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Top-quark production in hadron-hadron collisions and anomalous top-quark–gluon couplings
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We discuss the influence of anomaloust t̄G couplings on total and differentialt t̄ production cross sections
in hadron-hadron collisions. We study in detail the effects of a chromoelectric and a chromomagnetic dipole
momentdt8 andm t8 of the top quark. We estimate the values ofdt8 andm t8 which are allowed by the present
Fermilab Tevatron experimental results on top-quark production inpp̄ collisions. In them t8-dt8 plane, we find
a whole region where the anomalous couplings give a zero net contribution to the total top-quark production
rate. In differential cross sections, the anomalous moments have to be quite sizable to give measurable effects.
A chromoelectric dipole moment of the top quark violatesCP invariance. We discuss aCP-odd observable
ÔL which allows for a direct search forCP violation in top-quark production. We find that the presence of a
chromomagnetic momentm t8 can influence the sensitivity ofÔL to dt8 considerably.

PACS number~s!: 14.65.Ha, 13.85.Ni
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I. INTRODUCTION

The observation of the top quark has recently been
ported by both experimental groups, the Collider Detector
Fermilab~CDF! and D0 Collaborations, working at the Fer
milab Tevatronpp̄ collider. The latest CDF value for the
top-quark mass ismt517668610 GeV @1#, while D0 gives
the value ofmt5199221

119622 GeV @2#. At the Tevatron, top
quarks are pair produced inpp̄ collisions at a c.m. energy of
As51.8 TeV. Based on an integrated luminosity of 67 pb21,
the CDF result for the total cross section for this reaction
found to be@1#

sexpt~pp̄→t t̄X!56.822.4
13.6 pb. ~1!

The D0 Collaboration obtains from a data sample corr
sponding to 50 pb21 the cross section@2#

sexpt~pp̄→t t̄X!56.462.2 pb. ~2!

Both central values are higher than the theoretical predict
@3#

s th~pp̄→t t̄X!54.7920.41
10.67 pb for mt5176 GeV, ~3!

obtained from aO(a s
3) standard model~SM! calculation in-

cluding a resummation of the leading soft gluon correctio
to all orders of perturbation theory. The electroweak corre
tions are known to be small, of the order of a few percent@4#.
For higher values ofmt , the theoretical cross section is eve
lower. Taking the values in Eqs.~1!–~3! literally we obtain
for a possible anomalous contribution to the cross sect
Ds :

Dsexpt5sexpt
mean2s th6A~dsexpt

mean!21~ds th!
2

.1.822.3
13.0 pb. ~4!

Thus the presently available experimental and theoretical
formation allows a rather large anomalous contribution.

Future experimental runs will increase the number of pr
ducedt t̄ pairs, allowing the comparison of differential cros
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sections with theory@5–7#. One will be able to investigate
also many other observables, e.g.,CP-odd ones. From these
measurements one expects to obtain detailed information
the couplings of the top quark. This might provide a furthe
confirmation of the standard model or open a window to ne
physics.

Of special interest is the study ofCP-odd observables in
top-quark production and other channels ofpp̄ collisions
@8–14#. For theoretical investigations ofCP violation in top-
quark production and decay in other contexts we refer
@15–29# and references therein.

In this paper we want to investigate possible effects
anomalous top-quark–gluon couplings on total and differe
tial cross sections of the reactionpp̄→t t̄X. To be specific,
we assume the existence of chromoelectric and chromom
netic top dipole moments,dt8 and m t8 . Although there are
stringent experimental bounds on anomalous contributions
dipole moments of light fermions, it is not unreasonable
expect large anomalous moments for the heavy top qua
One way to generate these couplings is the exchange
Higgs scalars in one-loop diagrams in multi-Higgs-boson e
tensions of the SM. Since the top-quark–Higgs-boson co
pling is proportional tomt , the effective dipole couplings
can be quite sizable.

Here we consider the anomalous couplingsdt8 andm t8 as
form factors, which could, in principle, depend on the kine
matic variables of the reaction. However, inpp̄ collisions at
As51.8 TeV thet t̄ pairs are produced near threshold, whe
constantform factors should be a good approximation. An
other way to put it is to consider in the framework of effec
tive Lagrangians an expansion in new coupling terms, o
dered by their dimension. The expansion parameter is th
1/L, with L the scale of new physics. Constant dipole mo
ment form factorsdt8 andm t8 correspond then to the dimen-
sion 5 terms~after symmetry breaking@17#!, i.e., the terms of
order 1/L, in the effective Lagrangian.

In the following we will neglect all higher order terms
;1/L2, 1/L3, . . . in this effective Lagrangian. In the cross
sections fort t̄ production such terms contribute at the sam
order in 1/L as the dipole terms which we keep. However, i
4875 © 1996 The American Physical Society
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order not to have an explosion of new parameters, we rest
ourselves explicitly to the dipole terms. In any case it
common practice by experimentalists to give bounds on n
couplings by considering the influence of one or two co
plings at a time and setting the rest to zero.

Some effects of the top dipole momentsdt8 andm t8 in the
reaction

pp̄→t t̄X ~5!

have been investigated previously. In@11#, the contribution
of both electric and magnetic moments to the matrix eleme
of the parton reactions underlying~5!, including final quark
polarization, was calculated, but only to first order in th
anomalous couplings. The quark spin vectors were then u
for the construction of aCP-odd observable. In Ref.@12# the
contribution ofdt8 to variousCP-odd observables was stud
ied. In Ref. @14#, total and differential cross sections wer
computed up to fourth order inm t8 , but for vanishingdt8 .

In the following we want to extend the above analys
and investigate the combined effects ofdt8 andm t8 simulta-
neously. The outline of our calculation is as follows: We wi
set the light quark masses to zero and compute the pa
processesqq̄→t t̄ and GG→t t̄ to leading order~LO! in
QCD, i.e., at the tree level, but including the effects ofdt8
andm t8 . Convoluting the parton level results with the parto
distribution functions, we evaluate the cross section f
pp̄→t t̄X which depends now, of course, ondt8 and m t8 :
s(dt8 ,m t8). We identify the anomalous cross section~calcu-
lated to LO! as

Ds:5s~dt8 ,m t8!2s~0,0!. ~6!

We then addDs to the next to leading order~NLO! SM
calculation from Ref.@6#. We note here that higher orde
QCD effects produce, of course, a chromomagnetic mom
form factor. These effects are included in the NLO SM ca
culation and do not concern us here. Our anomalous mom
m t8 is understood as theadditionalpiece in the chromomag-
netic moment form factor which may be there due tonew
couplings. Similarly, higher order electroweak corrections
the SM will produce a chromoelectric dipole form facto
which, however, is estimated to be unmeasurably sm
Thus a sizable chromoelectric dipole form factor must com
from physics beyond the SM.

In @6# it was shown that single top differential cross se
tions from the full NLO calculation in the SM can well be
approximated by a multiplication of the LO standard mod
result with a constant factor between 1.4 and 1.6. Such
constant factor drops out in normalized differential distrib
tions. Thus the effects of new couplings in differential di
tributions calculated in LO as described below can hardly
masked by NLO SM effects.

Finally we discuss the sensitivity of theCP-odd observ-
able ÔL from @12# to the chromoelectric dipole momen
dt8 . In Ref. @12#, ÔL was computed for vanishing chromo
magnetic momentm̂ t8 and only to first order indt8 . Further
inputs were a top mass ofmt5130 GeV and the 1984 set o
parton distribution functions by Duke and Owens. In add
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tion to updating this old analysis with more timely inputs, we
also extend it to the case of nonzerom̂ t8 and higher orders in
d̂t8 .

II. THE MODEL

We work with the following effective top-quark–gluon
interaction Lagrangian:

L t t̄ G52gst̄g
mGmt2 i

dt8

2
t̄smng5Gmnt2

m t8

2
t̄smnGmnt.

~7!

Heregs is the strong coupling constant,m t8 anddt8 are the
chromomagnetic and chromoelectric dipole moments
smn5~i /2!@gm,gn#, Gm5G m

aTa with the gluon fieldsG m
a

and the SU~3!C generators Ta5 1
2la ~a51,...,8!, and

Gmn5G mn
a Ta with the gluon field strength tensors

G mn
a 5]mG n

a2]nG m
a2gsf abcG m

bG n
c. Since the anomalous

operators have mass dimension 5, we introduce the dime
sionless dipole momentsd̂t8 , m̂ t8 via

dt85
gs
mt

d̂t8 , m t85
gs
mt

m̂ t8 , ~8!

with the top-quark massmt . Both anomalous dipole moment
couplings are chirality changing; the magnetic moment term
is even under the combined action of charge and parity tran
formationsCP, while the electric moment isCP odd. The
signs and factors of 1/2 are chosen such as to yield the co
rect nonrelativistic limits. In Fig. 1 we show the Feynman
vertex factors following from Eq.~7!; note in particular that
due to gauge invariance there is also at t̄GG coupling. For
the coupling of light quarksq to gluons as well as for the
gluon self-coupling we take the SM values.

With this input we calculate the differential cross sections
ŝq q̄ and ŝGG for the parton level processes

q~q1!1q̄~q2!→t~k1!1 t̄~k2!,

G~q1!1G~q2!→t~k1!1 t̄~k2!, ~9!

to lowest order in QCD, as a function of the usual Mandel
stam variables

ŝ5~q11q2!
2, t̂5~q12k1!2, û5~q12k2!2. ~10!

FIG. 1. Vertex factors following from the top-quark–gluon in-
teraction Lagrangian in Eq.~7!. All momenta are taken to be ingo-
ing. The necessity of the second coupling is a consequence of gau
invariance.
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53 4877TOP-QUARK PRODUCTION IN HADRON-HADRON COLLISIONS . . .
For the quark annihilation, there is only theŝ-channel dia-
gram shown in Fig. 2~a! ~the correspondingt̂- andû-channel
diagrams are absent, since we set the top-quark distribu
in the proton and antiproton to zero!. The result has the form

dŝq q̄

dt̂
5

pas
2

ŝ2
8

9
S 1
2

2
v2z2

4
12m̂ t8

1~m̂ t8
22d̂t8

2!1~m̂ t8
21d̂t8

2!
v

z2
D , ~11!

where we use the abbreviations

z5
2mt

Aŝ
, v5

4

ŝ2
~ t̂2mt

2!~ û2mt
2! ~12!

with the kinematical limits 0<z<1, z2<v<1. The variable
v can be expressed in terms of the emission angleq̂ of the
top quark in the parton c.m. system as

v512r 2 cos2 q̂, r5A12z2. ~13!

For the gluon fusion process we have to consider the fo
diagrams in Figs. 2~b!–2~e!, and we find

dŝGG

dt̂
5

pas
2

ŝ2
1

12
F1
2

S 16
v

29D X12
v

2
1z2S 12

z2

v
D

14m̂ t8~11m̂ t8!C14~m̂ t8
21d̂t8

2!S 7 112m̂ t8

z2

1
125m̂ t8

2v
D 14~m̂ t8

21d̂t8
2!2S 1

v
2

1

z2
1
4v

z4
D G .

~14!

In the limit d̂t85m̂ t850, we recover the well known SM re-
sults @30#. We also checked against Ref.@14# for the case

FIG. 2. Feynman diagrams for the quark annihilationqq̄→t t̄ ~a!
and the gluon fusionGG→t t̄ ~b!–~e! processes.
tion

ur

d̂t850, where we disagree partly.1 At Tevatron energies, tops
are produced predominantly via the annihilation of quark
the gluon fusion process becomes important for increasi
energy as well as for higher values of the anomalous dipo
moments.

According to the parton model, the cross section for th
reactionpp̄→t t̄X is obtained from a convolution of the sub-
processes Eq.~9! with parton distribution functions,

ds@p~p1!1 p̄~p2!→t~k1!1 t̄~k2!1X~kX!#

5(
a
E
0

1

dx1E
0

1

dx2Na
p~x1!Nā

p̄~x2!

3dŝa ā@a~x1p1!1ā~x2p2!→t~k1!1 t̄~k2!#, ~15!

where the sum runs over all light quark flavors and the glu
ons, a5u,ū,d,d̄,c,c̄,s,s̄,b,b̄,G. We evaluate the distribu-
tion functionsN(x,s) at the hadron c.m. energyAs, whereas
the energyAŝ of the parton subprocess sets the scale foras .
In particular, the total cross section can be written as

s~s!5(
a
E
0

1

dx1E
0

1

dx2Na
p~x1!Nā

p̄~x2!

3Q~x1x2s24mt
2!ŝa ā~ ŝ5x1x2s!. ~16!

The total parton level cross sections,ŝq q̄ and ŝGG , can be
calculated analytically and we present the result in Append
A.

Finally we give a useful form of the double differential
cross section with respect to rapidityy and transverse energy
ET of the t jet:

d2s

dy dET
52AsD(

a
E
0

1

dt Na
p@x1~t!#Nā

p̄@x2~t!#

3@x1~t!x2~t!#2
dŝa ā

dt̂
, ~17!

with

D5
As
ET

22 coshy, x1~t!5
1

11tDe2y ,

x2~t!5
1

11~12t!Dey
, ~18!

and the kinematical limitsmt<ET<As/~2 coshy!. In
dŝa ā /dt̂ one has to perform the substitutions
ŝ→x1(t)x2(t)s andv→4ET

2/[x1(t)x2(t)s].

1The formulas given in@14# contain several misprints. In Eq.~2!
~quark annihilation! there is a factor ofb2 missing in the last term,
as well as an overall factor of 4. In Eq.~6! ~gluon fusion! we agree
with the termsT1–T4 , but not with the SM contributionT0 ~in the
second factor there is a term 32x2 missing!. Note also thatk defined
in @14# is related to ourm̂ t8 by k52m̂ t8 .
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FIG. 3. Contour plot of the anomalous contributionDs defined in Eq.~6! as function of the chromoelectric and chromomagnetic dipo
momentsd̂t8 and m̂ t8 @cf. Eq. ~8!#. The solid line corresponds to the mean experimental valueDs51.8 pb @cf. Eq. ~4!#. The dashed lines
enclose the experimentally allowed region~1 s.d.!: 20.5 pb<Ds<4.8 pb. The dotted line corresponds to the SM resultDs50.
ers
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III. RESULTS

The numerical evaluation was carried out for the Tev
tron; i.e., we consideredpp̄ collisions at a c.m. energy of
As51.8 TeV. For the top-quark mass we took 175 GeV. W
used various parton distribution functions~PDF’s! from the
CERN library PDFLIB, but found only weak dependence o
the actual set; the presented results were computed with
set HO of Glück, Reya, and Vogt@31#.

In Fig. 3 we show a contour plot of the anomalous co
tribution Ds defined in Eq.~6! in the m̂ t8-d̂t8 plane. This
quantity has a minimal value of

Dsmin522.00 for d̂t850, m̂ t8520.4 ~19!

and increases roughly quadratically withd̂t8 , um̂ t810.4u. We
therefore find a whole region where the contributions ofd̂t8
and m̂ t8 cancel. The dashed lines include the experimenta
allowed region@cf. Eq. ~4!#. Along the solid~dotted! line Ds
takes the value 1.8 pb~0.0 pb!. As explained before, the
anomalous contribution has to be added to the theoretical
value given in Eq.~3!. In this way the theoretical value for
a-

e

n
the

n-

lly

SM

the total cross sections could be lowered down to 2.8 pb.
More interestingly, we see that the limits onDsexpt in Eq. ~4!
allow values of theCP violation parameterd̂t8 up to d̂t8
'1.2 ~at the 1 s.d. level! if m̂ t8 has an appropriate size.

We have also investigated the dependence ofDs on the
top-quark mass. For different values ofmt we determined the
upper and lower bound including the allowed area~corre-
sponding to the dashed lines in Fig. 3! and the central ring
~corresponding to the solid line in Fig. 3!. We found that the
curves can be very well described by ellipses around cent
(m̂ t8/d̂t8)5(c/0) with half-axesa andb,

S m̂ t82c

a D 21S d̂t8b D 251. ~20!

This can easily be understood from the explicit formulas
Appendix A: deviations from an ellipse are due to terms
third or fourth order ind̂t8 andm̂ t8 , which appear only in the
subleading gluon fusion process. Moreover,Ds can contain
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TABLE I. Ellipse parametersa, b, andc parametrizing curves of constant anomalous contributionDs,
for various values of the top-quark mass@cf. Eq. ~20! and Fig. 3#.

mt

@GeV#

Upper bound Central ring Lower bound

a b c a b c a b c

140 0.125 0.21 20.379
160 0.485 0.81 20.400 0.282 0.51 20.393
180 0.805 1.32 20.425 0.620 1.08 20.415 0.410 0.77 20.410
200 1.163 1.87 20.443 0.945 1.60 20.435 0.718 1.31 20.428
o,

ge

l

c
-

-
or

f

ial
di-
ts,
se
ec-

ex-

o-
only even powers ofd̂t8 , since it is a CP-even quantity. In
Table I we list the parametersa, b, and c for the various
ellipses.

The gross feature is that the rings get wider for increasi
top-quark mass. In detail we see, for instance, that the up
bound onud̂t8u at the 1 s.d. level, leavingm̂ t8 free, ranges from
0.21 formt5140 GeV to 1.87 formt5200 GeV. Thus large
effects of CP violation due tod̂t8 are not excluded by the
present information ons for this whole range ofmt .

Because of the folding with PDF’s differential cross se
tions get smoothened, but still reflect the characteristic fe
tures of the parton level distributions. In Figs. 4–6 we sho
the normalized differential cross section with respect to t
angleq, the emission angle of thet jet in the laboratory~pp̄
c.m.! frame. We chooseq50 to correspond tot emission in
the direction of flight of the incoming proton. In all three
plots, the solid lines are the SM result~in LO!. In Fig. 4 we
compare this to the distributions obtained with chromoele
tric momentsd̂t850.2, 0.4, 0.6, 0.8, while Fig. 5 shows th
effect of a chromomagnetic moment for the value
m̂ t850.2,20.2,20.4,20.6. In Fig. 6 we show the angula

FIG. 4. Normalized differential cross section~1/s!~ds/d cosq!
for pp̄→t t̄X, whereq is the emission angle of thet jet in thepp̄
c.m. frame. The solid line represents the LO SM result. The lon
dashed~short-dashed, dot-dashed, dotted! line shows the effect of a
chromoelectric dipole momentd̂t850.2 ~0.4, 0.6, 0.8! with m̂ t850.
ng
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distributions if both anomalous couplings are nonzer
(m̂ t8/d̂t8)5(20.4/0.8) and~20.8/0.4!. These values are cho-
sen such that the anomalous contributionDs to the total rate
would be undetectable~cf. Fig. 3!. From Figs. 4–6 we infer
that the anomalous couplings would have to be rather lar
in order to be visible with a limited statistics oft t̄ pairs.

In Figs. 7–9 we plot the normalized double differentia
cross section with respect to rapidityy and transverse mo-
mentumpT of the t jet, as a function ofpT for different
values ofy. Figure 7 shows the influence of chromoelectri
momentsd̂t850.2 and 0.4; Fig. 8 of chromomagnetic mo
mentsm̂ t850.2 and20.2, compared to the SM result~solid
line!. In Fig. 9 we show the combined influence of chromo
electric and chromomagnetic moments, again f
(m̂ t8/d̂t8)5~20.4/0.8! and~20.8/0.4!. Typically the presence
of anomalous dipole moments enhances the production ot t̄
pairs with high transverse momentum.

As general feature we observe that normalized different
cross sections are of course more sensitive to anomalous
pole moments than the total rate. For small dipole momen
however, measurable differences occur mainly in pha
space regions where the contribution to the total cross s
tion is small, i.e., for largeucosqu or largepT . Only if the
anomalous couplings take quite sizable values, one can

g-
FIG. 5. Same as Fig. 4, now for different values of the chrom

magnetic dipole moment. The long-dashed~short-dashed, dot-
dashed, dotted! line corresponds tom̂ t850.2 ~20.2, 20.4, 20.6!
with d̂t850.
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pect clear signals. A shift of the maximum of the curves
Fig. 9 of '50 GeV in pT when going from the SM to
(m̂ t8/d̂t8)5(20.4/0.8) or~20.8/0.4! should clearly be detect-
able. By a detailed investigation of the cosq andy-pT dis-
tributions we found that they are mainly influenced by th
chromomagnetic momentm̂ t8 . For fixed m̂ t8 we found only
little dependence ond̂t8 when varying this quantity in the
range allowed by the total cross section measurement~Fig.
3!.

FIG. 6. Same as Fig. 4, with nonzero values for both anomalo
dipole moments. The dashed line shows the effect of (m̂ t8/d̂t8)
5(20.4/0.8); the dotted line is obtained from (m̂ t8/d̂t8)
5(20.8/0.4).

FIG. 7. Normalized double differential cross sectio
~1/s!(d2s/dydpT

2) for the reactionpp̄→t t̄X plotted versuspT for
different values ofy. pT and y are transverse momentum and ra
pidity of the t jet. Shown is the SM result~solid line! and the
distributions obtained with an anomalous chromoelectric mom
d̂t850.2 ~dashed! and d̂t850.4 ~dotted! for m̂ t850.
in

e

IV. A CP-ODD OBSERVABLE

In this section we discuss theCP-odd observableÔL

studied in@12# which is directly sensitive tod̂t8 . The observ-
able is constructed for the production and decay sequence

p1 p̄→t1 t̄1X,

t→W11b→ l11n l1b,

t̄→W21b̄→ l21 n̄ l1b̄, ~21!

where l5e,m,t. Let P~Q1 ,Q2! be the momentum of the
proton (l1,l2) in thepp̄ c.m. system. ThenÔL is defined as

us

n

-

ent

FIG. 8. Same as Fig. 7, now for chromomagnetic dipole mo-
mentsm̂ t850.2 ~dashed! and m̂ t8520.2 ~dotted! for d̂t850.

FIG. 9. Same as Fig. 7, now with bothd̂t8 andm̂ t8 nonvanishing.
The dashed line corresponds to (m̂ t8/d̂t8)5(20.4/0.8), the dotted
line to ~20.8/0.4!.
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ÔL5
1

mt
3uPu2

P•~Q13Q2!P•~Q12Q2!. ~22!

This is an observable of the tensor typeTi j introduced in@32#
and used in search forCP violation in the decayZ→t1t2

@33#. In @12# the expectation value ofÔL was calculated for
mt5130 GeV keeping only terms of zeroth and first order
d̂t8 and settingm̂ t850, with the result̂ ÔL&520.012d̂t8 .

The cross section for reaction~21! is again a convolution
of a parton level cross section with parton distribution fun
tions:

ds@p~p1!1 p̄~p2!→bb̄l1l2n l n̄ l1X#

5 (
a5q,G

E
0

1

dx1E
0

1

dx2Na
p~x1!Nā

p̄~x2!

3dŝa ā@a~x1p1!1ā~x2p2!→bb̄l1l2n l n̄ l #.

~23!

On parton level we define a density matrixRa ā for the pro-
duction processaā→t t̄ and two matricesr, r̄ for the decays
t→ l1n lb and t̄→ l2n̄ l b̄. The decay processes are comput
to leading order in SM couplings only. For theW propaga-
tors we take as usual a Breit-Wigner form in the narro
width approximation. The definitions and results2 for R, r,
and r̄ are deferred to Appendix B.

In terms of these density matrices the quantitydŝa ā in
Eq. ~23! takes the form

dŝa ā~aā→bb̄l1l2n l n̄ l !

5
1

~8p!10
r

ŝ

~mt
22MW

2 !2

mt
6MW

2 G t
2GW

2 dV k̂1
dV p̂1

dV p̂2

3dV q̂1
dV q̂2

Tr@rRa ār̄ #. ~24!

HereMW andGW are theW mass and width,q̂1~q̂2! is the
l1( l2) unit momentum vector in theW1(W2) rest system,
p̂1~p̂2! is theW1(W2) unit momentum vector in the top-
quark ~top-antiquark! rest system,k̂1 is the top-quark unit
momentum vector in the parton c.m. system, a
dV q̂1

(dV q̂2
,...) denotes the solid angle element to the un

vector q̂1~q̂2 ,...!. The expectation valueŝ(ÔL)
n& are de-

fined as

^~ÔL!n&5
*ds~ÔL!n

*ds
~n50,1,2!, ~25!

whereds is given in~23!. To evaluate such integrals we firs
perform the integrals with the partonic cross section~24!.
The result for *dŝa āÔL is quite compact, whereas
*dŝa āÔL

2 consists of several hundreds of terms. In the int
gral in the denominator of~25!, the total partonic cross sec
tions *dŝa ā for the reaction Eq.~21! occur. These can be

2The contributions to theCP-odd coefficientsB5
a ā andB6

a ā ~cf.
Appendix B! linear in d̂t8 and with m̂ t850 are given in Eqs.~A3!
and ~A4! of Ref. @12#. In this limit we find full agreement.
in

c-

ed

w

nd
it

t

e-
-

rewritten in terms of the cross sections for the proces
aā→t t̄ from Appendix A and appropriate branching frac-
tions:

ŝa ā~aā→bb̄l1l2n l n̄ l !5B~ t→bW1!B~W1→ l1n l !

3B~ t̄→b̄W2!B~W2→ l2n̄ l !

3ŝa ā~aā→t t̄ !, ~26!

where

B~ t→bW1!5B~ t̄→b̄W2!5
aemuVtbu2

16 sinW
2

mt
2

MW
2 S 12

MW
2

mt
2 D 2

3S 112
MW

2

mt
2 D mt

G t
,

B~W1→ l1n l !5B~W2→ l2n̄ l !5
aem

12 sinW
2

MW

GW
~27!

with Vtb the Cabibbo-Kobayashi-Maskawa matrix elemen
for the t-b transition. Indirect experimental determinations
@34# indicate uVtbu51 to a very good approximation. Of
course, the convolution of*dŝa ā(ÔL)

n with the PDF’s as
indicated in Eq.~23! has to be done numerically.

Our results are summarized in Figs. 10 and 11. In Fig. 1
we display the expectation value^ÔL& as function ofd̂t8 for
values of the chromomagnetic momentm̂ t850.2, 0.0,20.2,
20.4, 20.6. We find that the higher terms ind̂t8 cause a
deviation from the linear approximation already for moderat
values ofd̂t8 . This deviation consistently lowers the value o
^ÔL&, i.e., the observableÔL gets less sensitive tod̂t8 than
expected from the linear approximation@the variance (dÔL)

2

FIG. 10. Expectation valuêÔL& of theCP-odd observable de-
fined in Eq.~22! as function ofd̂t8 for d̂t8>0. The solid line repre-
sents the result for vanishing chromomagnetic momentm̂ t8 , while
the long-dashed~short-dashed, dot-dashed, dotted! line shows the
influence ofm̂ t850.2 ~20.2,20.4,20.6!. The values of̂ ÔL& for
d̂t8,0 follow from the fact that̂ ÔL& is anodd function of d̂t8 .
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defined below is almost constant#. If in addition an anoma-
lous chromomagnetic moment of sufficient size is prese
the changes are even more drastic. Then^ÔL& can almost
vanish (m̂ t8520.4) or even change sign (m̂ t8520.6).

By considering in Fig. 10 the slope of the solid line (m̂ t8
50) at the origin we can read off our result for the linea
approximation. The result̂ÔL& lin520.0064d̂t8 is only 50%
of the value given in Ref.@12#, which is mainly due to the
higher top-quark mass, whereas the effect of the new PD
is smaller. To show the effect of the top-quark mass valu
we find^ÔL& lin520.0082d̂t8(20.0049d̂t8) for mt5150~200!
GeV.

In Eq. ~21! we have considered the ‘‘diagonal’’ reaction
with the production ofl2 and its antiparticlel1. Of course,
we can also use ‘‘nondiagonal’’ reactions where thet and t̄
decay to two different lepton flavorsl ,l 8:

p1 p̄→t1 t̄1X,

t→W11b→ l11n l1b,

t̄→W21b̄→ l 821 n̄ l 81b̄, ~28!

and the reaction withl↔ l 8. In this case a nonzero expecta
tion value

1

2
^ÔL& l̄ l 81

1

2
^ÔL& l̄ 8 lÞ0 ~29!

indicatesCP violation. With the replacement of expectatio
values

^ &→
1

2
^ & l̄ l 81

1

2
^ & l̄ 8 l , ~30!

FIG. 11. The number of eventsN defined in Eq.~31! needed to
see aCP violation effect at the 1 s.d. level in the observableÔL ,
plotted against the chromoelectric dipole momentud̂t8u. The solid
~long-dashed, short-dashed, dot-dashed, dotted! line corresponds to
m̂ t850.0 ~0.2,20.2,20.4,20.6!.
nt,

r

F’s
e,

s

-

n

all the previous analysis for the ‘‘diagonal’’ case applies als
to the ‘‘nondiagonal’’ one. However, in doing such studie
experimentalists must be careful not to introduce anyCP
bias by cuts, detection efficiencies, etc.

The number of events@Eqs.~21! and~28! taken together#
needed to see a 1 s.d. effect can be estimated as

N5S dÔL

^ÔL&
D 2 ~31!

with the variance

~dÔL!25^ÔL
2&2^ÔL&

2. ~32!

This numberN is plotted in Fig. 11 as function ofd̂t8 , again
for the valuesm̂ t850.2, 0.0,20.2,20.4,20.6. We see that a
few thousand events should be sufficient to discover an e
fect of ud̂t8u*0.05, unless the magnetic moment has a valu
close tom̂ t8520.4. The contributions of higher order ind̂t8
apparently have the effect that—even for larged̂t8—the mini-
mal number of events to see a 1 s.d. effect isNmin;400.

V. CONCLUSIONS

In this paper we have investigated the combined effects
a chromoelectric and chromomagnetic dipole moment of th
top quark on the reactionpp̄→t t̄X. We have calculated the
matrix elements for the parton subprocessesqq̄→t t̄ and
GG→t t̄ in leading order QCD. The numerical evaluation o
total and differential cross sections was done for Tevatro
energies. We have finally presented a detailed analysis o
CP-odd observable.

Our main findings can be summarized as follows.
~1! In the total cross section, a combination of chromo

electric and chromomagnetic dipole moments can yield
positive, negative, or zero contribution. The present expe
mental information on the total rate allowssubstantialvalues
for the dipole moments: d̂t8 ,m̂ t8 of order 1.

~2! Differential distributions can discriminate between
chromoelectric and chromomagnetic dipole moments.

~3! The most promising way to disentangle the effects o
the two dipole moments is to exploit their different transfor
mation properties underCP. CP-odd observables can only
get a nonzero expectation value from a chromoelectric dipo
moment d̂t8Þ0. However, our investigation showed that a
nonzero chromomagnetic momentm̂ t8 can influence the sen-
sitivity of such observables tod̂t8 considerably.

We hope that our formulas and results will be used b
experimentalists working at the Tevatron in order to con
strain or maybe measure anomaloust t̄G couplings. Anoma-
lous couplings of order 1 could for instance indicate a com
posite nature of top quarks. We want to end with th
historical note that the first indication of the composite na
ture of the proton was obtained through the measurement
its anomalous magnetic moment@35#.

Note added in proof.In the meantime a published version
of Ref. @14# has appeared in Phys. Rev. D52, 6264~1995!,
where all corrections indicated in our footnote 1 have bee
included. Thus there is now complete agreement of our E
~14! for d̂t850 with the results of the above paper.
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APPENDIX A

In this Appendix we derive the total parton level cros
sectionsŝaā, a5q,G. With

t̂5mt
22

ŝ

2
~12r cos q̂ !, v524S t̂ŝ2

z2

4 D S 11
t̂

ŝ
2
z2

4 D ,
~A1!

we have

ŝa ā5E
21

1

d cos q̂
dŝa ā

d cos q̂
5E

t̂min

t̂max
dt̂

dŝa ā

dt̂
@z,v~ t̂ !#,

~A2!

with t̂min/max5mt
22( ŝ/2)(16r ). One can therefore translate

the integration to the simple substitution rules

ŝa ā5rŝ
dŝa ā

dt̂ S v→~21z2!/3

v21→L/2

v22→~z221L/2!/2
D , L5

1

r
lnS 11r

12r
D .

~A3!

These rules can be applied directly to the differential cro
sectionsdŝa ā /dt̂ of Eqs.~11!, ~14!, leading to the result

ŝq q̄5
pas

2

ŝ

8r

27 S 11
z2

2
16m̂ t812~2m̂ t8

22d̂t8
2!

1
2

z2
~m̂ t8

21d̂t8
2! D , ~A4!

ŝGG5
pas

2

ŝ

r

12 F272
31

4
z214LS 11z21

z4

16D
12m̂ t8~m̂ t811!~2918L !

1~m̂ t8
21d̂t8

2!S 28z2 ~112m̂ t8!1L~125m̂ t8! D
1~m̂ t8

21d̂t8
2!2X 4

3z2 S 11
8

z2D12LCG . ~A5!

APPENDIX B

The decay matrixr for t→ l1n lb is defined through

p

MWGW
d~p1

2 2MW
2 !ra8a

5 (
l1n l b spins

^ta8~k1!uT u l1~q1!n lb&

3^ l1~q1!n lbuT uta~k1!&, ~B1!
-
nk

s

ss

wherep1 , MW , andGW are the four-momentum, mass, and
width of the intermediateW1 boson. In our approximation
we obtain

ra8a5
e4uVtbu2

sin4uW
mt
2~mt22uq18 u!@ uq18 uda8a1q1 i8 ~s1

i !a8a#.

~B2!

Here we work in the top-quark rest system,q18 is the l1

momentum,s1 is the vector of Pauli matrices describing the
t spin, anda,a8 are thet spin indices. The matrixr̄ for the
conjugate decayt̄→ l2n̄ l b̄ is obtained from~B2! by the re-
placementsq18→2q28 ,s1→s2 .

The production matrix for the partonic processaā→t t̄
(a5q,G) is defined as

Rab,a8b8
a ā

5 (
a spins

and colors

^ta~k1! t̄b~k2!uT ua~q1!ā~q2!&

3^a~q1!ā~q2!uT uta8~k1! t̄b8~k2!&. ~B3!

With the spin vectorss1 ands2 of t and t̄ we have the
decomposition

Rab,a8b8
a ā

~s1 ,s2!5Aa ādaa8dbb81Bi j
a ā~s1

i !aa8~s2
j !bb8

1Ci
a ā~s1

i !aa8dbb8

1Di
a ādaa8~s2

i !bb8 . ~B4!

The decomposition ofBi j
a ā into symmetric and antisymmetric

parts reads

Bi j
a ā5B1

a ād i j1B2
a āp̂i p̂j1B3

a āk̂1 i k̂1 j1B4
a ā~ p̂i k̂1 j1p̂j k̂1 i !

1B5
a āe i j l p̂l1B6

a āe i j l k̂1 l , ~B5!

wherep̂ and k̂1 are the unit vectors of the momenta of pro
ton and top quark in the parton c.m. system. For the qua
annihilation process we obtain@b5z2/v21, g 516/v29; for
the definition ofz andv see Eq.~12!#

Aq q̄5
4g4

9 F S 121m̂ t8D 21 v
2z2

bS z24 2~ d̂t8
21m̂ t8

2! D G ,
B1
q q̄5

4g4

9

v
4

bS 121
2

z2
~ d̂t8

22m̂ t8
2! D ,

B2
q q̄5

4g4

9 S 121m̂ t8D 2,
B3
q q̄5

4g4

9

12z

11z F11z

2
1
v
4

b2m̂ t8 S 12v
z D

2m̂ t8
2 S 11

2

z
1
v
z2D G ,
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B4
q q̄5

4g4

9
~ k̂1•p̂!

12z

z F S 121m̂ t8D S m̂ t82
z

2D G ,
B5
q q̄5

4g4

9
~ k̂1•p̂!d̂t8

A12z2

z S 121m̂ t8D ,

B6
q q̄5

4g4

9
d̂t8

1

z
A12z

11z F2
~11z!2

2
2S m̂ t82

z

2D S 11
v
zD G .
~B6!

The production matrix for the gluon fusion process has the
coefficients
of
AGG5
g4

24 FgX2 v
8

2
z2

4
b1S 121m̂ t8D 2C1~ d̂t8

21m̂ t8
2!S 1v ~125m̂ t8!1

14

z2
~112m̂ t8! D1~ d̂t8

21m̂ t8
2!2S 8vz4 1

2

z2
b D G ,

B1
GG5

g4

24 F2gXv
8

1
v
z2

d̂t8
21S z24 12d̂t8

2DbC2 5

v
m̂ t8~ d̂t8

21m̂ t8
2!1

1

v
~27m̂ t8213m̂ t8

21d̂t8
2!1~ d̂t8

21m̂ t8
2!2S vz4 1

2

z2
b D G ,

B2
GG5

g4

24
F2bgS 121m̂ t8D 21~ d̂t8

21m̂ t8
2!@~11m̂ t8!21d̂t8

2#X1
z2

g2
16

v S 2v 21D C1~ d̂t8
21m̂ t8

2!2
2~12z2!

z4
b G ,

B3
GG5

g4

24

12z

11z
F2 1

4
g„11v12z1b~314z12z2!…1m̂ t8F7v ~11z!1gX11

1

z
1bS 11

22v
z D CG

1m̂ t8
2gF12

1

z2
1

2

z2
bS v211z1

z2

2 D G1~ d̂t8
21m̂ t8

2!
2~12v !

vz
1d̂t8

2F2
14

v
~11z!22gS 11z

v
1b2

12v
2z2 D G

1~ d̂t8
21m̂ t8

2!m̂ t8F2
14

vz
~12z!2

14

z3
~112z!12gS 1z222

v
2
v
z3

b D G
1~ d̂t8

21m̂ t8
2!2F2

14

vz2
~112z!1

14

z4 S 11z2
z2

2 D2
g

z2S 2b1
v
z2D G G ,

B4
GG5

g4

24
~ k̂1•p̂!~12z!FbgS 142

12z

2z
m̂ t82

1

z
m̂ t8

2D2~m̂ t822d̂t8
2!
8z

v2
~11z!1~ d̂t8

21m̂ t8
2!F 2z2 S b1

1

2Dg2
12z

vz G
1m̂ t8~ d̂t8

21m̂ t8
2!F14vz1

64

vz2S b1
1

2D1
9~12z!

z3
bG1~ d̂t8

21m̂ t8
2!2X2

z2S b1
1

2D S 7z1
16

v D2
2

z4
bCG ,

B5
GG5

g4

24
~ k̂1•p̂!d̂t8

A12z2

z F2
32

v S b1
1

2D S 121m̂ t8
21m̂ t8

21d̂t8
2D19b S 121m̂ t1

1

z2
~m̂ t8

21d̂t8
2! D G ,

B6
GG5

g4

24
d̂t8A12z

11z
Fg~11z!S v

2z2
1b D1S 121m̂ t8D F7v ~z12!1gXv

z2
b1

2

z S b1
1

2D CG
1~ d̂t8

21m̂ t8
2!F 7z2 X1

z
b12S b1

1

2D C1 2

z
gS v

2z2
1b D G G. ~B7!

The coefficientsCi
a ā andDi

a ā vanish in both cases. With these explicit expressions we can evaluate the quantity

Tr@rRa ār̄ #5ra8aRab,a8b8
a ā r̄b8b ~B8!

needed in Eq.~24!. The integrations over theW and lepton momenta take their simplest form in the respective rest system
the decaying particle. The observableÔL is however defined in terms of proton and lepton momentaP, Q6 in the pp̄ c.m.
system. Hence we have to perform three boosts onÔL ~andÔ L

2!, which is only possible with the help of an algebraic computer
program, for which we tookFORM.
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