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We study the effects of dimension-six operators contributing to thegt t̄ vertex in top quark pair production
at the Fermilab Tevatron collider. We derive both the limits from run 1 data and the potential bounds from
future runs~runs 2 and 3!. Although the current constraints are not very strong, the future runs are quite
effective in probing these operators. We investigate the possibility of disentangling different operators with the

t t̄ invariant mass distribution and the top quark polarization asymmetry. We also study the effects of a

different set of operators contributing to single top quark production via theWtb̄ coupling. We derive the
current and potential future bounds on these anomalous operators and find that the upgraded Fermilab Tevatron
collider can improve the existing constraints fromRb for one of the operators.@S0556-2821~98!07121-5#

PACS number~s!: 14.65.Ha

I. INTRODUCTION

The phenomenological success of the standard model
~SM! has significantly limited the possibility of new physics.
However, some unanswered fundamental questions suggest
that the SM will be augmented by new physics at higher
energy scales. As the most massive fermion in the SM, the
top quark is naturally regarded to be more sensitive to new
physics than lighter fermions. Therefore, precision measure-
ments of top quark properties offer one of the best possibili-
ties to obtain information on new physics.

The measurements of top quark properties in run 1 at the
Fermilab Tevatron have only small statistics. There is plenty
of room for new physics to be discovered in similar measure-
ments taken with higher luminosities. Such possibilities exist
in the near future: Runs 2 and 3 of the Fermilab Tevatron
collider should significantly improve the precision of the
measurements of top quark properties@1#, and provide better
insight into new physics at higher energy scales.

There are numerous speculations on the possible forms of
new physics. The fact that no single clear signal for deviation
from the SM has been observed in any experiment strongly
suggests that the new physics effects not too far above the
electroweak scale should preserve the SM structure and at
most modify it delicately. This suggests that any new par-
ticles which may exist will be too heavy to be produced at
current, and quite possibly, near-future colliders, and thus the
only observable effects of new physics at energies not too far
above the SM energy scale could be in the form of anoma-
lous interactions which will slightly affect the couplings of
the SM particles. This reasoning leads to the effective La-
grangian approach in describing new physics effects. For the
description of new physics in the top quark sector, there are

two effective Lagrangian approaches, which are formulated
in terms of nonlinear@2# and linear realizations@3–7# of the
electroweak symmetry, corresponding to the situations with-
out and with a light Higgs boson, respectively. In this article,
we choose the linear realization and parametrize the new
physics effects in the top quark sector by dimension-six op-
erators which are invariant under SU(3)c3SU(2)L
3U(1)Y . We will focus on theCP-conserving operators

contributing to the anomalousgt t̄ or Wtb̄ coupling which
can be directly probed at the upgraded Fermilab Tevatron
collider through top pair and single top production, respec-
tively.

The operators we consider describe the anomalous cou-
plings of top quark with gauge and/or Higgs bosons and do
not include top quark four-fermion (qq̄t t̄ ) contact terms,
which have been investigated at the Fermilab Tevatron col-
lider by Hill and Parke@8#. There have also been analyses of
the phenomenology of an anomalous chromomagnetic dipole
momentgt t̄ coupling at the Fermilab Tevatron collider@9#.
The operators considered in this paper will also induce such
an anomalous chromomagnetic dipole moment coupling for
gt t̄, but at the same time give rise to other kinds of anoma-
lous couplings via operators that obey the SM symmetries.
Some of the operators contributing to theWtb̄ coupling also
induce an anomalousZbb̄ coupling. Their effects on single
top production cross section at the Fermilab Tevatron col-
lider were evaluated in Refs.@6# and @10#, with constraints
derived from the earlier, less accurate data onRb5G(Z
→bb̄)/G(Z→hadrons). Our systematical analyses in this
paper also include these operators, but with a more complete
calculation by considering all possible backgrounds and by
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deriving the potential limits from the upgraded Fermilab
Tevatron collider. We find that the operators which contrib-
ute to theZbb̄ coupling are strongly constrained and can no
longer give rise to observable effects at the upgraded Fermi-
lab Tevatron collider due to the good agreement ofRb with
the SM value.

This paper is organized as follows. In Sec. II, we list the
relevant dimension-six operators. In Sec. III we study the
contribution of those operators to thegt t̄ coupling and their
effect on top pair production. We derive the limits on the
coupling strengths set by run 1 and determine the limits
which could be set by runs 2 and 3 if no new physics effects
are observed. In Sec. IV, we present two methods to disen-
tangle the effects between different operators contributing to
the gt t̄ coupling. One is studying thet t̄ invariant mass dis-
tribution of the cross section, the other is measuring the
asymmetry between left- and right-handed top events in top
pair production. In Sec. V we evaluate the effects of those
operators contributing to theWtb̄ coupling in single top pro-
duction and derive the bounds which could be set by Runs 2
and 3. Finally, Sec. VI is devoted to conclusions.

II. LIST OF THE RELEVANT OPERATORS

We assume here that the new physics in the quark sector
only resides in the interaction of the third family to gauge
bosons and/or Higgs boson. The effective Lagrangian includ-
ing the new physics effects can be written as@3#

Leff5L01
1

L2(i
CiOi1OS 1

L4D , ~2.1!

whereL0 is the SM Lagrangian,L is the new physics scale,
Oi are dimension-six operators which are SU(3)c3SU(2)L
3U(1)Y invariant, andCi are coupling constants which rep-
resent the strengths ofOi . Recently, the effective operators
involving the third-family quarks were reclassified in Refs.
@4–6# for the CP-conserving ones and in Ref.@7# for
CP-violating ones. There are ten dimension-six
CP-conserving operators which contribute to thegt t̄ or Wtb̄
coupling:

OtG5@ t̄ RgmTADntR1DntRgmTAtR#Gmn
A , ~2.2a!

OqG5@ q̄LgmTADnqL1DnqLgmTAqL#Gmn
A ,

~2.2b!

OtGF5@~ q̄LsmnTAtR!F̃1F̃†~ t̄ RsmnTAqL!#Gmn
A ,

~2.2c!

OqW5@ q̄Lgmt IDnqL1DnqLgmt IqL#Wmn
I ,

~2.2d!

OFq
~3!5 i @F†t IDmF2~DmF!†t IF#q̄Lgmt IqL ,

~2.2e!

ODb5~ q̄LDmbR!DmF1~DmF!†~DmbRqL!,
~2.2f!

ObWF5@~ q̄Lsmnt IbR!F1F†~ b̄Rsmnt IqL!#WI ,
~2.2g!

Ot35 i @~F̃†DmF!~ t̄ RgmbR!2~DmF!†F̃~ b̄RgmtR!#,
~2.2h!

ODt5~ q̄LDmtR!DmF̃1~DmF̃!†~DmtRqL!,
~2.2i!

OtWF5@~ q̄Lsmnt I tR!F̃1F̃†~ t̄ Rsmnt IqL!#Wmn
I ,

~2.2j!

where qL5(tL ,bL) denotes the third family left-handed
quark doublet,F and F̃ are the Higgs field and its charge
conjugateF̃5 i t2F* , Wmn andBmn are the SU~2! and U~1!
gauge boson field tensors, respectively, in the appropriate
matrix forms,Dm denotes the appropriate covariant deriva-
tives, andTA5lA/2 with lA (A51, . . . ,8) denoting the
Gell-Mann matrices.

After electroweak symmetry breaking, the first three op-
eratorsOtG , OqG , and OtGF will induce anomalousgt t̄
couplings which are given by

Lgt t̄5
CtG

L2
@ t̄gmPRTA]nt1]n t̄gmPRTAt#Gmn

A

1
CqG

L2
@ t̄gmPLTA]nt1]n t̄gmPLTAt#Gmn

A

1
CtGF v

A2L2
~ t̄smnTAt !Gmn

A , ~2.3!

wherev5(A2GF)21/2 is the SM Higgs vacuum expectation
value. Other operators will give rise to anomalousWtb̄ cou-
plings which are given by

LWtb̄5
CqW

A2L2
Wmn

1 ~ t̄gmPL]nb1]n t̄gmPLb!

1
CFq

~3! g2v2

A2L2
Wm

1~ t̄gmPLb!2
CDb g2v

2L2
Wm

1~ i t̄ PR]mb!

1
CbWF v

2L2
Wmn

1 ~ t̄smnPRb!1
Ct3 g2v2

2A2L2
Wm

1~ t̄gmPRb!

1
CDt g2v2

2L2
Wm

1~ i ]m t̄ !PLb

1
CtWF v

2L2
Wmn

1 ~ t̄smnPLb!, ~2.4!

whereg2 is the weak SU~2! gauge coupling. Note that the
operatorsOqW , OFq

(3) , ODb , andObWF also induceZbb̄ cou-
plings
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LZbb̄5
CqWcW

2L2
Zmn~ b̄gmPL]nb1]nb̄gmPLb!

1
CFq

~3! vmZ

L2
Zm~ b̄gmPLb!

1
CDb mZ

2A2L2
Zm@ i ~]mb̄b2b̄]mb!2 i ]m~ b̄g5b!#

1
CbWF cWv

2A2L2
Zmn~ b̄smnb!, ~2.5!

wherecW[cosuW, and thus will be subject to a constraint
from Rb measurements.

III. TOP PAIR TOTAL CROSS SECTION

The number of top pair events produced at the Fermilab
Tevatron collider will be different from the SM prediction if
new physics exists in the top sector. Since the standard
model cross section for top pair production is known, here
we only need to evaluate the new physics contribution to the
total cross section.1 We can predict the number of recon-
structed top pair events in the various decay channels~dilep-
ton, single lepton plus jets, etc.! at the upgraded Fermilab
Tevatron collider@1# by extrapolating from the run 1 results.
We will calculate the new physics contribution to the cross
section and derive bounds on the coupling strengths of the
anomalous operators. For illustration, we will only present
the bounds at the 2s level.

A. Anomalous contribution to top pair
production cross section

The dominant mechanisms of top quark pair production at
hadron colliders are the QCD processes of quark-antiquark
annihilation and gluon-gluon fusion. At the Fermilab Teva-
tron collider, the quark-antiquark annihilation process is
dominant formt5175 GeV. In the SM, several groups@11–

13# have calculated the cross section to the next-to-leading
order by summing over soft gluons up to leading logarithms.
More recently, soft-gluon resummation at the next-to-leading
logarithmic level has also been performed@14#.

We calculate the new physics contribution to the quark-
antiquark annihilation process and neglect its effect in the
gluon-gluon fusion process since its contribution to the cross
section is small at the Fermilab Tevatron collider. For the
on-shellt and t̄ , we obtain the effectivegt t̄ coupling arising
from the dimension-six operators

Ggt t̄
mA

5TAFgmFV1S gmg52
2mt

k2 kmg5DFA

1
1

2mt
~pt̄2pt!

mFM G , ~3.1!

wherept andpt̄ are the momenta of the outgoing top quark
and antiquark, respectively, andk5pt̄1pt is the momentum
of the vector boson. The form factors are derived from the
contributions of the new physics operators

FV~k2!52
k2

2 FCtG

L2
1

CqG

L2 G12A2vmt

CtGF

L2
, ~3.2a!

FA~k2!52
k2

2 FCtG

L2
2

CqG

L2 G , ~3.2b!

FM~k2!52A2vmt

CtGF

L2
. ~3.2c!

The pseudoscalar coupling proportional tokmg5 is related to
the axial vector coupling by current conservation. It gives
negligible contribution ~proportional to the initial quark
mass! to the process.

The new physics contribution to the parton-level cross
section forqq̄→t t̄ to order 1/L2 is found to be

Dŝnew~ ŝ!5
2asgsb̂

27ŝ
@FV~ ŝ!~32b̂2!1FM~ ŝ!b̂2#,

~3.3!

whereŝ is the center-of-mass energy squared for the parton-
level process andb̂5(124mt

2/ ŝ)1/2. Notice that the axial

1We assume that the new physics only affects the SM top quark
couplings and that there is no exotic decay mode for top quark.

Therefore the branching fractions of various final states int t̄ pro-
duction are about the same as in the SM.

TABLE I. Expected numbers of events and statistical errors for top pair production at runs 2 and 3. The
combined statistical error is derived from thel l and l 3 j /b channels.

Run 2 Run 3
Mode Efficiency Purity No. events Statistical No. events Statistical

~%! S:B ~with bkgd! error ~%! ~with bkgd! error ~%!

l l 1.2 5:1 200 8.5 3000 2.2
l 3 j /b 8.6 3:1 1600 3.3 24000 0.9
l 4 j /2b 3.8 12:1 570 4.5 8600 1.2
Total 3.1 0.8
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vector coupling does not contribute to the total cross section.
We will discuss in Sec. IV how to measure this coupling.

The new physics contribution to the total hadronic cross
section for top quark pair production is obtained by

Ds t t̄
new

5(
q
E

t0

1

dt
dLqq̄

dt
Dŝnew~ ŝ5st!, ~3.4!

where s is the pp̄ center-of-mass energy squared,ŝ the
center-of-mass energy squared for the parton subprocess, and
t054mt

2/s. The quantitydLqq̄ /dt is the parton luminosity
defined by

dLqq̄

dt
5E

t

1dx1

x1
@ f q

p~x1 ,m! f q̄
p̄
~t/x1 ,m!1~q↔q̄!#,

~3.5!

wheref q
p denotes the quark distribution function in a proton.

In our numerical calculation, we use the CTEQ3L parton

distribution functions @15# with m5Aŝ. For mt

5175 GeV, we obtain the new physics contribution to order
1/L2 to the total hadronic cross section in units of pb:

Ds t t̄
new

5H @20.61~CtG1CqG!10.81CtGF# ~L/TeV!22 at As51.8 TeV,

@20.85~CtG1CqG!11.09CtGF# ~L/TeV!22 at As52 TeV.
~3.6!

B. Current bounds from run 1

Current bounds for the coupling strength of the operators
can be derived from the available data on the cross section at
run 1 of the Fermilab Tevatron collider. The production
cross section measured by the Collider Detector at Fermilab
collaboration with an integrated luminosity of 110 pb21 is
@16# s57.621.5

11.8 pb for mt5175 GeV, which combines
dilepton, lepton1 jets and all-hadronic channels. The D0
collaboration gives @17,18# s55.961.7 pb for mt
5172 GeV. We use the~unofficial! combined result@18# of

s t t̄
exp

56.761.3 pb. ~3.7!

For the theoretical cross section in the SM, we adopt the
most complete result currently available@14#, which includes
soft-gluon summation up to the next-to-leading logarithmic
order:

s t t̄
SM

55.06
10.13
20.36pb ~3.8!

for mt5175 GeV atAs51.8 TeV. To make a comparison
of the measured and standard model cross section, we have
to take into account the present uncertainty of the top quark
mass@19,20,18# which affects both the experimental and the-
oretical cross sections. Shiftingmt by 65 GeV changes the
SM cross section by about615%. The measured cross sec-
tion also changes withmt in the same direction but the de-
pendence is weaker. The net effect is about 10% uncertainty
in the difference of the two cross sections.

Combining all these uncertainties, the possible new phys-
ics contribution to the cross section is found to be

Ds t t̄
new

5sexp2sSM51.661.4 pb, ~3.9!

which gives a 2s bound on the coupling strengths forL
51 TeV

27.2,CtG1CqG21.33CtGF,2.0. ~3.10!

If one of the dimension-six operators gives the dominant new
physics contribution, we find

27.2,CtG ,CqG,2.0, ~3.11!

21.5,CtGF,5.4. ~3.12!

We can see that the current bounds from run 1 are not very
strong. If one defines the new physics scaleL such that the
magnitude of the coupling strengths are 1, then run 1 has
excluded the existence of new physics below 400–800 GeV.

C. Expectations for runs 2 and 3

To determine the size of the couplings that can be probed
in the upgraded Fermilab Tevatron collider, we must esti-
mate the number of top events produced. In our analysis,
runs 2 and 3 are defined as an integrated luminosity of 2 and
30 fb21 at As52 TeV. We use the SM cross section fort t̄
production of 7.0 pb atAs52 TeV. At run 2 ~run 3!, the
total number of the producedt t̄ pairs is thus about 104 (2
3105). A detailed analysis of the detection efficiencies and
signal purity for the three modes, the dilepton (l l ), lepton
plus >3 jets with oneb tag (l 3 j /b), and lepton plus>4
jets with twob tags (l 4 j /2b) can be found in Ref.@1#. They
are shown in Table I.

In extracting the new physics contribution, various sys-
tematic uncertainties have to be taken into account besides
the experimental systematic error. The present uncertainty in
the theoreticalt t̄ cross section in the standard model is at the
5% level@14#. Additional error coming from the present er-
ror on mt will be much reduced with the expected more
precise determination ofmt ~2.8 and 0.8 GeV are quoted for
runs 2 and 3@1#!. We use the total systematic error of
5% and 1% for illustration. We also assume the same de-
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tection efficiencies as the SM events for the new physics
contribution.

Assuming no signal of new physics, the expected 2s
bound on the coupling strength of the operators are obtained
as shown in Table II; bounds are listed for systematic uncer-
tainties of both 5% and 1%. A large improvement in the
systematic error does not lead to a corresponding decrease in
the bound at run 2 because much of the error there still
comes from the statistical uncertainty. At run 3 the error is
dominated by the systematic uncertainty and the bound
would be substantially smaller if the systematic uncertainty
could be reduced to 1%. ForCtG5CqG5CtGF51, these
bounds correspond to the new physics scaleL between 1 and
2.5 TeV. Although run 2 can improve the bounds from those
at run 1, one needs a better understanding of the theoretical
uncertainty for further significant improvement of the bound
at run 3.

IV. DISENTANGLING DIFFERENT OPERATORS

In the preceding section we assumed the existence of one
operator at a time and derived the bound for each operator
from the event-number counting experiments at the future
runs of the Fermilab Tevatron collider. But the counting ex-

periments cannot distinguish the effects of different opera-
tors. If the operators coexist, their effects have to be disen-
tangled by analyzing additional measurable quantities. Here
we present two methods to distinguish the effects of different
operators contributing to thegt t̄ coupling; one is thet t̄ in-
variant mass distribution of the cross section, and the other is
the asymmetry between left- and right-handed top events in
top pair production.

A. t t̄ invariant mass distribution

The contribution ofOtG andOqG is energy dependent and
thus the behavior of the cross section versus the invariantt t̄
mass differs from that predicted by the SM. On the other
hand, the contribution ofOtGF is energy independent and
gives the sameM (t t̄ ) distribution as the SM. This provides a
method to distinguish the effects ofOtG and/or OqG from
that of OtGF .

The mass distribution is given by

ds

dMt t̄

[
d~sSM1Dsnew!

dMt t̄

5
2Mt t̄

s
~ ŝSM1Dŝnew!

dLqq̄

dt
~t5Mt t̄

2 /s!. ~4.1!

Figure 1 shows this distribution with and without the new
physics contribution. It can be seen that the presence of
OtGF only alters the magnitude of the cross section, leaving
the shape unchanged. The effectOtG is energy dependent
and is more prominent for largerMt t̄ , giving some distortion
in the invariant mass distribution. The result forOqG is the
same as that forOtG and is not shown.

TABLE II. Expected 2s bounds at runs 2 and 3 for the opera-
tors contributing top pair production. If the three operators coexist,
the limits for uCtGu, etc. should be reinterpreted to those for
uCtG1CqG21.28CtGFu.

Run 2 Run 3
Systematic error 5% 1% 5% 1%

uCtGu, uCqGu 0.97 0.53 0.82 0.21
uCtGFu 0.75 0.41 0.64 0.17

FIG. 1. Top pair invariant
mass distribution in the SM
~solid!, with contributions from
OtGF ~dashed! and with OtG

and/or OqG ~dotted and dash-
dotted!. The two curves for
OtG /OqG correspond to different
coupling strengths.
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In order to quantify the shape of the distribution, we de-
fine the ratio of the high-mass vs low-masst t̄ events as
follows:

R[
N~Mt t̄.M0!

N~Mt t̄,M0!
5

s~Mt t̄.M0!

s~Mt t̄,M0!
, ~4.2!

whereN(Mt t̄.M0) is the number of events forMt t̄.M0 ,
etc. The value ofM0 may be chosen to maximize sensitivity
to the new physics. The ratioR is found to be a function of
CtG1CqG . It thus provides independent information on new
physics not contained in the total cross section. In particular,
R will be the same as the SM prediction if onlyOtGF is
present.

Figure 2 shows the ratioR versus the coupling strength
with and without the presence ofOtG . We have usedM0
5600 GeV for illustration. We note that measuring this ra-
tio will not only distinguishOtG ~or OqG) from OtGF but
also determine the sign of the coupling constantCtG ~or
CqG).

B. Top polarization asymmetry

In Sec. III, we have evaluated the new physics contribu-
tion to the total top pair events summing over the spins oft

and t̄ . Measurement of top polarization can give independent
information for the new physics. In fact, the axial vector
couplingFA in Eq. ~3.1! contributes with the opposite sign to
left- and right-handed top quark cross sections, producing a
nonzero polarization asymmetry without changing the total
cross section.

Following Ref.@21#, we define the asymmetry as

A[
NR2NL

NR1NL
5

sR2sL

sR1sL
, ~4.3!

whereNR and NL are the number of right- and left-handed
top quarks, respectively. We do not require spin information
on the t̄ . The polarization may be measured2 through the
angular distributions@22# of the leptonic eventst→W1b
→l 1n l b(l 5e,m). In the SM this asymmetry is too small
to be observed at the Fermilab Tevatron collider, because
QCD is invariant under parity and charge conjugation, and
so the asymmetry arises only from the weak corrections@21#.
Hence the asymmetry is a good observable for probing new
physics.

The cross sections in Eq.~4.3! can be written assR

5sRL1sRR and sL5sLR1sLL , with sl1l2
[s(pp̄

→tl1
t̄ l2

1X). Herel1 andl2 indicate the helicity states for

t and t̄ , respectively. These are obtained by convoluting the
parton-level cross sectionŝ(qq̄→t t̄ ) with parton distribu-
tion functions as in Eq.~3.4!. The parton-level cross section
is expressed as

ŝl1l2
5ŝl1l2

SM 1Dŝl1l2

new , ~4.4!

whereŝl1l2

SM and Dŝl1l2

new are the SM and new physics con-

tribution, respectively. At tree level, these are given by

2AnomaloustbW couplings may change the decay angular distri-
bution. However, the three operators considered in this and the
previous sections do not produce such couplings.

FIG. 2. The ratioR with M0

5600 GeV as a function of
(CtG1CqG)/L2. The SM value is
indicated by the dashed line.
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ŝLL
SM5ŝRR

SM5
4pas

2b

27ŝ

2mt
2

ŝ
, ~4.5a!

ŝLR
SM5ŝRL

SM5
4pas

2b

27ŝ
, ~4.5b!

and

DŝLL
new5ŝRR

new5
1

gs
S 2FV1

b2ŝ

2mt
2

FM D ŝLL
SM, ~4.6a!

DŝLR
new5

2

gs
~FV2bFA!ŝLR

SM, ~4.6b!

DŝRL
new5

2

gs
~FV1bFA!ŝRL

SM. ~4.6c!

Here we see thatDŝLR
new differs from DŝRL

new due to the exis-
tence ofFA , which will cause the asymmetryA.

To order 1/L2, we can neglect the new physics contribu-
tion to the denominator in Eq.~4.3!. Again we use the

CTEQ3L parton distribution functions@15# with m5Aŝ. For
mt5175 GeV, we obtain the asymmetry

A520.098~CtG2CqG! ~L/TeV!22. ~4.7!

A cut on thet t̄ invariant massMt t̄.M0 enhances the asym-
metry but at the same time decreases the number oft t̄
events.

The expected number of reconstructedt t̄ events with top
decay in the channelt→W1b→l 1n l b(l 5e,m) may be
found in Table I, which implies the 1s sensitivity for the
asymmetry of;3% and;1% in magnitude at runs 2 and 3,
respectively. Under the present constraints Eq.~3.11!, the
operatorsCtG or CqG can produce an asymmetryA as large
as 30% assuming no cancellation between these two opera-
tors. Such a large asymmetry should be clearly observable in
future runs. If no asymmetry is observed, one can put bounds
on the operators

uCtG2CqGu

~L/TeV!2
<1.3 ~0.4! ~4.8!

for run 2 ~run 3!, which corresponds toA<4/AN (N is the
total number of events!. Although this bound is weaker than
that obtained in Sec. III, it can be regarded as independent
information because it does not depend on the coupling
strength ofOtGF .

Note that both of the observables in Secs. IV A and IV B
distinguish the effects ofOtG or OqG from that of OtGF .
Furthermore, the two methods are complementary in that the
ratio R in Eq. ~4.2! depends onCtG1CqG , while the asym-
metryA in Eq. ~4.3! is sensitive toCtG2CqG . Therefore,
separation of the effects of the three couplings is possible
using the measurements discussed in this and the previous
sections.

V. SINGLE TOP QUARK PRODUCTION

Now we examine the effects of the set of operators
~2.2d!–~2.2j! which contribute to single top production. At
the Fermilab Tevatron collider, this reaction occurs mainly
through thes-channelW* processq8q̄→tb̄ and theW-gluon
fusion process, which were studied extensively in the SM
@24# and some of its extensions@25#. Thes-channelW* pro-
cess, despite its relatively low cross section, is quite power-
ful for probing new physics because~i! the systematic error
in the theoretical calculation of its cross section is small~its
initial state effects can be measured in the similar Drell-Yan
processq8q̄→l n), ~ii ! it can be isolated from other single
top production processes at the upgraded Fermilab Tevatron
collider by requiring that both jets in the final state be tagged
asb jets @26#. The balance between statistics and systematics
for the W* process gives the result that its cross section can
be measured to about the same precision as that for full
single top cross section. So we choose thes-channelW*
process to probe the operators.3

Unlike the case of top pair production in which the effi-
ciency for top selection can be predicted by extrapolating
from run 1 experience, we will calculate the number of
single top signal and backgrounds by Monte Carlo simula-
tion. We will also take into account the fact that the top
quark is polarized in its production.

A. Signal and backgrounds

For both t and b being on-shell, the new physics contri-
bution to theWtb̄ vertex can be written as

GWtb̄
m

52
g2

A2
@gm~k1LPL1k1RPR!1pt

m~k2LPL1k2RPR!

1pb̄
m
~k3LPL1k3RPR!#, ~5.1!

wherePL,R[(17g5)/2 and the form factors from new phys-
ics are given by

k1L5
v2

L2FCtWF

A2mt

g2v
1CFq

~3!2CqW

k2

g2v2G , ~5.2a!

k1R5
v2

L2FCbWF

A2mt

g2v
1

Ct3

2 G , ~5.2b!

k2L5
v

L2F2CtWF

A2

g2
2

CDt

A2
1CqW

mt

g2vG ,

~5.2c!

k2R52
v

L2
CbWF

A2

g2
, ~5.2d!

3The anomalousWtb couplings may also be probed at the Fermi-
lab Tevatron collider in the top quark decayt→Wb with spin
analysis@23#.
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k3L5
v

L2FCtWF

A2

g2
1CqW

mt

g2vG , ~5.2e!

k3R5
v

L2FCDb

A2
1CbWF

A2

g2
G , ~5.2f!

wherek5pt1pb̄ .
The interference of the SM matrix element (MSM) with

the new physics contribution (Mnew) for the W* processu
1d̄→t1b̄ is given by @neglecting Kobayashi-Maskawa
~KM ! mixing#

(
spins

Re@MSM
† Mnew#5

g2
4

2~ ŝ2mW
2 !2

@2û~ û2mt
2!k1L

2mtt̂ û~k2L2k3L!# ~5.3!

for spin-summed matrix elements and

Re@MSM
† Mnew#

55
g2

4 t̂ û

2~ ŝ2mW
2 !2 F 2mt

2

ŝ2mt
2

k1L2mt~k2L2k3L!G
for ht51,

g2
4

~ ŝ2mW
2 !2

~ ŝû2

~ ŝ2mt
2!

k1L

for ht52,

~5.4!

for matrix elements with top quark helicityht56. Hereŝ is
the parton c.m. energy squared and

t̂5~pu2pt!
252

1

2
~ ŝ2mt

2!~12cosu* !, ~5.5a!

û5~pd2pt!
252

1

2
~ ŝ2mt

2!~11cosu* !,

~5.5b!

whereu* is the parton c.m. scattering angle. We have ne-
glected the bottom quark mass. With this approximation,
only one helicity of the quarks other than the top participate
in the process and the contribution ofk iR ( i 51, 2, 3!, and
hence that of the operatorsObWF , Ot3 , andODb , drops out.

For the W* process, we look for events witht→W1b
→l 1nb(l 5e,m) and thus the signature is an energetic
charged lepton, missingET , and doubleb-quark jets. We
assumed silicon vertex tagging of theb-quark jet with 50%
efficiency and the probability of 0.4% for a light quark jet to
be misidentified as ab jet. The potential SM backgrounds
are: ~B1! the sameW* process in the SM,~B2! the quark-
gluon fusion processqg→q8tb̄ whereq8 is misidentified as
a b jet, ~B3! processes involving ab quark in the initial state,
qb→tq8 and gb→tW, ~B4! t t̄→W2W1bb̄. ~B5! Wbb̄,
and ~B6! W j j .

Let us discuss the backgrounds in turn. Background pro-
cess ~B2! contains an extra light quark jet and can only
mimic our signal if the quark misses detection by going into
the beam pipe. In our calculation of theW-gluon fusion pro-
cess as a background, we imposeh(q8).3 and pT(q8)
,10 GeV for the light-quark jet. Theqb→tq8 background4

is greatly reduced by requiring doubleb tagging. The process
gb→tW can only imitate our signal if theW decays into two
jets, where one jet is missed by the detector and the other is
misidentified as ab quark, which should be negligible for the
misidentification rate assumed here. Background process
~B4! can mimic our signal if bothW’s decay leptonically and
one charged lepton is not detected, which we assumed to
occur if uh(l )u.3 andpT(l ),10 GeV. Since we required
two b jets to be present in the final state, the potentially large
background process~B5! from W j j is reduced to an insig-
nificant level. In order to reduce the backgroundsWbb̄ and
W j j , we required the reconstructed top quark massM (bW)
to lie within the mass rangeuM (bW)2mtu,30 GeV.

To simulate the detector acceptance, we made a series of
cuts on the transverse momentum (pT), the pseudorapidity
(h), and the separation in the azimuthal angle-
pseudorapidity plane@DR5A(Df)21(Dh)2# between a jet
and a lepton or between two jets. The cuts are chosen to be

pT
l , pT

b , pT
miss>20 GeV, ~5.6a!

uhbu, uh l u<2.5, ~5.6b!

DRj j , DRj l >0.5. ~5.6c!

To make the analyses more realistic, we simulate the detector
effects by assuming a Gaussian smearing from the energy of
the final-state particles, given by

DE/E5H 30%/AE% 1% for leptons,

80%/AE% 5% for hadrons, ~5.7!

where % indicates that the energy-dependent and indepen-
dent terms are added in quadrature andE is in GeV.

We have explicitly calculated backgrounds~B1! and~B2!,
and for the others used the analysis of Ref.@27#. After all
cuts, the number of background events at run 2~run 3! are
found to be 38~570!, 2 ~26!, 1 ~14!, 4 ~54!, 60 ~900!, and 1
~21!, respectively, for the six background processes de-
scribed above. Here we see that after the cuts the back-
grounds from processes~B2!, ~B3!, ~B4!, and ~B6! are

4There is a large uncertainty in the relative strengths of theqb and
qg contributions to the background since theb-quark parton distri-
bution is not a measured quantity, but is rather an entirely theoret-
ical construction. Since both theqb andqg contributions after all
cuts are a very small fraction of the total background, this uncer-
tainty will not affect our results.
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negligibly small. The number of total background events is 106~1590! for run 2 ~run 3!. After the cuts, the number of signal
events from new physics is found to be

S5H ~9CtWF15CFq
~3!211CqW10.3CDt!~L/TeV!22 at run 2,

~135CtWF169CFq
~3!2165CqW14.5CDt!@L/~TeV!#22 at run 3. ~5.8!

The effects ofODt are much smaller than those of the other
three operators since it does not contribute to the form factor
k1L , whose contribution is found to be much larger than
those of the other form factors.

B. Improvement of the bounds with runs 2 and 3

From the results of the preceeding subsection, we obtain
the bounds on the coupling strength of the operators from
run 2 ~run 3! if the new physics events are not observed at
the 2s level

uCqWu

~L/TeV!2
<2.1 ~0.50!, ~5.9a!

uCFq
~3!u

~L/TeV!2
<4.6 ~1.2!, ~5.9b!

uCtWFu

~L/TeV!2
<2.6 ~0.61!, ~5.9c!

uCDtu

~L/TeV!2
<77 ~18!, ~5.9d!

where we again assumed the simple situation that cancella-
tion among different operators does not take place.

As mentioned in Sec. II, the operatorsOqW , OFq
(3) , ODb ,

andObWF also affect theZbb̄ coupling and will be subject to
anRb constraint. The SM values ofRb and the latest experi-
mental data are@28#

Rb
SM50.2158, Rb

exp50.2170~9!. ~5.10!

With the new physics contribution described in Eq.~2.5!, Rb
is given by

Rb5Rb
SMF11

4sWcW

e

vmZ

L2 S CqW

cWmZ

2v
2CFq

~3! D
3

vb1ab

vb
21ab

2 ~12Rb
SM!G , ~5.11!

where we have neglected the bottom quark mass and thus the
contributions ofObWF and ODb , which are proportional to
mb /mZ , drop out. At the 2s level, we obtain the bounds for
the coupling strength by assuming that no cancellation be-
tweenOqW andOFq

(3) takes place

20.8,
CqW

~L/TeV!2
,0.2, ~5.12a!

20.03,
CFq

~3!

~L/TeV!2
,0.13. ~5.12b!

Since the dimension-six operators give a bad high-energy
behavior, there is an energy scale above which they cease to
be a valid description of new physics. Any process below the
new physics scaleL should not violate the unitarity limit.
For a givenL, this requirement can be translated to an upper
limit on the coupling strengthsC. These unitarity limits have
been worked out by Gounariset al. @5# in detail. ForODt and
OtWF , the strongest limits are obtained from two-bodyt t̄
scattering process. ForL51 TeV, they are given by

uCtWFu,13.5, ~5.13a!

uCDtu,10.4. ~5.13b!

The limit on CDt is independent ofL. That onCtWF be-
comes somewhat weaker for largerL.

Comparing Eqs.~5.9! with Eqs.~5.12! and~5.13!, we find
the following.

~1! For the operatorsOqW and OFq
(3) , future runs at the

Fermilab Tevatron collider cannot improve the current
bounds obtained fromRb , which place much stronger con-
straints on these operators. Hence their effects will not be
observable at the Fermilab Tevatron collider, even for a lu-
minosity of 100 fb21.

~2! The operatorOtWF , currently subject only to weak
bounds from unitarity, can be meaningfully probed at runs 2
and 3.

~3! The operatorODt cannot be probed at runs 2 and 3
much beyond the current bound from unitarity. For a higher
integrated luminosity of 100 fb21, we found that the bound
is CDt,9.8 which is only slightly stronger than its current
bound.

So we conclude that among the operators contributing to
the Wtb̄ coupling, only one operator (OtWF) can be mean-
ingfully probed at the future runs of the Fermilab Tevatron
collider.

VI. CONCLUSIONS

We have studied in the effective Lagrangian approach the
ability of future runs at the Fermilab Tevatron collider in
probing anomalous couplings of the top quark. We have
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listed and analyzed the possible dimension-six
CP-conserving operators involving the anomalousgt t̄ or
Wtb̄ couplings which could be generated by new physics at
a higher scale.

For the operators which give rise to an anomalousgt t̄
coupling, we evaluated their effects in top pair production
and derive the bounds both from run 1 and those expected
from future runs. We found that the current constraints from
run 1 are not very strong and that future runs can either
discover the effects of these operators or significantly im-
prove the current bounds. We also proposed two methods to
disentangle the effects between different operators contribut-
ing to thegt t̄ coupling: one is studying the energy distribu-
tion of the cross section and the other is measuring the asym-
metry between left- and right-handed top events in top pair
production.

For the operators which give rise to an anomalousWtb̄
coupling, we calculated their contribution to single top pro-
duction at the upgraded Fermilab Tevatron collider and de-
rived the bounds which could be obtained from runs 2 and 3.
We found that future runs of the Fermilab Tevatron collider
cannot effectively probe those operators which are currently
subject to a tight constraint fromRb . For the operators

which are not subject to theRb constraint and are only con-
strained by unitarity, future runs of the Fermilab Tevatron
collider can either discover the effects of or set stronger
bounds onOtWF , while the best bound onODt is still ob-
tained from the unitarity constraint for any new physics
scale.

In Table III we summarize the strongest upper bounds on
the operators under consideration that currently exist or can
be obtained in the future at the Fermilab Tevatron collider,
for L51 TeV. The current bounds are from our results us-
ing eitherRb or the run 1 data at the 2s level, except for
CtWF andCDt , where the best current bounds come from the
requirement of unitarity. We note that the current bounds on
CqW andCFq

(3) obtained fromRb are better than those that can
be obtained at run 3 at the Fermilab Tevatron collider.
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