physics Beyond  SM

Extra Gauge BosonExtra Gauge Boson

W ′W
++++

Some BSM theoriesSome BSM theoriesSome BSM theoriesSome BSM theories
(LH,ED (LH,ED (LH,ED (LH,ED …………) predict) predict) predict) predict
new gauge bosons (Wnew gauge bosons (Wnew gauge bosons (Wnew gauge bosons (W’’’’,Z,Z,Z,Z’’’’))))
(Larger gauge group)(Larger gauge group)(Larger gauge group)(Larger gauge group)

SM prediction withSM prediction withSM prediction withSM prediction withSM prediction withSM prediction withSM prediction withSM prediction with

theoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertaintytheoretical uncertainty

Extra Gauge Boson (WExtra Gauge Boson (WExtra Gauge Boson (WExtra Gauge Boson (WExtra Gauge Boson (WExtra Gauge Boson (WExtra Gauge Boson (WExtra Gauge Boson (W’’’’’’’’))))))))
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In SM, at tree level  is In SM, at tree level  is In SM, at tree level  is In SM, at tree level  is In SM, at tree level  is In SM, at tree level  is In SM, at tree level  is In SM, at tree level  is impossibleimpossibleimpossibleimpossibleimpossibleimpossibleimpossibleimpossible

FCNC (Flavor Changing Neutral Current)FCNC (Flavor Changing Neutral Current)
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Cross Section Calculation

� sum over initial states a,b

� fi(xi,Q
2) = parton density functions

� Example: W production in leading order

σ(pp→W) ≈ 150 nb ≈ 2·10-6 σtot



Luminosity

Rate of produced events for a given process

N = σ L
σ cross section [barn  = 10-24 cm2 ]

L luminosity [1/cm2/s]

� luminosity depends on machine parameters:

number of protons stored, beam focus at the interaction point, …

� luminosity should be high to achieve acceptable rates for rare processes

Comparison of colliders:

- 1031/cm2/s LEP

- 2·1032/cm2/s Tevatron Run II design

- 1033/cm2/s LHC initial phase (≈ 3 years)

- 1034/cm2/s LHC design luminosity (> 2010)


