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Outline
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• EW Bosons
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Electroweak Symmetry Breaking
• The EW bosons (W, Z, and γ) require gauge symmetries to be 

theoretically consistent.
• However, the gauge invariance would forbid masses for the W and Z, 

(and also for the fermions); thus the symmetry must be broken.
• We still have not identified the agent of the EW symmetry breaking, 

and thus we still don’t know what the responsible dynamics are.
• The SM has an ansatz based on a fundamental Higgs field.  Until we 

see it, the SM is still incomplete and unproven.  (A Sham!)
• We know the energy scale at which the symmetry breaking operates 

– it can’t be too far above the W and Z masses!  So whatever the 
theory is, it must be within grasp in the near future!

• Whatever the theory of EWSB, the most massive objects  (which felt 
the breaking most strongly) are the place to learn about it.

• Thus, it is natural to explore precision measurements of top and the 
Electroweak bosons, particularly in high energy processes.

• We study top and EW physics to learn about physics beyond the SM!

M Peskin
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EW Bosons
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Precision Data
• The bulk of our information about the EW 

bosons comes from the precision data 
collected by programs at SLAC and 
CERN at the Z-pole.

• Basic properties such as the Z mass and 
width were determined, as well as the 
couplings to fermions.

• The data is an amazing confirmation of 
the Standard Model at the per mil level.
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EW Fit
• We can use this information to fit the SM.
• Inputs

– Tree Level:
•  αEM, EM coupling constant.
•  Gµ, the Fermi decay constant 

(extracted from muon decay).
•  MZ, the Z mass itself.

– Loop Level:
•  mt, the top mass.
•  αS, the strong coupling constant.
•  MH, the Higgs boson mass.

• In the SM, the only one of these we don’t 
know is the Higgs boson mass.

• The fit to the SM is actually a fit to mH (plus 
“jiggling” the known parameters around 
within their error bars).
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Oblique Corrections
• Physics associated with mass generation seems most likely to most 

drastically affect the heavy objects: W, Z, and top.
• In that case, the effects to the light fermions are expected to be small, and we 

can parameterize the effects on the data as modifications to the propagation 
of the heavy gauge bosons:

• If the scale of new physics is sufficiently large compared to the Z mass, such 
effects can generally be described by the three Peskin - Takeuchi parameters:
– S characterizes the wave-function (couplings) of the Z (on-shell)
– T characterizes the relative W and Z masses at zero external momentum.
– U characterizes the difference between the W and Z wave-functions.

• We can map these to dimension-6 (and higher) operators that result when 
heavy physics is integrated out.  They are the generic leading residual of 
heavy physics which obeys our assumptions.

• Thus, in any theory satisfying these very reasonable assumptions, S, T, and U 
describe the leading corrections to SM prediction for precision EW data.
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Beyond the SM: S, T , and U

• We haven’t seen the Higgs: we aren’t sure how the

EWSB is realized in nature.

• If physics beyond the SM is associated with mass

generation, we might expect it to couple more

strongly to W , Z , and top (bottom).

• In that case, it does not touch the light fermions

directly, and we can write its effects as modifications

of the propagation of gauge bosons:

• If the new physics scale is! MZ , three

Peskin-Takeuchi parameters describe these effects:

• S characterizes the wave function (couplings) of the

Z (on-shell).

• T (∆ρ) characterizes the relative W /Z masses at

zero momentum.

• U characterizes the relative W /Z wave functions

(couplings - onshell).
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Fits to S & T
• In practice, because U corresponds to an 

even higher dimensional operator than S & 
T, and since we know the Z properties 
more precisely than those of W, U is not 
usually as important as S and T in 
constraining a specific model.

• Related variabls, often equivalent in 
practice, are the Altarelli parameters:

• The effects of top and Higgs can be 
captured by changes in S and T compared 
to some reference values.

• We can see how the SM’s indirect 
preference for a light Higgs could be a red 
herring, if BSM physics modifies S and T 
appropriately.
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Fit to S, T , and U

• These are known as oblique corrections.

• Altarelli’s parameters (similar in practice):

ε1 ↔ T , ε2 ↔ −U , ε3 ↔ S

• Our observables may be written in terms of S, T

and U , and we fit their values from the data.
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Hadro-production
• Production of EW bosons is a very 

important process at a hadron collider.
– Measurement of MW

• W kinematics (QCD)
• QED final state radiation
• EW Corrections

– PDFs
– Luminosity Measurement?
– Test of QCD / Resummation / MC

Nadolsky HCP2004

Anastasiou, Dixon, 
Melnikov, Petriello
PRD69, 094008 (04)

Brock, Landry, Nadolsky, Yuan
PRD67, 073016 (2003)
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Di-Boson Production

• Even in the SM, diboson production is 
an important process to understand 
because it shares many characteristics 
(and is a background to) Higgs.

• Triple gauge vertices are difficult to 
access with any other process, and 
are expected to be sensitive to physics 
beyond the Standard Model.

• The current luminosity is just enough 
to observe several of these processes; 
Tevatron will explore radically new 
territory in the near future!

M Kirby, HCP2004

W γ

New Physics generically parameterized as:
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Top
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The King of Fermions!
• In the SM, top is superficially 

much like other fermions. 
• What really distinguishes it is 

the huge mass, roughly 40x 
larger than the next lighter 
quark, bottom.

• This may be a strong clue that 
top is special in some way.

• It also implies a special role 
for top within the Standard 
model itself.

• Top is only fermion for which 
the coupling to the Higgs is 
important: it is a laboratory in 
which we can study EWSB.

SM Fermions
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Higgs Physics
t

The large top mass means
a strong coupling to the 
Higgs.  Thus, several 
mechanisms of Higgs 
production rely on Top.

One in particular takes 
advantage of the fact that 
top is colored.  Loops of 
top quarks mediate an 
interaction between Higgs
and gluons.  Despite being 
loop suppressed, this 
process dominates Higgs 
production at the LHC!

Top also contributes to the 
Higgs coupling to two 
photons, though the 
dominant piece is from W’s.
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• Most importantly, the MSSM only 
survives the LEP-II bound on mh 
because of the large yt:

• (mt < 160 GeV rules out MSSM!)

Heinemeyer et al, JHEP 0309,075 (2003)

• The large top Yukawa leads to the 
attractive scenario of radiative 
electroweak symmetry-breaking:

• This mechanism is also essential 
in many little Higgs theories.

Top plays an important role in the minimal supersymmetric standard model.

SUGRA report, hep-ph/0003154

Radiative EWSB

Top Sector and SUSY
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Top in the Standard Model
• In the SM, top is the marriage between a left-handed 

quark doublet and a right-handed quark singlet.
• This marriage is consummated by EWSB, with the mass 

(mt) determined by the coupling to the Higgs (yt).

• This structure fixes all of the renormalizable interactions 
of top, and determines what is needed for a complete 
description of top in the SM.

• Mass: linked to the Yukawa coupling (at tree level) 
through: mt = yt v.

• Couplings:  gS and e are fixed by gauge invariance.  The 
weak interaction has NC couplings, fixed in addition by 
s2

W.   CC couplings are described by Vtb, Vts, and Vtd.
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Top in the SM
α=1: top

α=2: 
bottom

Top is two separate objects:
A left-handed quark doublet.
A right-handed quark singlet.

i: color 
index

H: Higgs (doublet)
G: gluons
B,Wn: W±, Z, γ
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Feynman Rules
• From the Lagrangian we can read off the SM Feynman rules involving top.

– Gauge bosons:

– Higgs:

t b t t

W+

t

t

H

i

j
a
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Measurements
• How well are these quantities known?
• gS, e, and s2

W are well known (gS  at per cent level, EW 
couplings at per mil level) from other sectors.

• mt is reconstructed kinematically at the Tevatron:
– Run I: mt = 178 ± 4.3 GeV
– Run IIb: prospects to a precision of ± 2 GeV (systematic).

• Vtd, Vts, and Vtb are (currently) determined indirectly:
– Vtd: 0.004 – 0.014       (< 0.09)
– Vts: 0.037 – 0.044       (< 0.12)
– Vtb: 0.9990 – 0.9993   (0.08 – 0.9993)
– These limits assume the 3 (4+?) generation SM, reconstructing  

the values using the unitarity of the CKM matrix.

• Vtb can be measured directly from single top production.

PDG: http://pdg.lbl.gov/pdg.html
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New Interactions
• A model independent way to study new physics is provided by effective 

Lagrangians, adding interactions beyond those in the SM.
• The SM already contains all renormalizable interactions (with couplings of 

mass dimension 4 or less); we must include non-renormalizable terms.
• Couplings for ‘higher dimensional’ operators have negative dimension so 

that the Lagrangian stays at dimension 4:

• This theory makes sense as an expansion in energy.  Observables depend 
on En / Λn, so provided E << Λ, the expansion makes sense.

• Gauge symmetries of the Standard Model such as SU(3) invariance, etc. 
are still respected by the new interactions.

• They can be understood as residual effects from very heavy particles.

Counting Dimension

Ψ
H, Vµ

∂µ

:  3/2
:  1
:  1
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Nonstandard Top Interactions
• Top may couple in a funny way to strange, down, or bottom:

– All of these modify all three single top rates.
– But aren’t these operators dimension 4?

• Yes, but their SU(2)xU(1) description                                                              
was dimension 6!

• Top may have FCNC’s with up or charm and Z/g/γ:

These new interactions
can arise in many models.
They lead to new single 
top modes, top decays,
and more exotic 
processes …



Slac Summer Institute, 7/24/06 Tim Tait 21

Top Decay
• SM: BR into W+b ~ 100%.
• Top decay represents our first 

glimpse into top’s weak 
interactions.

• In the SM, W-t-b is a left-
handed interaction: γµ (1 - γ5).

• However, the decay does not 
offer a chance to measure the 
magnitude of the W-t-b 
coupling, but only its structure.

• This is because the top width 
is well below the experimental 
resolutions.

• Top is the only quark for which 
Γt >> ΛQCD.  This makes top 
the only quark which we see 
“bare” (in some sense).

 Top spin “survives” non-
perturbative QCD (soft 
gluons).

CDF hep-ex/0505091
Dø note 4833-CONF   Vtb >> Vts, Vtd
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Top Decay: Basics
• Top decays through the electroweak interaction into a W boson and (usually) a bottom 

quark.  Decays into strange or down quarks are suppressed by the small CKM elements 
Vts and Vtd.  It is extremely short-lived.

• Top is the only quark heavy enough to decay into a real (on-shell) W boson.

• The experimental signature is a jet containing a bottom quark and the  W decay products.  
The W boson decays into all of its possible final states (eν, µν, τν, or jets).

• So we classify top decays by how the W boson decays.
• The relative branching ratios are easy to predict just by knowing that the W couplings  are 

universal, and that the light fermion masses are all so small compared to MW that we can 
ignore them.  Further, the CKM elements are nearly diagonal, so counting three colors 
each of ud and cs, we have:
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Rare Decays?
• Many rare decays of top are possible.
• These can be searched for in large t t 

samples, using one standard decay 
to ‘tag’ and verifying the second 
decay as a rare one.

• One example is a FCNC: Z-t-c

• At LEP II, the same physics that 
results in t     Zq would lead to       e
+e-      Z*      tq.

• More possibilities, such as t     cγ,
      t      cg, etc…

Solid lines:     assume κtc
γ = 0.78

Dashed lines: assume no t-c-γ

Top Physics, hep-ph/0003033
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Top Production
• At energies greater than 2 mt, the 

dominant process for producing top is 
e+e-     t tbar through off-shell photon 
or Z boson.

• The cross section near threshold is of 
order 1 pb, so for 100 fb-1, one 
expects roughly 100,000 top pairs.

• By determining the final spins of the 
top quarks, and by using polarized 
beams, the top couplings to the Z and 
γ can be extracted for individual chiral 
operators.

• These couplings can be measured to 
the level of a few per cent, and are 
difficult to measure at a hadron collider 
because of large QCD backgrounds.

Tesla TDR
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Threshold Scan
• By scanning in energy close to the production 

threshold, one can precisely measure the top mass.
• Though toponium states don’t really have time to form 

before top decays, they affect the shape of the turn-on 
and thus offer an opportunity to measure αS(mt).

• The threshold turn-on is known to NLO in QCD.

• Combined with the top pT distribution, the mass and 
αS can be disentangled.

Curves: 
mt±100 MeV

Tesla TDR

A Hoang, T Teubner PRD58, 114023 (1998)
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Below Threshold?
• The threshold scan is a powerful way to 

measure the top mass and width.
• Together, in the SM, the coupling and the 

width are closely related:

• There is also an advantage to running 
below the t t threshold, because it allows 
you to determine the coupling 
independently from the width.

• On-shell, the decay matrix element 
recreates the BR(t   Wb) ~ 1.

• Off-shell, there is sensitivity to both width 
and coupling.
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is zero, and one can no longer simply disentangle the cross section into production and decay rates.
This is illustrated in Figure 2, which plots the cross section as a function of energy for several

values of gWtb, assuming a 175 GeV top mass and a 115 GeV Higgs mass. All analysis was performed
using the MadEvent package [15] at tree level. The cross-sections asymptote to the same value at
both ends of the energy spectrum, as on-shell tt̄ production dominates close to threshold and
graphs not involving top dominate far below threshold. Both of these extremes are independent
of the W -t-b coupling, while energies in between these two extremes are suitable to measure gWtb.
The inflection points in the intermediate region are due to the turn on of single-top and associated
W production (through graphs that do not contain a virtual top) at their 255 GeV threshold, and
large tt! contributions that dominate near ∼ 350 GeV.

For our analysis, we assume a relatively large luminosity 100 fb−1 of data collected at a single

4

whose value is in principle predicted by the underlying strongly coupled theory. For extensions
which realize the EW symmetry linearly, the coupling can be modified by dimension six operators
[9], an example of which is,

1

Λ2

(

Q̄3DµH
)

γµ
(

H†Q3

)

, (3)

where the parentheses denote contractions of SU(2) indices and Λ represents the scale of new
physics effects. Clearly, replacing the Higgs by its vacuum expectation value reduces Eq. (3) to
terms including Eq. (2) with gWtb ∼ v2/Λ2. In our analysis, we focus on the lowest order (dimension
4) effects of Eq. (2). These are likely to be the first effects manifest in precision measurements.
It is worth noting that as one sees from the generic operator above, most models will also modify
other properties of the top quark, including its couplings to the Z boson and the Higgs. In such
cases, a precise measurement of W -t-b can be combined with other measurements to help unravel
the nature of the underlying UV physics. For simplicity, we restrict ourselves to modifications of
the left-chiral interaction, though right-chiral modifications are straight-forward to include in our
analysis.

Since top decays are ineffectual in measuring the W -t-b interaction strength, one should use
electroweak production processes whose rates are directly proportional to the coupling. Single top
production at the Tevatron and LHC will fill this role. Discovery at the Tevatron seems likely by the
end of its lifetime, and observation seems certain at the LHC. The uncertainties in rate at the LHC
will be entirely dominated by systematics, and it is expected that a measurement of δVtb ∼ 10% is
possible [10]. Given the SM prediction inferred from unitarity at the better than percent level, it
is important to consider other processes from which information about W -t-b can be extracted. In
particular, the International Linear Collider (ILC) represents a clean environment and is expected
to achieve energies on the order of 500 GeV. It is an ideal place to learn about the top quark.

However, unlike many other top measurements, a direct test of the W -t-b coupling is challenging
at a ∼ 500 GeV e+e− collider. A scan over the tt̄ threshold region is expected to yield precise mea-
surements of many top parameters in the SM, including the top mass, width, and Yukawa coupling
(see [11, 12] for projections), while above-threshold measurements may constrain anomalous, non-
SM Lorentz structures [13]. Nevertheless, only an indirect measurement of the left-handed W -t-b
coupling is offered from the tt̄ threshold region, by inferring its value from the SM relation and a
precise value of the top width. If, for example, there is a small non-standard decay mode of top, it
will alter the width and distort the inferred coupling. For example, if there is a small non-standard
decay mode, the top’s total width becomes,
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(
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t√
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t
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1 + 2
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+ Γnew, (4)

where Γnew represents some non-standard decay mode and we have neglected corrections of order
(mb/mt)2. It may be that this new decay mode can be observed in its own right, but if it is small or
difficult to detect, it may be over-looked. In that case, the measurement of gWtb is actually distorted
by the presence of the new physics itself.

Thus, it would be more desirable to have a direct measurement of W -t-b, by making use of a
process which is directly proportional to it. Close to the tt̄ threshold, sensitivity to the coupling is
quite weak, because the rate is essentially the tt̄ production cross section times the branching ratios
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Figure 4: Curve corresponding to the region of the plane of gWtb and Γt which is degenerate with
the SM event rate and its 1σ and 2σ deviations as the solid bands. Also overlaid is an expected
measurement of Γt from the on-shell threshold scan with an uncertainty of 100 MeV as the cross-
hatched bands.

and Γt independently. Alternately, one can go to lower energies where the sensitivity to Γt is less,
though at the price of the loss of some statistics. We have made the conservative assumption that
Γt will be known to order ±100 MeV from the above threshold scan [12]. From Figure 4, we see that
given this assumption, gWtb can be measured to the 3% level, which would represent better than a
factor of 2 improvement compared to the LHC, and a major improvement in our understanding of
the W -t-b interaction.

4 Conclusions

The mass of the top quark is a strong indication that the top may play a fundamental role in the
mechanics behind EWSB, or, if not, magnify the effects of any new physics through the lens of the
large top Yukawa. If this new physics is sufficiently decoupled, shifts in the SM-like top couplings
may be the only evidence left behind; it is no surprise that measuring the properties of the top
quark will remain a collider focus for the next few decades.

Although single top production is usually ignored in e+e− collisions, a measurement of gWtb is
not out of reach at the ILC. A significant amount of leverage is, counter-intuitively, provided by
tt̄ production below threshold. The results of our analysis are shown in Figure 5: we compute a
1σ error in the W -t-b coupling of order a few percent. This constraint is on par with the indirect

7
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Hadro-production
• At a hadron collider, we must reconcile the fact that what we have control over 

theoretically are scatterings of quarks and gluons (partons), but what we collide 
experimentally are hadrons.

• The parton distribution functions (PDFs) are the bridge between hadronic initial states 
and partonic reactions.

• Consider production of some final state F from initial hadrons H1 and H2:

• The non-perturbative physics is contained in the functions f.  These also contain all 
possible collinear emission of partons, resumming large logs to improve perturbation 
theory.

• The factorization theorem implies that these functions are universal.  So once we 
measure them in some process, we can compute any other process.  (Higher order 
corrections in Λ2 / Q2 are usually tiny for processes involving top which have Q ~ mt).

• Because they have resummed an infinite number of soft or collinear emissions, the cross 
sections derived from them are necessarily inclusive quantities. 



Slac Summer Institute, 7/24/06 Tim Tait 28

PDFs

LHC
Tevatron
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t t  Production
• At a hadron collider, the largest 

production mechanism is pairs of top 
quarks through the strong interaction.

• (Production through a virtual Z boson 
is much smaller).

• At leading order, there are gluon-gluon 
and quark-anti-quark initial states.

• At Tevatron, qq dominates (~85%).
• At LHC, gg is much more important.
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t t  Production Rates
• An impressive array of cross section 

measurements are performed across 
many top decay channels.

• Measurements help to test & tune the 
variety of cutting edge QCD predictions 
on the market.
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New tt Resonances?
• A neutral boson can contribute to 

tt production in the s-channel.
• Many theories predict such exotic 

bosons with preferential coupling 
to top:

– TC2, Top Seesaw: top gluons

– TC2, Topflavor: Z’

• Search strategy:  resonance in tt.
• Tevatron: up to ~ 850 GeV

Future EW Physics at the Tevatron, TeV-2000 Study Group

Hill PLB345,483 (1995)
Dobrescu, Hill PRL81, 2634 (1998)

Hill PLB345,483 (1995)
Chivukula, Simmons, Terning PRD53, 5258 (1996)
Nandi, Muller PLB383, 345 (1996) 
Malkawi, Tait, Yuan PLB385, 304 (1996) 
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Single Top Production
• Top’s EW interaction.

– Three modes:
• T-channel: q b     q’ t
• S-channel: q q’     t b
• Associated:  g b     t W-

• Coming soon to Run II!

σ Tevatron
Run I

Tevatron
Run II

LHC

σt (NLO) 1.45±0.08 pb 1.98±0.13 pb 247±12 pb

σs (NLO) 0.75±0.07 pb 0.88±0.09 pb 10.7±0.9 pb

σtW (LL) 0.06±0.01 pb 0.09±0.02 pb 56±8 pb

Total 2.26±0.11 pb 2.95±0.16 pb 314±15 pb

Harris, Laenen, Phaf, Sullivan, Weinzierl, PRD 66 (02) 054024
Tait, PRD 61 (00) 034001; Belyaev, Boos, PRD 63 (01) 034012

Run II Limits

< 6.4 pb

< 5.0 pb

DØ hep-ex/0505063
CDF PRD71, 012005 (2005)

Now in MCFM!
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s- Versus t-Channels
• s-channel Mode

– Smaller rate
– Extra b quark final state
–  σs α |Vtb|2

– Polarized along beam axis at 
Tevatron.

• Sensitive to resonances
– Possibility of on-shell 

production.
– Need final state b tag to 

discriminate from background.

• t-channel Mode
– Dominant rate
– Forward jet in final state
–  σt α |Vtb|2

– Polarized along spectator jet 
axis.

• Sensitive to FCNCs
– New production modes.
– t-channel exchange of heavy 

states always suppressed.

Mahlon, Parke PLB476 323 (2000); PRD55 7249 (1997)
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σs-σt Plane

Run 
II

LHC

Since they are sensitive to different
physics and have different, final 
states, σs and σt should be 
measured independently! 

Tait, Yuan PRD63, 014018 (2001)

Theory + Stat errors only!

Modified  V-t-s
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Outlook
• Top and EW bosons are unique as a laboratory for EWSB and fermion 

masses.  The Tevatron is currently the only place in the world which 
can study them at high energies, but LHC and ILC will soon provide 
information too.

• Measurements of mt and mW at Tevatron are essential for the EW fit, 
and our understanding of the SM.

• Ultimately, we would like to confirm the SM picture for EWSB, but most 
people believe that we are likely to find something more interesting and 
more profound.

• Deviations in the SM expectations can be parameterized by higher 
dimension operators.  Their form reflects the nature of the high energy 
physics which produced them.

• Many rare processes are being now probed for the first time, including 
di-boson production, high energy t tbar, and single top.

• There is a lot of exciting top and EW physics coming up, and I look 
forward to seeing it!
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• Flavor Physics:

–  

–  

Top & EW in the SM
• EW Fit:

Precision inputs from the top & EW sectors for precise SM predictions.

Buchalla, Buras, Lautenbacher  RMP68,1125 (1996)

b
t

s

W

Z

Wi.e.:
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The Basic Process
• Electrons and positrons are 

collided together to produce a Z 
boson (close to) on resonance.

• The rate of production (into visible 
decay modes), and its energy 
dependence, provide information:

–  MZ, the Mass.

–  ΓZ, the total decay width.

–  σ0, the hadronic cross section.

hep-ex/0101027
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tt Resonances
• A neutral boson can contribute to 

tt production in the s-channel.
• Many theories predict such exotic 

bosons with preferential coupling 
to top:

– TC2, Top Seesaw: top gluons

– TC2, Topflavor: Z’

• Search strategy:  resonance in tt.
• Tevatron: up to ~ 850 GeV.
• LHC: up to ~ 4.5 TeV.

Future EW Physics at the Tevatron, TeV-2000 Study Group 

Hill PLB345,483 (1995)
Dobrescu, Hill PRL81, 2634 (1998)

Hill PLB345,483 (1995)
Chivukula, Simmons, Terning PRD53, 5258 (1996)
Nandi, Muller PLB383, 345 (1996) 
Malkawi, Tait, Yuan PLB385, 304 (1996) 
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Top Yukawa Coupling

Maltoni, Rainwater, Willenbrock, PRD66, 034022 
(2002)

• SM prediction for the t coupling to the Higgs:
• We’d like to directly verify the relation to roughly the 

same precision as mt itself: a few %.
– Higgs radiated from tt pair is probably the best bet.

• LHC: yt to about 10-15% for mh < 200 GeV.

NLO: Dawson, Jackson, Orr, Reina, Wackeroth, PRD 68, 034022 (2003)
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Tait, Yuan PRD63, 014018 (2001)

SM like
No W coupling
No t coupling
yt = -1 x yt

SM

Single Top + Higgs
• Very small in the SM 

because of an efficient 
cancellation between two 
Feynman graphs.

• Thus, a sensitive probe 
of new physics.

• Observable at LHC?
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• Charged Higgs H+, Top-pion π+

• RH coupling!

Charged Resonance
• Topflavor: W’      t b

Sullivan hep-ph/0306266

He, Yuan PRL83,28 (1999) 

Simmons, PRD55, 5494 (1997)


