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Probing anomalous top quark interactions at the Fermilab Tevatron collider
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We study the effects of dimension-six operators contributing tagtitevertex 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 B 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
tt 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 viaWib 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 frdp for one of the operator$§S0556-282198)07121-3

PACS numbegps): 14.65.Ha

[. INTRODUCTION two effective Lagrangian approaches, which are formulated
in terms of nonlineaf2] and linear realizationg3—7] of the
The phenomenological success of the standard modelectroweak symmetry, corresponding to the situations with-
(SM) has significantly limited the possibility of new physics. out and with a light Higgs boson, respectively. In this article,
However, some unanswered fundamental questions suggegé choose the linear realization and parametrize the new
that the SM will be augmented by new physics at higherphysics effects in the top quark sector by dimension-six op-
energy scales. As the most massive fermion in the SM, th@rators which are invariant under SU(R)SU(2),

top quark is naturally regarded to be more sensitive to new, U(1)y. We will focus on theCP-conserving operators

physics than lighter fermions. Therefore, precision measure- ' . oo to the anomaloustit or Wib counling which
ments of top quark properties offer one of the best possibili- fouting 5 upling whi
ties to obtain information on new physics can be directly probed at the upgraded Fermilab Tevatron

The measurements of top quark properties in run 1 at thgollider through top pair and single top production, respec-

Fermilab Tevatron have only small statistics. There is plentfVelY: _ _
of room for new physics to be discovered in similar measure- 1he operators we consider describe the anomalous cou-

ments taken with higher luminosities. Such possibilities exisP!ings of top quark with gauge and/or Higgs bosons and do
in the near future: Runs 2 and 3 of the Fermilab Tevatromot include top quark four-fermiongtt) contact terms,
collider should significantly improve the precision of the which have been investigated at the Fermilab Tevatron col-
measurements of top quark properiiég and provide better lider by Hill and Parkg8]. There have also been analyses of
insight into new physics at higher energy scales. the phenomenology of an anomalous chromomagnetic dipole
There are numerous speculations on the possible forms @homentgtt coupling at the Fermilab Tevatron collidg9].

new physics. The fact that no single clear signal for deviationThe operators considered in this paper will also induce such
from the SM has been observed in any experiment stronglgn anomalous chromomagnetic dipole moment coupling for

suggests that the new physics effects not too far above tr’@[f but at the same time give rise to other kinds of anoma-

electroweak scale should preserve the SM structure and s couplings via operators that obey the SM symmetries.

most modify it delicately. This suggests that any new par- I — .
ticles which may exist will be too heavy to be produced at_some of the operators contributing to #étb coupling also

current, and quite possibly, near-future colliders, and thus th#duce an anomalougbb coupling. Their effects on single
only observable effects of new physics at energies not too faeP Production cross section at the Fermilab Tevatron col-
above the SM energy scale could be in the form of anomalider were evaluated in Ref$6] and[10], with constraints
lous interactions which will slightly affect the couplings of derived from the earlier, less accurate data Rp=I'(Z

the SM particles. This reasoning leads to the effective La—bb)/I'(Z—hadrons). Our systematical analyses in this
grangian approach in describing new physics effects. For thpaper also include these operators, but with a more complete
description of new physics in the top quark sector, there arealculation by considering all possible backgrounds and by
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deriving the _potential .Iimits from the upgrade(_j Fermilab ObWtD:[(a_O'MVTIbR)(D+(I)T(HR0'MVTIqL)]WI’
Tevatron collider. We find that the operators which contrib- (2.29
ute to theZbb coupling are strongly constrained and can no
longer give rise to observable effects at the upgraded Fermi- Oua=i[(DD P)(tar bo)— (D . D) D (Davit
lab Tevatron collider due to the good agreemenRgfwith = IL(® D) (tRy*0e) ~ (D, ) (ke ?%JZh)
the SM value.

This paper is organized as follows. In Sec. I, we list the

=(a. s LD to
relevant dimension-six operators. In Sec. Il we study the Op1=(ALD ,tr) DA +(D#P) (D ,trqy).,

= 2.2
contribution of those operators to tig¢t coupling and their 22)
effect on top pair production. We derive the limits on the TSV PG S 4 P TP I
coupling strengths set by run 1 and determine the limits Owe =[(ALo™* TtR) P+ P (tre™ 7 qL) JW,,, 2.2)

which could be set by runs 2 and 3 if no new physics effects
are observed. In Sec. 1V, we present two methods to disen-

tangle the effects between different operators contributing t?)/vhere qu=(t,,b) denotes the third family left-handed

the gtt coupling. One is studying thi invariant mass dis- qua'rk dou~blet',<I> anQD are the Higgs field and its charge
tribution of the cross section, the other is measuring th&oniugateb=iz,®*, W,, andB,,, are the SW2) and U1)
asymmetry between left- and right-handed top events in to'gauge boson field tensors, respectwgly, in the_ approprlate
pair production. In Sec. V we evaluate the effects of thosd@lrix forms,D,, denotes the appropriate covariant deriva-

— i A_YA ; A _ .
operators contributing to thé/tb coupling in single top pro- tives, andT"=)\"/2 with A" (A=1,...,8) denoting the
duction and derive the bounds which could be set by Runs

?eII—Mann matrices.
and 3. Finally, Sec. VI is devoted to conclusions. After electroweak symmetry breaking, the first three op-

eratorsO,g, Ogyg, and Oige Will induce anomalousgtT
Il. LIST OF THE RELEVANT OPERATORS couplings which are given by

We assume here that the new physics in the quark sector G — A _ A
only resides in the interaction of the third family to gauge EgtFF[W”PRT I"t+ "ty PRT ]G,
bosons and/or Higgs boson. The effective Lagrangian includ-
ing the new physics effects can be written[d$ c.._ .
- —quG [ty“P TAPt+ 0" ty*P TAIGA,

: (2.1

1
Lei= Lo+ PZI C,0O;+0 P
Cieal — Lo oA
(te*" TG (2.3

+ f

where L, is the SM LagrangianA is the new physics scale, J2A2
O, are dimension-six operators which are SU{3BU(2),

X U(1)y invariant, andC; are coupling constants which rep- wherev = (1/2Gg) ~*2is the SM Higgs vacuum expectation
resent the strengths @; . Recently, the effective operators ygjye. Other operators will give rise to anomalisb cou-
involving the third-family quarks were reclassified in Refs. pjings which are given by

[4-6] for the CP-conserving ones and in Ref7] for

CP-violating ones. There are ten dimension-six c

CP-conserving operators which contribute to tht¢ or Wtb EWtEZLWZWZV(t v*P d"b+ 3"t y*P b)

coupling: V2A

J— _— C(3)g U2 o C g v _
Ow=[try*T D "tr+ D "ty T R]GY,, (2.29 4 2®a92Y o up - 2P0 92V s
B \/EAZ M( Y L ) 2A2 ,u( R )
Oge=[aLy*T"D"q +D"q ¥*TAq ]Gy, , c o d?
1% — 1 .
(2.2 4D\ T aarp )+~ W (TyeP )
_ e 202 M 2\2A2 " H
Oge=[(ALo*' TAtR)® + B (tra* TAq) ]Gy,
(2.29 C v? -
+—Dtii W (id“1)PLb
Ogqw=[aLy*7'D"q.+ DVQLY”Tl‘JL]Wle
(2.20 Cowa U o
o —— W, (to*"P_b), (2.9
Of=i[®'7'D,®~(D,®)' 7 I y*7qy , 2A
(2.2
whereg, is the weak S(2) gauge coupling. Note that the
Opp=(q.D,br) D*®+ (D*®)"(D ,bgqy), operatorOqy, OF), Opp, andOyye also induceZbb cou-
(2.2f)  plings

114003-2



PROBING ANOMALOUS TOP QUARK INTERACTIONS A . .. PHYSICAL REVIEW D 58 114003

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

Run 2 Run 3
Mode Efficiency Purity No. events Statistical No. events Statistical
(%) S:B (with bkgd error (%) (with bkgod error (%)
s 1.2 5:1 200 8.5 3000 2.2
/3jlb 8.6 31 1600 33 24000 0.9
/4jl2b 3.8 12:1 570 4.5 8600 1.2
Total 3.1 0.8

Cqnlw o o 13] have calculated the cross section to the next-to-leading
Lzpb=— 7 Zu(by*PLd"b+3"by*P_b) order by summing over soft gluons up to leading logarithms.
2A More recently, soft-gluon resummation at the next-to-leading

3) logarithmic level has also been performed}|.
C<I>q”mZZ (E P, b) We calculate the new physics contribution to the quark-
A2 wBYTL antiquark annihilation process and neglect its effect in the
gluon-gluon fusion process since its contribution to the cross
Cpp Mz section is small at the Fermilab Tevatron collider. For the

LT bh—h. —i h- — —
+ 2\/§A2 Z*i(9,bb=bd,b) =13, (bysb)] on-shellt andt, we obtain the effectivgtt coupling arising
from the dimension-six operators
Cowa Cwv —
——F—F2Z,,(bo*"b), (2.5 2m,
2\24%2 " TAS=TA YRyt |y ys— w2 s Fa
where cyy=cosfy, and thus will be subject to a constraint 1
from R, measurements. + Z_mt(pt__ P Fum |, (3.9
lll. TOP PAIR TOTAL CROSS SECTION wherep; and p; are the momenta of the outgoing top quark

h ber of . duced h i and antiquark, respectively, afé p;=+ p; is the momentum
The num er of top pair events produced at t e.Ft_erm! alyt the vector boson. The form factors are derived from the
Tevatron collider will be different from the SM prediction if contributions of the new physics operators

new physics exists in the top sector. Since the standard

model cross section for top pair production is known, here 2

we only need to evaluate the new physics contribution to the Fy(k?)=— k_ C_tZG + C_qu +2\2v mtct_Gz‘D, (3.29
total cross sectioh.We can predict the number of recon- 2| A A< ] A
structed top pair events in the various decay chan(uiisp- ) )
ton, single lepton plus jets, efcat the upgraded Fermilab K’ Cgs C
. . 2y qG
Tevatron collidef1] by extrapolating from the run 1 results. Falk)=-= roat (3.2b

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 o Cico
the bounds at the @ level. Fu(k?)=2y2vm, A2 (3.20
A. Anomalous contribution to top pair The pseudoscalar coupling proportionaktpys is related to
production cross section the axial vector coupling by current conservation. It gives

The dominant mechanisms of top quark pair production apegligible contribution (proportional to the initial quark

hadron colliders are the QCD processes of quark-antiquarﬂ1as$ to the process. I

annihilation and gluon-gluon fusion. At the Fermilab Teva- The new_phyﬂcs contr|bu'[2|9n to the parton-level cross

tron collider, the quark-antiquark annihilation process isS€ction forqg—tt to order 1A is found to be

dominant fom,=175 GeV. In the SM, several groufkl— .
2a9sB

- [Fu(S)(3— B +Fu(s) 2],

we assume that the new physics only affects the SM top quark (3.3
couplings and that there is no exotic decay mode for top quark. .
Therefore the branching fractions of various final statestipro- ~ Wheres is the center-of-mass energy squared for the parton-

duction are about the same as in the SM. level process ang=(1—4m?/s)Y2 Notice that the axial

Ao™Y(s)=
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vector coupling does not contribute to the total cross section. dlLgq 1dx, o _
We will discuss in Sec. IV how to measure this coupling. W:f X_[fg(xbﬂ)fa(ﬂxbﬂ)"'(Q‘—’q)],

The new physics contribution to the total hadronic cross T 3.5
section for top quark pair production is obtained by '

d an

o= Z f dr Ao"™W(s=s7), (3.4)

Wherefg denotes the quark distribution function in a proton.
where s is the DE center-of-mass energy square&j,the In our numerical calculation, we use theACTEQ3L parton
center-of-mass energy squared for the parton subprocess, a@igtribution  functions [15] with p=vs For m
7-0=4mt2/s, The quantitydLqq/d7 is the parton luminosity = 175 GeV, we obtain the new physics contribution to order
defined by 1/A? to the total hadronic cross section in units of pb:

[—0.61(Cig+Cqe) +0.81C,e] (A/TEV) 2 at \/s=1.8 TeV,

Aa':t—ew= 5 (3.9
[—0.85Cig+Cqc)+1.0C ce] (A/TeV) "2 at s=2 TeV.
I
B. Current bounds from run 1 —7.2<Cys+ CqG_ 1.3, <2.0. (3.10

Current bounds for the coupling strength of the operators
can be derived from the available data on the cross section #tone of the dimension-six operators gives the dominant new
run 1 of the Fermilab Tevatron collider. The production physics contribution, we find
cross section measured by the Collider Detector at Fermilab

collaboration with an integrated luminosity of 110 phbis —7.2<Cs,Cy6<2.0, (3.11)
[16] 0=7.6"1% pb for m=175 GeV, which combines
dilepton, lepton+ jets and all-hadronic channels. The DO —1.5<Cigp<5.4. (3.12

collaboration gives [17,18 o¢=5.9+x1.7 pb for m;

=172 GeV. We use theunofficial) combined resulf18] of  We can see that the current bounds from run 1 are not very
e strong. If one defines the new physics scAlesuch that the
¢ —6.71.3 pb. 3.7 magnitude of the coupling strengths are 1, then run 1 has

excluded the existence of new physics below 400-800 GeV.
For the theoretical cross section in the SM, we adopt the

most complete result currently availalpled], which includes

- . . . C. Expectations for runs 2 and 3
soft-gluon summation up to the next-to-leading logarithmic P

order: To determine the size of the couplings that can be probed
in the upgraded Fermilab Tevatron collider, we must esti-

s +0.13 mate the number of top events produced. In our analysis,

o5 =0. 06 0.36PP (3.8 runs 2 and 3 are defined as an integrated luminosity of 2 and

30 fblatys=2 TeV.We use the SM cross section for
for m=175 GeV atys=1.8 TeV. To make a comparison production of 7.0 pb at/s=2 TeV. At run 2(run 3, the
of the measured and standard model cross section, we hawustal number of the producet pairs is thus about £0(2
to take into account the present uncertainty of the top quark 10°). A detailed analysis of the detection efficiencies and
masg 19,20,18 which affects both the experimental and the- signal purity for the three modes, the dileptofi/), lepton
oretical cross sections. Shifting; by =5 GeV changes the plus =3 jets with oneb tag (/3j/b), and lepton plus=4

SM cross section by about 15%. The measured cross sec- jets with twob tags ¢4j/2b) can be found in Ref.1]. They
tion also changes witim; in the same direction but the de- are shown in Table I.

pendence is weaker. The net effect is about 10% uncertainty |In extracting the new physics contribution, various sys-
in the difference of the two cross sections. tematic uncertainties have to be taken into account besides
Combining all these uncertainties, the possible new physthe experimental systematic error. The present uncertainty in
ics contribution to the cross section is found to be the theoreticatt cross section in the standard model is at the
new_ sM_ 5% level[14]. Additional error coming from the present er-
Ao =0%P—0>"=1.6+1.4 pb, (3.9  ror on m, will be much reduced with the expected more
precise determination of, (2.8 and 0.8 GeV are quoted for
which gives a 2 bound on the coupling strengths far  runs 2 and 3[1]). We use the total systematic error of
=1 TeV 5% and 1% for illustration. We also assume the same de-
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TABLE II. Expected Zr bounds at runs 2 and 3 for the opera- periments cannot distinguish the effects of different opera-
tors contributing top pair production. If the three operators coexisttors. If the operators coexist, their effects have to be disen-
the limits for [Cg|, etc. should be reinterpreted to those for tangled by analyzing additional measurable quantities. Here
|Cie+Cqe—1.28C cal- we present two methods to distinguish the effects of different

operators contributing to thgtTcoupIing; one is that in-

Systematic error S%Run 2 1% S%Run 3 1% variant mass distribution of the cross section, and the other_is
the asymmetry between left- and right-handed top events in

|Ctal, ICqel 0.97 0.53 0.82 0.21  top pair production.

|Cical 0.75 0.41 0.64 0.17

A. tt invariant mass distribution

tection efficiencies as the SM events for the new physics The contribution 0O andO, is energy dependent and

contribution. _ _ thus the behavior of the cross section versus the invartant
Assuming no signal of new physics, the expectedl 2 555 differs from that predicted by the SM. On the other

bound on the coupling strength of the operators are obtainegang, the contribution 0D, is energy independent and

as shown in Table IlI; bounds are listed for systematic uncer-. e . .
tainties of both 5% and 1%. A large imprgvement in thedives the sam#/1(tt) distribution as the SM. This provides a

. ; method to distinguish the effects @,; and/orO,g from
systematic error does not lead to a corresponding decrease. in t of O q
the bound at run 2 because much of the error there stiﬁ a h GO - distribution is ai b
comes from the statistical uncertainty. At run 3 the error is The mass distribution is given by
dominated by the systematic uncertainty and the bound do  d(oSM+ Aoy
would be substantially smaller if the systematic uncertainty =
could be reduced to 1%. FaEc=Cyc=Cice=1, these dMr dM¢
bounds correspond to the new physics scaleetween 1 and oM~ dL—
2.5 TeV. Although run 2 can improve the bounds from those = (GSMpAgrew — 99— Mmirs). (4.0)
at run 1, one needs a better understanding of the theoretical s dr t
uncertainty for further significant improvement of the bound

at run 3.

Figure 1 shows this distribution with and without the new
physics contribution. It can be seen that the presence of
O:ce Only alters the magnitude of the cross section, leaving

In the preceding section we assumed the existence of ortbe shape unchanged. The efféi; is energy dependent
operator at a time and derived the bound for each operat@nd is more prominent for largéf -, giving some distortion
from the event-number counting experiments at the futureén the invariant mass distribution. The result 0y is the
runs of the Fermilab Tevatron collider. But the counting ex-same as that fob;g and is not shown.

IV. DISENTANGLING DIFFERENT OPERATORS

102 3 B B B
~ SM . .
N (Cig+Cqg)/(A/TeV)*=1 1
10! g =7 (Cig+Coa)/(A/TeV)?=—1
— — - Cyee/(A/TeV)2=1 ]
% ]
4] 100 | - FIG. 1. Top pair invariant
= mass distribution in the SM
Nt ] (solid), with contributions from
zf? . Oigp (dashed and with Og
T 401 i and/or Oy (dotted and dash-
} E dotted. The two curves for
° . O16/0q4c correspond to different
. coupling strengths.
10-2 - =
. S
10—3 M N I PR S . ANV ‘\ i
200 400 600 800 1000 1200 1400
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12

10

3 6 - FIG. 2. The ratioR with M,
[+ [ ] =600 GeV as a function of
[ ] (Cig+Cqe)/ A% The SM value is
. [ ] indicated by the dashed line.
[ SM+New Physics ]
;- — — — —SM -
ob—
-2 -1 0 1 2
(Cig+Cqc)/ (A/TeV)?
In order to quantify the shape of the distribution, we de- Ng—N_, or—o_
fine the ratio of the high-mass vs low-masis events as A= Ng+ N, - orto’ 4.3
follows:

whereNg and N, are the number of right- and left-handed
N(Mi>Mg)  o(Mi>My) 2 top quzﬂks, respectively. We do not require spin information
— = — ' : on thet. The polarization may be measufettirough the
NMi=Mo)  o(Mi=Mo) angular distributiong22] of the leptonic eventd—W*b
—/*v,b(/=e,u). In the SM this asymmetry is too small
whereN(M;>M,) is the number of events favl;>M,, to be observed at the Fermilab Tevatron collider, because
etc. The value oM, may be chosen to maximize sensitivity QCD is invariant under parity and charge conjugation, and
to the new physics. The rati is found to be a function of SO the asymmetry arises only from the weak correctj@n$
CictCqyg. It thus provides independent information on new Hence the asymmetry is a good observable for probing new
physics not contained in the total cross section. In particulaPhysics. . _ .
R will be the same as the SM prediction if on®,gq is The cross sections in Eq4.3) can be written asog
present. =og.torr and o =o gto ., Wwih oA, = o(pp
Figure 2 shows the rati® versus the coupling strength
with and without the presence @,;. We have usedM it
=600 GeV for illustration. We note that measuring this ra-t andt, respectively. These are obtained by convoluting the
tio will not only distinguishO,s (or Ogyg) from O,ge but  parton-level cross sectio(qg—tt) with parton distribu-
also determine the sign of the coupling consténg (or  tion functions as in Eq(3.4). The parton-level cross section

R

—t, t_}\ +X). Herek; and\, indicate the helicity states for
1 "2

Cqo)- is expressed as
B. Top polarization asymmetry (Ar)\l)\2= (}f:")\zwL A&Qi‘{vz, (4.9
In Sec. lll, we have evaluated the new physics contribu-
tion to the total top pair events summing over the spinsg of here 4 SM g A Gnew the SM and hvsi
— o L ere an are the and new sics con-
andt. Measurement of top polarization can give |ndependen¥v TN, ThN, phy

information for the new physics. In fact, the axial vector fribution, respectively. At tree level, these are given by

couplingF 4 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 2AnomaloustbW couplings may change the decay angular distri-

cross section. bution. However, the three operators considered in this and the
Following Ref.[21], we define the asymmetry as previous sections do not produce such couplings.
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com s 47Ta§,82mt2 V. SINGLE TOP QUARK PRODUCTION
TLLTIRRT T T (4.53 Now we examine the effects of the set of operators
(2.20—(2.2)) which contribute to single top production. At
4malB the Fermilab Tevatron collider, this reaction occurs mainly
ooN=on)= 27§ , (4.5H  through thes-channeM* processy’q—tb and theW-gluon

fusion process, which were studied extensively in the SM
[24] and some of its extensiof@5]. Thes-channeW* pro-

and cess, despite its relatively low cross section, is quite power-

,32§ ful for probing new physics becausg the systematic error
AoTo=gPev= | 2F, + ~—Fu oM, (4.6a Inthe theoretical calculation of its cross section is sriitdl
s -
2m; initial state effects can be measured in the similar Drell-Yan

processq’g—/'v), (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
2 ~ sM for the W* process gives the result that its cross section can
i(':vJr BFA)ORL - (4.60 be measured to about the same precision as that for full

single top cross section. So we choose ghehannelW*
process to probe the operatdrs.

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.

R 2 R
AolR'= g—(Fv—ﬁFAwE&”, (4.6b
S

~ new__
RL —

Here we see thak o differs from Ao due to the exis-

tence ofF 5, which will cause the asymmetry.
To order 1A2, we can neglect the new physics contribu-
tion to the denominator in Eq4.3). Again we use the

CTEQS3L parton distribution functiofd5] with u= \/g For
m,=175 GeV, we obtain the asymmetry

A=-0.098Cs—Cyo) (AITev)~2. 4.7

A. Signal and backgrounds

A cut on thett invariant mas#Vl ;>M, enhances the asym-  For botht and b being on-shell, the new physics contri-

metry but at the same time decreases the numbett of bution to theWtb vertex can be written as
events.

The expected number of reconstructécevents with top w__ 92

J— 2 )2
decay in the Channe]—>W+b*>/+ V/b(/: e’M) may be Wth \/E[‘}/M(K]_LPL‘F K]_RPR)+ pt (KZLPI_+ KZRPR)
found in Table I, which implies the & sensitivity for the
asymmetry of~3% and~ 1% in magnitude at runs 2 and 3, +ph (k3 Pt k3rPR)T, (5.9

respectively. Under the present constraints Ej11), the

operatorsC,s or C,4g can produce an asymmets as large ~ whereP| g=(1+ ys)/2 and the form factors from new phys-
as 30% assuming no cancellation between these two operis are given by

tors. Such a large asymmetry should be clearly observable in

future runs. If no asymmetry is observed, one can put bounds v?[ \/fmt 3) k?
KiL= —5 CIW(IJ +C _C W 5| (SZa

on the operators A2 gov ®q  ~q 9o02

|CtG_ Cqu 27

e A% 1.3 (0.4 (4.8 v V2m,  Cy

(AITeV)? ( KIR= 5 waq)a > | (5.2b
for run 2 (run 3), which corresponds tel<4/\/N (N is the -
total number of evenjsAlthough this bound is weaker than _vr E _ Cot co M
that obtained in Sec. Ill, it can be regarded as independent KoL ™" ~ we g 2 Yo
information because it does not depend on the coupling ) (5.29
strength ofO,g¢ -

Note that both of the observables in Secs. IV A and IV B v 2

distinguish the effects 00,z or Oy from that of Ogg, . Kor=— Pcbwq,g, (5.20

Furthermore, the two methods are complementary in that the
ratio R in Eq. (4.2 depends or€;s+ Cqc, While the asym-
metry A in Eq. (4.3 is sensitive toC;z—Cqys. Therefore,
separation of the effects of the three couplings is possible *The anomalousVtb couplings may also be probed at the Fermi-
using the measurements discussed in this and the previol Tevatron collider in the top quark decay-Wb with spin
sections. analysis[23].
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ol \/5 m; Let us discuss the backgrounds in turn. Background pro-
k3= | Cowo —— T Cqw—|, (5.29  cess(B2) contains an extra light quark jet and can only
Al 92 92v mimic our signal if the quark misses detection by going into
the beam pipe. In our calculation of theégluon fusion pro-
v -CDb \/5 cess as a background, we impos€q’')>3 and p(q’)
k3= —= T Cowo—— | (5.2) <10 GeV for the light-quark jet. Thgb—tq’ background
A9 V2 92 is greatly reduced by requiring doubid¢agging. The process

gb—tW can only imitate our signal if the&/ decays into two
wherek=p,+pp. jets, where one jet is missed by the detector and the other is
The interference of the SM matrix elementfs,) with ~ misidentified as & quark, which should be negligible for the
the new physics contributionM!,e,) for the W* processu misidentification rate assumed here. Background process
+d—t+b is given by [neglecting Kobayashi-Maskawa (B4) can mimic our signal if bothW'’s decay leptonically and

(KM) mixing] one charged lepton is not detected, Wh_ich we assumed to
occur if| (/)| >3 andp7(/)<10 GeV. Since we required
gg o two b jets to be present in the final state, the potentially large
Z R MEyMuend = A—“[Zu(u—mf)le background procesd5) from Wjj is reduced to an insig-
Spins 2(s—my) nificant level. In order to reduce the backgroumi®b and

5.3 Wijj, we required the reconstructed top quark misigd W)

~Mitu(ra = K] to lie within the mass rangeM (bW) —m,|<30 GeV.

for spin-summed matrix elements and To simulate the detector acceptance, we made a ;e'ries of
cuts on the transverse momentupy), the pseudorapidity
R MMl (), and the separation in the azimuthal angle-
] N pseudorapidity planfAR= /(A ¢)%+ (A 5)?] between a jet
gstu 2m? and a lepton or between two jets. The cuts are chosen to be
= 22|72 5 KL~ My( KoL — K3L)
25— ma s £, p2, pls=20 Gev (5.69
for h,=-+, PT, P71, PT 7= , .
= (5.4
9 (su |76l 1m/1<25, (5.6b)
22 a2y L
(s—my)“(s—my)
\ for ht: -, AR“ s ARJ/ZOS (56@

for matrix elements with top quark helicity==*. Heresis 7o make the analyses more realistic, we simulate the detector
the parton c.m. energy squared and effects by assuming a Gaussian smearing from the energy of
1 the final-state particles, given by
t=(pu=p)?=—5(s—m))(1—cost*), (5.59
30%/\E®1% for leptons,

U=(pg—p)?=— %(é— m2)(1+coss*), AF/E=1 80%\E@5%  forhadrons, (57
(5.5b
) i where @ indicates that the energy-dependent and indepen-
where 6* is the parton c.m. scattering angle. We have néyent terms are added in quadrature &nis in GeV.
glected the bottom quark mass. With this approximation, \ye have explicitly calculated backgroundl) and(B2),
_only one helicity of the quark_s ot_her than.the top participateyng for the others used the analysis of Ref]. After all
in the process and the contribution oz (i=1,2, 3, and 5 the number of background events at rufiud 3 are
hence that of the operatoB, e , Otz, andOpy, Qrops gut. found to be 38570), 2 (26), 1 (14), 4 (54), 60 (900), and 1

F(+)r theW* process, we look fpr events_ with—W™b (22, respectively, for the six background processes de-
—/"vb(/=e,u) and thus the signature is an energeticgcrihed above. Here we see that after the cuts the back-

charged lepton, missingy, and doubleb-quark jets. We  grounds from processeB2), (B3), (B4), and (B6) are
assumed silicon vertex tagging of thequark jet with 50%

efficiency and the probability of 0.4% for a light quark jet to ———

be misidentified as & jet. The potential SM backgrounds ) o )

are: (B1) the sameW* process in the SM(B2) the quark- There_lsa_large uncertainty in the rglatlve strengths ofqﬂble_and_
. ST ) . - gg contributions to the background since thvuark parton distri-

gluon fusion procesgg—q’'tb whereq’ is misidentified as

; . X - o bution is not a measured quantity, but is rather an entirely theoret-
abjet, (B3) processes '”VO'V'”E'aq“ark in the initial state, e construction. Since both thego and g contributions after all

gb—tq’ and gb—tW, (B4) tt—W W* bb. (B5) Wbb, cuts are a very small fraction of the total background, this uncer-
and(B6) Wjj. tainty will not affect our results.
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negligibly small. The number of total background events is &0 for run 2 (run 3. After the cuts, the number of signal
events from new physics is found to be
(9Cuwe+5CHy— 11Cqu+0.3Cp,) (A/TeV) 2 atrun 2,
S=1 (138Ce + 69CE) — 165Cqw+4.5Cp)[A/(TeV)] % atrun 3. (5.9

The effects ofOp, are much smaller than those of the other Caw

three operators since it does not contribute to the form factor - 0.8<—2< 0.2, (5.129
k1L, whose contribution is found to be much larger than (AITeV)
those of the other form factors. @
Cq)q
B. Improvement of the bounds with runs 2 and 3 _0'03<(A/TeV)2<0'13' (5.12h

From the results of the preceeding subsection, we obtain ) ) ) ) )
the bounds on the coupling strength of the operators from Since the dimension-six operators give a bad high-energy
run 2 (run 3 if the new physics events are not observed atoehavior, there is an energy scale above which they cease to

the 2o level be a valid description of new physics. Any process below the
new physics scalé should not violate the unitarity limit.
|ch| For a givenA, this requirement can be translated to an upper
ng-l (0.50, (5.99  limit on the coupling strength€. These unitarity limits have
( ev) been worked out by Gounarét al.[5] in detail. ForOp, and
|C(3)| Owwa ,» the strongest limits are obtained from two-botdy
17 46 (1.2), (5.0p  scattering process. Fdr=1 TeV, they are given by
(AITeV)?
|Cewa| <13.5, (5.133
Cowol _
The limit on Cp, is independent ofA. That onC,q be-
[Coil comes somewhat weaker for largkr
(A/TeV)? <77 (18), (5.99 Comparing Eqgs(5.9) with Egs.(5.12 and(5.13, we find
the following.
where we again assumed the simple situation that cancella- (1) For the operator£,, and Of), future runs at the
tion among different operators does not take place. Fermilab Tevatron collider cannot improve the current
As mentioned in Sec. II, the operatd@sy, og%’ Opp,  Pounds obtained fromk,, 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 fo L.

(2) The operatorO,yq , currently subject only to weak

andOye also affect thibEcoupling and will be subject to
anR, constraint. The SM values &, and the latest experi-
mental data arg28|

R§M=0.2158, RE¥=0.217G9). (5.10 gggngds from unitarity, can be meaningfully probed at runs 2
With the new physics contribution described in E25), R, (3) The operatotOp; cannot be probed at runs 2 and 3
is given by much beyond the current bound from unitarity. For a higher
integrated luminosity of 100 fb!, we found that the bound
is Cp;<<9.8 which is only slightly stronger than its current
Ry=RM 1+ AswCw vy qWCWmZ -c@) bound. Y °
e AZ| 2v So we conclude that among the operators contributing to

veta the WthoupIing, only one operatorQ,e) cCan be mean-
2 Z(l—RSM) , (5.11 ingfully probed at the future runs of the Fermilab Tevatron
vpta, collider.

where we have neglected the bottom quark mass and thus the
contributions ofO,ye and Op,, which are proportional to
my/m;, drop out. At the 2 level, we obtain the bounds for We have studied in the effective Lagrangian approach the
the coupling strength by assuming that no cancellation beability of future runs at the Fermilab Tevatron collider in
tweenOgy andofﬁa takes place probing anomalous couplings of the top quark. We have

VI. CONCLUSIONS
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TABLE Ill. Current and future strongest upper bounds on the magnitude of coupling strength of some
operators at & level for A=1 TeV. The current bounds are from unitarity requirementGg(q andCp;,
from Ry, for Cqy andC{), and from run 1 data fo€.g, Cqs, andCgq .

Current bounds Bounds from run 2 Bounds from run 3
ICisl, ICqal 7.2 1.0 0.8
|Cical 5.4 0.8 0.6
|Cqwl 0.2 21 0.5
(&4 0.03 4.6 1.2
|Cowo 13.5 2.6 0.6
|Col 10.4 77 18

listed and analyzed the possible dimension-sixwhich are not subject to thig, constraint and are only con-

— , . . ollider can either discover the effects of or set stronger
Wb couplings which could be generated by new physics a . c
a highergcaglge. 9 y bhy gounds onOywe » While the best bound of@p, is still ob-

) _ ) — tained from the unitarity constraint for any new physics
For the operators which give rise to an anomalgts  gcgle.

coupling, we evaluated their effects in top pair production |n Table IIl we summarize the strongest upper bounds on
and derive the bounds both from run 1 and those expecteghe operators under consideration that currently exist or can
from future runs. We found that the current constraints frompe obtained in the future at the Fermilab Tevatron collider,
run 1 are not very strong and that future runs can eithefor A=1 TeV. The current bounds are from our results us-
discover the effects of these operators or significantly iming eitherR,, or the run 1 data at the level, except for
prove the current bounds. We also proposed two methods ;¢ andCp, where the best current bounds come from the
disentangle the effects between different operators contributequirement of unitarity. We note that the current bounds on
ing to thegtt coupling: one is studying the energy distribu- Cqw andC{} obtained fronR,, are better than those that can
tion of the cross section and the other is measuring the asynie obtained at run 3 at the Fermilab Tevatron collider.
metry between left- and right-handed top events in top pair
production.

For the operators which give rise to an anomaldtb J.M.Y. acknowledges JSPS for financial support. The
coupling, we calculated their contribution to single top pro-work of K.H. and J.M.Y. is supported in part by the Grant-
duction at the upgraded Fermilab Tevatron collider and dein-Aid for Scientific ResearckNo. 10640243 and Grant-in-
rived the bounds which could be obtained from runs 2 and 3Aid No. 97317 from the Japan Ministry of Education, Sci-
We found that future runs of the Fermilab Tevatron colliderence, Sports, and Culture. This work was supported in part
cannot effectively probe those operators which are currentlypy the U.S. Department of Energy, Division of High Energy
subject to a tight constraint fronR,. For the operators Physics, under Grant No. DE-FG02-94ER40817.
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