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Probing the chromoelectric and chromomagnetic dipole moments of the top quark
at hadronic colliders
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We study the effects of the anomalous chromoelectric and chromomagnetic dipole moments of the top quark
on top-pair production, on top-pair plus one jet production, and on their ratios, as well as their dependence on
the transverse momenta of the top quark and the jet. We also corStPuotld andT-odd observables to probe
the dispersive part of the chromoelectric form factor of the top quark, and compare their sensitivities in both
top-pair and top-pair plus one jet production.

PACS numbds): 14.65.Ha, 13.85.Lg, 13.85.Ni

[. INTRODUCTION purpose of the paper. The advantages of studying the ratio
include (i) the elimination of systematic uncertainties arising

The year 1995 with the discovery of the sixth quark, thefrom experimental detections, higher order corrections, and
top quark[1,2], marks a triumph for the standard model the factorization scale, ard) the possibility of studying the
(SM). The future will be an era of looking for physics be- dependence on the transverse momentum of the extra jet. In
yond the SM. There have been many theories that point ithis work we use the parameters of the next run at the Teva-
different directions. Only new signs of experimental evi-tron, i.e.,\'s=2 TeV and yearly luminosity of order of a few
dence can point to the right theory. After the discovery of thefb ~* [3], and throughout the paper we choose the top quark
top quark studies of the properties of the top quark will bemassm,=176 GeV[1].
the major goal of the Fermilab Tevatron in the next 10 years. 1he measurement of the electric dipole moments of neu-
In the next run of the Tevatron both the center of mass ent’ons and electrons has been a major effort in purs@iry
ergy and the luminosity will be upgraded. The center of mas¥iolation other than in the kaon system because a nonzero

energy will be at/s=2 TeV and the yearly luminosity could el'ectric dipole momept is a C'?a” signal GiP violgtion.
be as much as 15 ft# [3]. After the Tevatron the CERN Since the top quark is heavy, it can have potentially large

Large Hadron CollidefLHC) will further examine the prop- couplings to the Higgs bosons of the underlying the@ryg.,

. ) . o . multi-Higgs-doublet model[11]) that naturally contains
erties of the top quark with much higher statistics, and W'"CP-vioIating phases other than the usual Cabibbo-

begin to investigate the ultimate mechanism for the eleCKobayashi-Maskawa(CKM) phase, and, therefore, the
troweak symmetry breaking. , o , CEDM of the top quark can be potentially large. Thus prob-
The top quark is so heavy that it provides interesting avy the CEDM of the top quark is important in searching for
enues to new physics, via the productlen-8|, decayd9],  cp yjglation, and it requires aCP-odd observable.
and ther Sca“e“”?lo]' one '”teres“';%mm"pe;ty ofthe 1P ¢ p.odd observables can further be classified by tiefe-
quark is its anomalous chromomagne@VDM) and chro- _ - L
moeIect_ric(CEDM) dipole moments, which will affect the. hﬁl\gcr:]r;['i"chegfsg\t/g%Igz'vz(t:gf driﬁ\g/]ertsc?l ttT]aet trt?rngorrr:\?etrgzl
production, decays, and the interactions of the top quark Wltlftﬂ_t) but without interchanging the initial and final

other particles. In this work we concentrate on the produc
tion channel in gp collider to probe the anomalous dipole Statés. ACP-odd and T-even observable can probe the

moments of the top quark in a model-independent way, usingn@ginary part of the CEDM form factor of the top quark,
an effective Lagrangian approach. The effects of the anoma¥hile aCP-odd andT-odd observable can probe the disper-
lous dipole moments on top quark production at hadronicsive part[12]. The simplest example o P-odd andT-odd
colliders have been studied in some deft4j6—§. The study observables will be a triple product of three-momenta. Since
of CP-violating effects in top-pair production due to the atpp machines the initial state is@P eigenstate, a nonzero
CEDM of the top quark were carried out in Reff$,6]. How-  expectation value for £ P-odd observable is an indication
ever, it was first suggested by Atwood, Kagan, and R[Z3o of CP violation. The second purpose of the paper is to ex-
to use the total cross sections and transverse momentum damine the expectation values for soi@é-odd andT-odd
tributions of top-pair production to constrain the CMDM of observables it andttj production, and compare their sen-
the top quark, and later extended in REf] to include the  sitivities.
CEDM also. Here we extend the study to the production of The organization of the paper is as follows. In Sec. Il we
tt pair plus one je(denoted byttj), and the ratio ottj to  write down the effective Lagrangian and detail the calcula-
tt production, as well as their dependence on the transverg®n method. In Sec. Il we show the results of the total and
momenta of the top quark and the extra jet. This is the firstlifferential cross sections fdt andttj production. In Sec.
IV we discuss som€ P-odd observables that are sensitive to
the CEDM of the top quark. We shall conclude in Sec. V.
* Electronic addregmternej: cheung@utpapa.ph.utexas.edu Detailed helicity formulas for the calculations are given in
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the Appendix. Finally, we also emphasize that a similar study
on the present data dfquark production should be useful in
constraining the anomalous dipole moments of ihguark.

Il. EFFECTIVE LAGRANGIAN

The effective Lagrangian for the interactions between the @

top quark and gluons that include the CEDM and CMDM

form factors is g, TOOTTOTA——B—— Q ga%
S Fo(c?) . WW‘/\/
Le=get T = ¥*Gi+ ——— "G} 0, TODDTTTR 4T @ 9%
B 4Am, wy a
iF3(9%) 9, vvoTCTA——»—— @
_ V- Tel:
4m; oY Gt @
g, ToCTTTOU® a g —

whereT? is the SU3) color matricestw is the gluon field @
strengtho#’=i/2[ y*,¥"], andF,(q?) andF;(qg?) are, re- ®)

spectively, the CMDM and CEDM form factors of the top
quark. Since such CEDM and CMDM interactions are not - = .00
renormalizable, they must originate from some loop ex- Ejgélwiﬁygr:?n diagrams for the proceasqq—QQ and(b)
changes, and they arg dependent and can develop imagi- 99 '
nary parts. But the imaginary parts must vanish at zero mo-

mentum transfer, so the imaginary parts are related to terms

of dimension greater than 5 in the effective Lagrangian. The parton-level processes,
Therefore, for our purposes we only consider these form fac-
tors to be real, as displayed in E(). Assuming|g?| <A,
whereA is the scale of new physics, the form factors can be (6)
approximated by

Q

)

A. tt production
qa—tt,

gg—tt,
Fa(a®)~x, Fs(g®)~k for [g°|<A, @ including the CEDM and CMDM interactions have been cal-
. culated in Refs[4,6,8. We did an independent calculation
wherex andx are independent af’. The CEDM of the top  and confirmed the analytic resdlitsf Ref. [8]. The contrib-
quark is then given bygsk/(2m;), while CMDM is  uting Feynman diagrams are shown in Fig. 1, where the
gsk/(2my). For k=1 andm;=176 GeV, the CEDM of the dressed vertices corresponding to thg andttgg interac-

top quark is about 5610 *gs cm. In terms of« andk the  tions of Eq.(4) and Eq.(5) are marked by a dot. For conve-

effective Lagrangian becomes nience we present the parton-level cross sections here:
_ K i k dogz ... 8ma’[l 1
o al| _ . ucad - _uvead _ - _uv, 5~a qg—tt S|~ _ T2 ~2
Lett=0st T y G’u+ 4th Guv 4mta' 0% Gw}t. T oF |2 v+zZ—k+ 4(K K°)
()
+ o (k24 ) 7)
We can then derive the effective interaction of thg vertex: 4z '
— i doggq mol((4 1 z K
s a v _i~ 5 [t a gg—tt _ 7T%s
f,//titjg— gsthji yH+ tho'” aq,(k—iky>) t|G”, (4) —d»t——12§2[<;—9>[§—v+22 1—; —K<1—§>
. . . . . 1 oo | 7 1 S5k
wheret;(t;) is the incoming(outgoing top quark andy, is + S (K2+ K| = (1= k) + —| 1+ —
the four-momentum of the outgoing gluon. The Lagrangian 4 z 2v 2
in Eqg. (3) also induces atgg interaction given by 1 1 1 4o
g2 w2N2| o Ty
o +16(K +;<)( Z+v+zz) . 8
it gg= 7 G (TPTC=TOT) o (k— ik Y*);GEGE, , — o
499 4m, it et (k= TkyIEGLG, We shall examine the effects afand k on tt production in

(5)  the next section.

which is absent in the SM. All the ingredients are now ready . A
for the calculation of the parton level cross sections for the *in our definitionk=2d; and x=—2, for the definition ofd;
production oftt andtt;j. and gy, in Ref.[8].
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in Egs. (7) and (8) for the subprocess cross sections, while

q Q q Q
‘/.;m{mg for ttj production we used the helicity amplitudes listed in
\\ e g the Appendix. The decays of the top quark and top anti-
= guarks can be included with full spin correlation using the

helicity amplitude method13]. The formulas are also given
in the Appendix.

a f//a a g @ Ill. RESULTS

\\ - A. Total cross sections
) ° The total cross sections fat production at theys=2
© @@ TeV pp collider are shown in Fig. 4, as a contour plotin

and k. The SM value given byk=x=0 is about 5.2 pb.
From Fig. 4 the cross section is symmetric abget0 be-

q Q q Q . .
causek only appears as even powers in the total cross sec-
\\ 9 tion. This is easy to understand because the total cross sec-
3 e, T a tion is not a CP-violating observable to separate the

CP-violating form factor k. Also, the total cross section
increases wher moves away from zero. On the other hand,
the cross section is not symmetric abaut 0, but instead,
aboutk=0.8, due to terms linearly proportional toin the
FIG. 2. Contributing Feynman diagrams for the processtotal cross section. Measurements of the total cross section at
99— QQg (Q=t). the Tevatron(run Il) can impose constraints o (x) plane.
_ Figure 5 shows the contours of the cross sections of the
B. tt plus one jet production ttj production withp;(j)>5,10,20 GeV, respectively, if@),
Thett_j production including the effects of the CEDM and (), and(c)_. Qualitative behaviors are very S"T‘”ar to that of
CMDM couplings of the top quark is a new calculation. Thett production. The SM cross SeCt'an wiit(j)>5,10,20
reason to extend the production tottj production is the GeV are ‘l 2.5, and 1'.3 pb, respectwely. Therefore, measure-
richer kinematics that can be constructed in the final statd"€Nts oftt] cross sections can further impose constraints on
Also, the kickout of a higp; gluon enables one to probe the 1€ (x.«) plane. . o .
ttg vertex in different phase space region. The contributing The more_'lnteregtlng. quanFlty IS th? ratio of the twg Cross
subprocesses ardi) qq—ttg, (i) gg—ttg, and (i) sectlon_s:cr(FtJ)/a(tt) with variousp+(j) (_:uts. This ratio is
a(a)g—ttq(q), whereq denotes a light partoru(d,s,c, or shown in Figs. &), 6(b), and &) for pr(j)>5,10,20 GeV,
b). The contributing Feynman diagrams for the subprocesser§3peCt'V8|y' From F|gs.(_6)~— 6(c) we can see that the ratio Is
(i) and(ii) are shown in Fig. 2 and Fig. 3, respectively. Thesm_allest arognd thg reg|ork(:_0,;<=0). Thoqgh the guanti-
subprocesiii) can be obtained from subproces by a tatlvg behaviors oftj _produc~t|on are very S|m|I§r ttt pro-
crossing of theq in the initial state with they in the final d_uct!on, there are regions OR (k) plane that thet] prod_uc-
state. Since the number of diagrams is large in this case it i€0N increases proportionately much more taproduction,
convenient to use the helicity-amplitude method to sum an@S Shown by, e.g., the contours with ratio greater than 1 in
square the amplitudes. We use the helicity-amplitude methof!d- &@. This is not unexpected because of extra dressed
of Ref.[13]. The expressions for the helicity amplitudes arett9 @ndttgg vertices inttj production. Presumably, if a jet
given in the Appendix. We have checked the gauge invari®f ® G€V or more can be identified, a very interesting con-
ance of the total amplitude and the Lorentz invariance of th&traint on @_{K) plane can be obtained by requiring the cross
amplitude squared. Moreover, by settig x=0 in our cal- section _o_fttj produ_ctlon to be less thatt proo_luctlon, ie.,
culations our results agree with the SM results generated b§y requiring the ratio to be less than 1. More importantly, by
MADGRAPH [14], and the results of Ref15]. fequiring o(ttj) with a.pT(J) cut to be Ies_s than a certain
Before we leave this section, we specify other inputs infractlon ofcr(tt_), of which both cross sections can be mea-
our calculations. We use the parton distribution functions offured in experiments«) can be further constrained.
CTEQ (v.3) [16] of which we chose the leading order fit. We
also used a simple one-loop formula for the running coupling B. Differential cross sections

constantas as We shall next examine the effects ofand « on differen-
ag(my) tial cross sections. We first show in Fig. 7 the spectra of the
as(pu)= s , (9)  transverse momentum of the top quark for some typical val-
1+ 33—2nfa (m )In(i) ues of (x,«x)=[(0,0),(1,0),(0,1),(0;0.5),(1,1). Part(a)
6w s\ is for tt production, while(b), (c), and(d) are forttj pro-
duction with p1(j)>5, 10, and 20 GeV, respectively. From
where ag(m;)=0.117[17] and n; is the number of active Fig. 7 we observe the following common features for both
flavors at the scalg.. The scale used in the parton distribu- tt andttj production. The shape of the transverse momen-
tion functions and the running coupling constant is chosen teum p; spectrum of the top quark are not sensitive to the
be \/mt2+ p%(top). Fortt production we used the expressions CEDM form factorx, which only affects the normalization,

(e) ]
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FIG. 3. Contributing Feynman
diagrams  for the process
99—QQg (Q=t). Diagrams(@)—
(g) with the incoming gluons inter-
changed have to be included to
make the complete set of dia-
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jet is tagged. In Fig. 8 we show the rapidity distribution of

and by comparing (0,1) and (1,1) curves. It is understoodhe top quark for the same set of,k). The shape of the

that the simplep+ distribution isCP conserving and, there-
fore, not sensitive to th€ P-violating CEDM form factor
k. We have also verified that negative and posifive with
the same magnitude produce the sapespectrum. How-
ever, the CMDM form factor affects the shape of the;
spectrum in a nontrivial way. A positive enhances thet
spectrum in the larg@ region, thus, making thet spec-

rapidity spectrum of the top quark is not sensitive to both
k and k that only the normalization is affected, as indicated
in Fig. 8. Also, the relative positions of the spectra are
about the same fott and ttj production with various
p+(j) cuts. In Fig. 9 we show the transverse momentum and
rapidity distributions of the jet in th&tj production, with the
same set of £, «). Qualitatively, the variousk, k) curves of

trum significantly harder than the SM result that should bethe p1(j) andy(j) distributions are similar in shape. This

detectable, as shown by the,k)=(0,1),(1,1) curves in
Fig. 7. On the other hand, a negatixedoes not affect the

fact explains why the relative shapes of fhespectra in Fig.
7 and the relative positions of the spectra in Fig. 8 are

shape of thep; spectrum appreciably, as shown by theabout the same fott production andttj production with

(0,—0.5) curve. Therefore, by measuring tpe spectrum

information on x can be obtained. We also note that the

relative shapes of thp; spectra are the same ftrandttj

different p1(j) cuts.
The conclusion of studying the total cross sections and
differential distributions is that we did not gain better sensi-

production with differentor(j) cuts. In other words, the ef- tivities to k and « by tagging an extra jet itit production.

fects of CEDM and CMDM form factors on ther spectrum

However, by requiring the cross sectiontof production to

of tt production are about the same whether or not an extrae less than a certain fraction ®f production under a
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FIG. 4. Contours of thet cross sections in pb on thec (k)

plane.

pt(j) cut, of which both cross sections can be measured in

experiments, one can constrain, k).

IV. CP-OBSERVABLES

In the last section, we have shown that the distributions
for CP-even observables such ps are not sensitive ta.

52

FIG. 5. Contours of thet_j cross sections in pb on thex (k)
plane, withp+(j)>5,10,20 GeV in(a), (b), and(c), respectively.

2

FIG. 6. Contours of the ratio(ttj)/o(tt) on the (,«) plane,
with p(j)>5,10,20 GeV in(a), (b), and(c), respectively. Though
the contours are rough, especially, in p@tdue to some technical
difficulties, the shape of the contours are rather clear.

Moreover, higher order corrections can render the detection
by such distributions useless. Only unlésis very large can

the effects be detected. Thus, in this section we shall look at
someC P-odd observables, which should be sensitive to the
CEDM of the top quark and safe from higher order correc-
tions. A nonzero expectation value for suchC#-odd ob-
servable at the Tevatron should be a signal@é? violation,
because the initial stajep is a CP eigenstate and, also, its
expectation value is not affected by td-even higher or-
der corrections.

In our effective Lagrangian, since we have assumed
be real only those&CP-odd andT-odd variables can probe
k. CP-odd andT-even variables can only probe the imagi-
nary part ofk, but such an imaginary part must vanish at
zero momentum transfer, so it must be related to terms of
higher dimension ¥ 5) in the effective Lagrangian.

In the last section, the cross sections forand ttj pro-
duction are shown for the case that the top helicities are
summed. From Eqg7) and(8) or from the contour plots we
can see that the total cross sections do not contain terms
linearly proportional tox. Therefore, the total cross section
is not sensitive tadC P-odd observables when the top helici-
ties are summed. However, it was shown in Héfl that
when the top helicities are not summed the cross section
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FIG. 7. Differential cross sectiotho/d py ver-
sus the transverse momentum of the top quark in
(&) tt production, and irttj production with(b)
pr(j)>5 GeV, (¢) pr(j)>10 GeV, and (d)
p+(j)>20 GeV. We show £,«)=(0,0) in solid
lines, (1,0) in dashed lines, (0,1) in dotted lines,
(0,—0.5) in dash-dotted lines, and (1,1) in dash-
dot-dotted lines.

weak interaction. Since the top is heavy, in its rest frame the
top quark first decays intolaquark andW* boson, with the

have information about the top helicities. Fortunately, the togh preferentially left handed and thW#* boson predominately

is so heavy that it decays before hadronization takes pladengitudinal. Because of angular momentum conservation
[18] and, therefore, the spin information of the top quark isthe longitudinalW* boson is preferentially produced along
retained in the decay products. The top helicities or polarizawith the direction of the top quark polarization. Therefore,
tions are not directly measured but can be realized in itshe antileptory’" produced in thaV* decay also prefers to
weak decay12,19, because of the left-handed nature of thebe in the direction of the top quark polarization. Similarly,

10!

(pb)

do/dy(top)

(pb)

do/dy(top)

103

101}

10-2 |

y(top)

y(top)

FIG. 8. Differential cross sectioda/dy ver-
sus the rapidity of the top quark {ia) tt produc-
tion, and inttj production with (b) p(j)>5
GeV, (c) pr(j)>10 GeV, andd) pr(j)>20 GeV.
We show (,«)=(0,0) in solid lines, (1,0) in
dashed lines, (0,1) in dotted lines, {0).5) in
dash-dotted lines, and (1,1) in dash-dot-dotted
lines.
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the momentum of the leptorf~ produced in the top anti- (v)
guark decay prefers to be in the opposite direction of the top A,= m (15

antiquark polarization. Thus, by discriminating the directions
of the lepton and antilepton one can select particular polar- .
izations of the top quark and top antiquark. Similarly, thiswhere the — expectation  value(v)=Jv (do/dv) dv/

argument can also be applied to theuark andb antiquark. f(zdaldv)dv- Therefore, the expectation valugs) and
We shall look at the variableg,6] (v°) do not scale with the total cross sections or with the

branching ratios of the top quarks and top antiquarks. The
number of signal events due to this asymmetryNi8,, ,

v1=p- (1" XI7)p-(1"=17)/m?, (100 whereN is the total number of events, antN is the stan-
dard deviation of statistical fluctuation. Therefore, the condi-
tion for the signal of the asymmetry to have arnr signifi-

v,=(1"=17)-(bxb)/m, (1)  cance is given by
V3= €upo’ 1D, (12 NA,=7 or NﬂB : 16
nvp t \/_ Y \/—m Y ( )
v4=p- (bxb)p-(b—b)/m¢, 13 We shall first give the results fait production. Fork

between—1 and 1, the expectation valués;) and \(v?)

where egp=—1, and I*,17,b,b represent the three- ©an be expressed as

momenta of the leptons and quarks, aftl,”/,b,b repre-

sent the four-momenta of the leptons and quarks faiscthe (v1)=—0.003%+7.3x 10 °k*+0.0015¢°,
unit vector of the proton. Since the initial state of the colli-
sion is pp, which is aCP eigenstate, nonzero expectation \/(75:0.046,

values for these variables are signalsG#® violation. Some
of these variables, as signals GfP violation due to the
CEDM of the top quark, have been demonstratedtfgro-  (v,)=0.0040¢—1.7X 10" °%?—0.0015¢, (v3)=0.11,
duction in Refs[4,6]. Our aim is to compare the sensitivities
of thett andttj production to thes€ P-odd observables. We
shall put«=0 in the following, as it does not affect the
expectation value of thegeP-odd observables.

We put in the semileptonic decays of the top quark and (v4)=—0.0018+7.4x 10 °x%+0.000753,
top antiquark using the helicity amplitude method with full
spin correlation(described in the Appendixin order to de-
tect the leptons and quarks we impose a set of minimal cuts: (v3)=0.09, 17

(v3)=0.0056¢—7.6X 10" °k%—0.002%k°, +(v35)=0.07,

where we fitted the numerical results using a polynomial in
k up to x°. For sufficiently smalk only the first term linear

in k is important. They(v?) are roughly independent 6f
We calculate numerically the expectation values of these olfor k between—1 and 1. To test the sensitivity of each
servables foik between—1 and 1 with an increment of 0.1 observable toc we require a i effect (p=1) of the signal,

or 0.2. The asymmetnp, for a variablev is defined as and by Eq.(16) | x| must be larger than a minimum value,

pr(/.b)>5GeV, |y(/,b)|<2. (14)

1.000

(®)

%

;: o.100f \ g

= FIG. 9. (a) Differential cross sectiodo/dpy

. g versus the transverse momentum of the jet, and
z 3 (b) differential cross sectiomlo/dy versus the

g 0.010 © rapidity of the jet inttj production. The labeling

o]

of the curves is the same as Fig. 8.
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given by where we assumed only the linear termiinin Eq. (17). We
can immediately see that the observablgsndv 5 are about

12 27 i itivity té iti
1 for vy, —— for v,, the same in sensitivity ta, and more sensitive than, and

~ \/N \/N Ug- _

| k|= (19 Forttj production we only give results an, anduv 3 with
12 =0 pr(j)>5,10,20 GeV. The results for the expectation values

for vg, for vy,

JN JN of v; andvy are

—0.003%— 1.4x 10" *k?+0.0020¢3 for p1(j)>5 GeV
(v1)=1{ —0.0028—2.1x10 *k*+0.0016¢*>  for p;(j)>10GeV, \(v?)=0.046 (19
—0.0030—7.7x 10 %%2+0.001%3  for p+(j)>20 GeV

0.003%—3.6x 10 “x?—0.00153 for p(j)>5 GeV
(v3)=1 0.003%—3.7x10 *k*—0.0018  for pr(j)>10GeV, (v2)=0.07 (20)
0.003%—3.6xX10 %k?—0.0018°3  for pr(j)>20 GeV.

We can see that the sensitivities (@f;) and(v3) are about Also, we found that the sensitivities obtainedtif produc-
the same for varioup+(j) cuts at smallc . But, both(v,)  tion are smaller than int production. Therefore, it is not
and(v3) are less sensitive t@ in ttj production than irtt  advantageous to tag an extra jetirproduction with respect
production, since the expectation valig is getting smaller to theseCP-odd observables. Since it is very often to have
while (v?) remains the same. We have also verified thatextra jets intt production, the results obtained for the
v, andv, have similar behavior. In general, the sensitivitiesC P-odd observables itt production will be very often con-
of the CP-odd observables under consideration decreastaminated by the smaller results of thg production. In
when going fromtt production tottj production, especially, reality, the experimental measurement will be somewhere in
for the observables,, v3, andv, that require théb quark  between the results of andttj production. In this work, we
andb antiquark momenta. do not consider the effects of gluon radiating off the decay
products of the top quark. These effects will also be compli-
cated by the finite width of the top quark. However, we do

V. CONCLUSIONS not expect any significant changes on our conclusions.

In this paper, we have studied the effects of the CEDM
and CMDM couplings of the top quark on thé and ttj
production, as well as the ratio of these two cross sections at
the Tevatron withys=2 TeV. We found that by demanding | thank Duane Dicus, Roberto Vega, Tzu Chiang Yuan,
a(tt_j) to be less than a certain fraction Oaf(tt_) we can and David Bowser-Chao for useful discussions. This work
obtain constraints o andx. We have also shown that the Was supported by the U.S. Department of Energy, Division
shape of the differential distributionpf andy) is not sen- Of High Energy Physics, under Grant No. DE-FG03-
sitive to the CEDM form factok because these distributions 93ER40757.
are CP even. However, th@ distribution is very sensitive
to the sign of the CMDM form factok. A positive « sig-
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APPENDIX
nificantly hardens thg@; spectrum while a negative does
not. Therefore, by measuring ther spectrum of the top In this Appendix we shall list all helicity amplitudes for
qguark we can put bounds on the processe) qg—QQg, and (i) gg—QQg, whereQ

Furthermore, we have also studied the effectg @ the  stands fort or b.
expectation values of sontéP-odd andT-odd observables
in both tt andttj production. The asymmetr#, obtained — —
for these observables ranges betwé2n8x 10 2k. The 1. 6i(p1) 9j(pP2) = Qi(k 1) Q(K2) ga(9)
SM cross section fott production with both the top quark The momenta of the particles are labeled in the parenthe-
and top antiquark decaying semileptonically is about 0.25%es and the subscripts denote the color indices of the quarks
pb. With a luminosity of, say, 5 fb!, there are totally of and the gluon. The contributing Feynman diagrams are
order 1200 events. Usingrleffect as the discovery criterion, shown in Fig. 2. We list the helicity amplitudes for each
it can probe the regiofx|=0.35[using Eq.(18)]. In other  diagram but without the color factors, which we shall sum
words, if no effect is observed, we can constraih<0.35.  later. We use the following short-hand notations:
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S=(p1+p2)?% §'=(kitky)? J,=v(py) Ypu(pl)(Al

I',(p,g;€1,€)=(P—0Q) €1 €2+ (P+20)- €165,

—(2p+Q)- €269, - (A2)

We also define

S(P.A)=p+ 7 (M 4p)(k—iky®) (A3)

wherep,q are four-vectors, or ip or q is an index it repre-
sents ay matrix. The helicity amplitudes are given by

3 +g+mg

/ngs u(ky)S(e(9), Q)WZ
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3
9s — .~
Mi=———U(ky)(¢ (9)¥*— ¥ ¢ () k=i ky)v(k>)J,,
4mgs
(A9)
wheree(g) is the polarization four-vector of the gluon. Tak-

ing into account the color factors the total amplitude can be
written as

4
M=, Oy,
a=1

with

01=(T3T?) T, Oa=TR(T’T?);;,

O,=(TPTHTY,  O4=TH(T3T?);;,

and

XS(p.p1tPo(ka)d, . (A4) SNZ et M Mg= M e
My=My— M, Ma= Mot M.
gs_ —Kky—g+m
Mp=—u(ky)S(p,py+ pz)—z‘;’ After squaring and summing all the color factors we have
S (ka+9)°—mg
2_ 8 2 2 2 2
X S(e(g),— g (kp)J,, (A5) CO%I///I A N7 el R el
03 _ L e 5 bt
‘/%czgu(kl)s(l)1k1+ k2)v (k)T p(P1+ P2, —9;J,€(9)), 3\ L T A AT R0
(A6) o oo 2 e
+1///42 1,//54) - §(,//éll///4/4 +"/%él L///é4
3
=L i) Sl o o () (p2) v, 2 =
o= Uk Spkatka)u(ka)v(p2) v, =05 Mg IS+ M M) = F (M A
X ¢ (g)u(py), (A7) T MY Mo+ M W+ W M), (AL0)
e _ —potd 2. 9a(91)96(92) > Qi(k1) Qj(k2)ge(Q)
‘//%ezg_ru(kl)s(p’kﬁkZ)U(kZ)”(pZ)é (9) (—p,+9)2 The contributing Feynman diagrams are shown in Fig. 3.
The helicity amplitudes without the color factors for each
X y,u(py), (A8)  diagram are given by
|
M=~ k) S(e(D), g)ﬂ S(6(92).90 2 519 S(e(g), g ), (ALD)
o (ky+9)°— (ko= g2)*—m{
Ki—@1+m +4,+
Mp=—gou(ky)S(e(gy), 91)(—)22‘ S(e(9), —Q)WZS('E(%) ,92)v(Ky), (A12)
A :_g?ﬂ(kl)s(f(gl) gl)g—ls(f(gz) gz)#S(e(g) —gu(ky) (A13)
oo (ki —g1)—mg (kz-+9)%—myg ’
e} +d,+
S —
-//éd:_ﬁu(kl)s(l)vgl_g)ﬁs(f(gz) 92)v(k2)I' (91, —9;€(91),€(9)), (A14)
(91—9) (k2—92)
93 g1+ mg
'%e:_(gz )zU(kl)S(f(gl) 91)WS(P 92— v (k)T (92, —9;€(92), €(9)), (A15)
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3
M= — % (91)— ¢ (91 ¢ (9))(k—iky’ )%S(e(gz) g2)v(ky), (A16)
93 g, +
Mg=— ﬁa(kl)s(f(gl),gl)w(é (92)¢ (9)— ¢ (9)¢ (92))(k—iky)v(ky), (A7)
93 1+g+
Mp=— mﬁ(kl)S(e(g),—g)WS(p 91+ 92)v (k)T ,(91,92:€(91),€(92)), (A18)
.//é:—iu(k )S(p.91+9 )is(e(g) — Qv (k)T ,(91.92;€(91),€(92)) (A19)
i (91"‘9 )2 1 1 2 (k +g)2 2 2]+ p\Y1:Y2, 1/ 2))s
g3
M= Wu(kl)(')’pé(g) ¢ (9) ") (k—iky°)v(K)T ,(91.,02;€(91),€(9p)), (A20)
, gs
//dk (k1+k2)2(91+g )ZU(k )S(p kl_'—kZ)vU(Z)rI ( g, gl+9216(g) Fl) (AZl)
with Flp,:r,u.(gl192;6(91)16(92))1
| gs _
'////4: - (k1+ k2)2(gl_g)2u(kl)s(pikl+kZ)v(kZ)Fp(QZ!gl_g;€(g2)lr2)! (A22)
with I, =T",(91,—9;€(91),€(9)),
9 _ .
Mm=— (ki +Kp)2(gp—0)2 u(ky)S(p,ki+ka)v(ko)I' (91,92~ 95 €(91),T'3), (A23)
with I'3,=T",(92,—9;€(92),€(9)),
5 gs
"/%gnl_ (k +k )Zu(kl)s(p kl+k2)v(k2)e(gl) E(g)E(QZ)p= (A24)
gs
An,= = (kg k)2 u(kq)S(p, ki t+ko)v (ko) €(g) - €(9)e(g1),, (A25)
g3
ong= e g2 VKD Se ket ko)u (ko) e(g1) - €(92)€(9), (A26)
3
g - ki+d+m e
Moo=~ g)—z(é (91)¢€ (92)— € (92) € (91))(k—iky)v(ky), (A27)
(k1 +9)?
/ g s —k—g+m
M= — mu(kl)(é (91)¢ (92) — ¢ (92) € (g1))(k—iky® )WS(G(Q) —gv(ky), (A28)
g3
Mq= WU(kl)(ype‘(gz) ¢ (92) Y )(k—iky*)v(ko)T (91, 9;€(g1),€(9)), (A29)
9
M= Wi_g)zwkl)(e‘ (917" — ¥*¢ (90))(k—iky*)v(ko)T (92, — 9; €(92), €(9)), (A30)

wheree(g;) ande(g,) are the polarization four-vectors of the gluons. Also, we have to interchange the incoming gluons in
diagrams(a)—(g) to make the complete set of Feynman diagrams:

My abcdefg_// (91<02). (A31)
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Since the diagram(n) has a quartic gluon vertex it is more convenient to decompose it into three terms as we have
.,//’énl,.//dnz,.//éns. The complete amplitude including the color factors is given by

6
M=, Opt,,
a=1

where
Ol:(TCTaTb)ij , 04:(TCTbTa)ij )
OZZ(TaTCTb)ij , 05:(TbTCTa)ij )
O3=(T3T"T®);;, Oe=(TPT3TY);;,
and

M= M= Mg+ M+ M= M+ Mo M= Moy 2 M~ Mot Mg Mg,
Moo= My My Mo~ My~ Mg— M~ Mo Mg~ Aon,F 210t Mg~ My,
M= Mt Mot Myt M+ M= Mot Mo+ 20— Mg, Mgt Myt M,
Moy= = Mot M= Mot Mot 2 My~ Mo, = Mo, = Moot + M= My+ M
M= = M\~ Mg Mon, = Mon, T 2 M Mg M + Myt Mg Mo— Mt — Mg,
M= = M= M M M= Mo F oM~ Mo~ My Mot Mot Mot My (A32)
After squaring and summing the color factors, we have
_54

4
CEO%J//ZP_ (|"/%1|2+|L/52|2+|U//'53|2+

8
9 )= g (A M+ MY Mg+ M M+ MM

L//Z4|2+ |.///55|2+

1,/% Z 6

10
F M a5+ MG Mt MM+ ML Mot Mg I+ M5 Mot M I+ M M)+ G (M M

1
F ML Mt Mg I+ M5 Mot Mg W+ M5 Mg+ G (MM + M Mok Mg M+ M5 M
Mg W+ I Mot T ME+ I Mgt Mg IS+ I Mg+ W IS+ T ). (A33)

3.t=b/*v andt—b/ v
These decays can be included with full spin correlation using the helicity amplitude method, by replacing
9° 1

u(t)—— o . .
(H—=73 t?—mZ+iTm, W2—mg,+iTymy

u(b)A(1-»*)(t+my, (A34)

1 1
, T
mZ+iTm, W2—mi+iTymy

2 J—
v(t_)ﬂ—%t—z_ (=T+m)0' (1= v (b), (A35)
where

3, =U() v, (1= y)u(/T),
3, =U(/ )y (1= (w),

and the momentum of each particle is labeled by the particle itself. We use the narrow width approximation for the top quark
andW propagators.
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