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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 anomaldu6 couplings on total and differentiat production cross sections
in hadron-hadron collisions. We study in detail the effects of a chromoelectric and a chromomagnetic dipole
momentd; and u; of the top quark. We estimate the valuesodfand x; which are allowed by the present
Fermilab Tevatron experimental results on top-quark productigrpircollisions. In theu, -d; 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 viola@B invariance. We discuss @P-odd observable
6L which allows for a direct search f@ P violation in top-quark production. We find that the presence of a
chromomagnetic moment, can influence the sensitivity @, to d; considerably.

PACS numbd(s): 14.65.Ha, 13.85.Ni

[. INTRODUCTION sections with theory5—-7]. One will be able to investigate
also many other observables, e@PR-odd ones. From these
The observation of the top quark has recently been remeasurements one expects to obtain detailed information on
ported by both experimental groups, the Collider Detector athe couplings of the top quark. This might provide a further
Fermilab(CDF) and DO Collaborations, working at the Fer- confirmation of the standard model or open a window to new
milab Tevatronpp collider. The latest CDF value for the physics.
top-quark mass is,=176x=8+10 GeV[1], while DO gives Of special interest is the study 6fP-odd observables in
the value ofm,=199"73+22 GeV|[2]. At the Tevatron, top  top.quark production and other channels mp collisions
quarks are pair produced pp collisions at a c.m. energy of [g_14 For theoretical investigations P violation in top-
\5=1.8 TeV. Based on an integrated luminosity of 67 ib  quark production and decay in other contexts we refer to
the CDF result for the total cross section for this reaction I§15-29 and references therein.
found to bef1] In this paper we want to investigate possible effects of
anomalous top-quark—gluon couplings on total and differen-

TRV + 3.6
Texpl PP—1tX)=6.8"5, pb. (1) tial cross sections of the reactiqpp—ttX. To be specific,
The DO Collaboration obtains from a data sample corre!V€ assume the existence of chromoelectric and chromomag-
sponding to 50 pb! the cross sectiof2] netic top dipole moments); and w . Although there are
o stringent experimental bounds on anomalous contributions to
Texp{ PP—1tX)=6.4+2.2 pb. (20 dipole moments of light fermions, it is not unreasonable to

) . __ expect large anomalous moments for the heavy top quark.

Both central values are higher than the theoretical predictiogyne way to generate these couplings is the exchange of

3] Higgs scalars in one-loop diagrams in multi-Higgs-boson ex-

— mo o 4067 _ tensions of the SM. Since the top-quark—Higgs-boson cou-
on(PP—ttX)=4.79 54 pb for m=176 GeV, (3)  pjing is proportional tom,, the effective dipole couplings

. . ite sizable.
obtained from a0 (a 2) standard modelSM) calculation in- can be qite sizable

. > . . Here we consider the anomalous couplinigsand u; as
cluding a resummation of the leading soft gluon correctlonsfor pling R

to all orders of perturbation theory. The electroweak correc-o- - factors, which could, in principle, depend on the kine-
) P Y- matic variables of the reaction. However,pip collisions at
tions are known to be small, of the order of a few per¢dht

For higher values ofn,, the theoretical cross section is even \/‘:':1'8;_‘3\/ t?ett pairshartladptr)oduced gear thre_sholq, wrxare
lower. Taking the values in Eq$l)—(3) literally we obtain constantiorm factors should be a good approximation. An-

for a possible anomalous contribution to the cross sectiof?ther way to put it is to cons!der_m the framevyork of effec-
Ao tive Lagrangians an expansion in new coupling terms, or-

dered by their dimension. The expansion parameter is then

1/A, with A the scale of new physics. Constant dipole mo-

ment form factorsd; and u; correspond then to the dimen-

=1.8"39 pb. (4  sion 5 termgafter symmetry breakinfL7]), i.e., the terms of
order 1A, in the effective Lagrangian.

Thus the presently available experimental and theoretical in- In the following we will neglect all higher order terms

formation allows a rather large anomalous contribution. ~1/A% 1/A3, .. .in this effective Lagrangian. In the cross
Future experimental runs will increase the number of prosections fortt production such terms contribute at the same

ducedtt pairs, allowing the comparison of differential cross order in 1A as the dipole terms which we keep. However, in

_ __mean mean 2 2
AT eyxp= Oexpt ~ Tth™ \/( 5Uexptr) +(6o)

0556-2821/96/5®)/487511)/$10.00 53 4875 © 1996 The American Physical Society



4876 P. HABERL, O. NACHTMANN, AND A. WILCH 53

order not to have an explosion of new parameters, we restrict e
ourselves explicitly to the dipole terms. In any case it is lk
common practice by experimentalists to give bounds on new —ig,é} [7“ + i%awku _ Fd;/Lauu,Ysky]
couplings by considering the influence of one or two cou- B ! !
plings at a time and setting the rest to zero. t ¢

Some effects of the top dipole momeusand x; in the

. a b
reaction G, G

gffabc'/\zi {i'r%éaw _ %auu,ys]
pp—ttX (5) t 7

. . . S FIG. 1. Vertex factors following from the top-quark—gluon in-
h?\t/’etrk])eeln ;n_vestlgated pr?wously. [n’?l]i tTﬁ Con'E[rl_butllon eraction Lagrangian in Eq7). All momenta are taken to be ingo-
ofboth electric an _magne IC m.omen slo - € ”_‘a rix elemen g. The necessity of the second coupling is a consequence of gauge
of the parton reactions underlyin®), including final quark invariance
polarization, was calculated, but only to first order in the ’
anomalous couplings. The quark spin vectors were then usggh, 1 ypdating this old analysis with more timely inputs, we

for thg cqnstruct,lon of @P'Odd observable. In Ref12] the also extend it to the case of nonzer$ and higher orders in
contribution ofd; to variousCP-odd observables was stud- =,

ied. In Ref.[14], total and differential cross sections were "t
computed up to fourth order ip{, but for vanishingd; .

In the following we want to extend the above analyses
and investigate the combined effectsdjf and u; simulta- We work with the following effective top-quark—gluon
neously. The outline of our calculation is as follows: We will jnteraction Lagrangian:
set the light quark masses to zero and compute the parton

Il. THE MODEL

processesjq—tt and GG—tt to leading order(LO) in _ odf — My —

QCD, i.e., at the tree level, but including the effectsddf ~ “tic= ~ ItV Cut—1 o o™ y5G,,t— o ta"G it

andu, . Convoluting the parton level results with the parton 7

distribution functions, we evaluate the cross section for

pp—ttX which depends now, of course, @ and y; : Here g, is the strong coupling constant; andd; are the

o(d; ,»!). We identify the anomalous cross secti@alcu-  chromomagnetic and chromoelectric dipole moments,

lated to LO as a’=(i12)[¥",y"], G,=GiT? with the gluon fieldsG%
and the SWB). generators T*=3\% (a=1,..,8, and

Aoi=o(d] )~ (0,0). ©) G,,=G§, 7% with the gluon field strength tensors

G%,=3,G3-9,G6%—0sfapGLGS. Since the anomalous
operators have mass dimension 5, we introduce the dimen-
We then addAo to the next to leading ordeiNLO) SM  sjonless dipole moment , 7, via
calculation from Ref[6]. We note here that higher order
QCD effects produce, of course, a chromomagnetic moment Os ~ Os .
form factor. These effects are included in the NLO SM cal- di=——di, w=_ K €)
culation and do not concern us here. Our anomalous moment t

m is understood as thadditional piece in the chromomag- ith the top-quark massy, . Both anomalous dipole moment
netic moment form factor which may be there duen@wv  couplings are chirality changing; the magnetic moment term
couplings. Similarly, higher order electroweak corrections injs even under the combined action of charge and parity trans-
the SM will produce a chromoelectric dipole form factor, formationsC P, while the electric moment i€P odd. The
which, however, is estimated to be unmeasurably smallsigns and factors of 1/2 are chosen such as to yield the cor-
Thus a sizable chromoelectric dipole form factor must comgect nonrelativistic limits. In Fig. 1 we show the Feynman
from physics beyond the SM. _ _ vertex factors following from Eq(7); note in particular that

~ In [6] it was shown that single top differential cross sec-due to gauge invariance there is als6t@&G coupling. For
tions from the full NLO calculation in the SM can well be the coupling of light quarks) to gluons as well as for the
approximated by a multiplication of the LO standard modelgjyon self-coupling we take the SM values.

result with a constant factor between 1.4 and 1.6. Such a \jith this input we calculate the differential cross sections
constant factor drops out in normalized differential distribu-5 —and o for the parton level processes

tions. Thus the effects of new couplings in differential dis- ad

tributions calculated in LO as described below can hardly be q(ay) +aq2)—>t(k+)+ﬁk,),
masked by NLO SM effects.
Finally we discuss the sensitivity of tH@P-odd observ- G(gy)+G(qgy) —t(k, ) +t(k_), (9)

able O, from [12] to the chromoelectric dipole moment
d . In Ref.[12], O, was computed for vanishing chromo- to lowest order in QCD, as a function of the usual Mandel-
magnetic momeng; and only to first order ird; . Further  stam variables

inputs were a top mass of;=130 GeV and the 1984 set of R

parton distribution functions by Duke and Owens. In addi- $=(q;+02)2% t=(g;—ky)?% 0

(q;—k-)% (10
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g 0 £ a{ =0, where we disagree partlyAt Tevatron energies, tops
are produced predominantly via the annihilation of quarks;
the gluon fusion process becomes important for increasing

q ¢ energy as well as for higher values of the anomalous dipole
moments.
by G OTEEET—— 0 G 7 Acpordi_ng to the parfton model, the cross section for the
/ reactionpp—ttX is obtained from a convolution of the sub-
1 processes E(9) with parton distribution functions,
G OO —>— ¢ G t .
da[p(py) +p(p2)—t(ks) +t(k-)+X(ky)]
a € 7 o) G i L ) B
= f dxlj dxNB(x1)NE(x,)
a 0 0
G t G t

B X dogafa(x,p;) +alxpy) —t(k)+t(ko)], (15
FIG. 2. Feynman diagrams for the quark annihilatigp—tt (a) )

and the gluon fusio®G—tt (h)—(e) processes. where the sum runs over all light quark flavors and the glu-

ons,a=u,u,d,d,c,c,s,s,b,b,G. We evaluate the distribu-

For the quark annihilation, there is only tBechannel dia- tion functionsN(x,s) at the hadron c.m. energys, whereas
gram shown in Fig. @) (the corresponding- andii-channel  the energy/s of the parton subprocess sets the scalexfor
diagrams are absent, since we set the top-quark distributioit particular, the total cross section can be written as
in the proton and antiproton to zerd@ he result has the form

1 1 —
) ) , o(s)=2 f dx; j dxoNE(x1)NEEX)
dogg 7as8 (1 v-z a Jo 0

~1

= S 2k o
dt s° 912 4 X O (X1 X2S—4ME) 0 g7 S=X1X5S). (16)
a2 2y 2, a2y Y The total parton level cross sectiong,g-and ogg, can be
("= 0 )+ (") 2]’ 1D calculated analytically and we present the result in Appendix
A.
h the abbreviati Finally we give a useful form of the double differential
where we use the abbreviations cross section with respect to rapidityand transverse energy
E; of thet jet:
o — g -mdE-m) a2
Z=—, Uv== (I—mp)(u—m; g2 1 o
5 o
€ —2\sA>, f d7 NB[Xy(7) INBfxo(7)]
dy dET a 0
with the kinematical limits &z=<1, zZ?<v<1. The variable 4o
X o P
v can be gxpressed in terms of the emission arfglef the X[X4(7)Xo(7)]2 aa 17)
top quark in the parton c.m. system as dt
v=1-r2cod 9, r=\1-7. (13 with
. . Js
For the gluon fusion process we have to consider the four A= E__2 coshy, xy(7)= T Ae
diagrams in Figs. ®)—2(e), and we find T TAE
do mal 1116 v z? X (T)=; (18)
—- =9l =+ 1- = AT (1= nAe
dt §2 12|12\ v 2 v
1425 and the kinematical limitsm<Er< \/5/(2 coshy). In
+ap](1+ ) +4(/1t'2+a{2) 7 K do,z/dt one has to perform the substitutions
z? S—x1(7)Xo(7)s andv —4E 2/[x;(7)Xo(7)9].

~r

1-5uy

v

+

2 7

R - 1 1 4o
+4(M{2+d{2)2(;——+—) :

The formulas given if14] contain several misprints. In E¢QR)
(14) (quark annihilatioi there is a factor of8?> missing in'the last term,
as well as an overall factor of 4. In E() (gluon fusion we agree
R with the termsT;—T,, but not with the SM contributiof (in the
In the limit d{ = &{ =0, we recover the well known SM re- second factor there is a termx@missing. Note also thak defined
sults [30]. We also checked against R¢l4] for the case in[14] is related to our, by k=2g, .
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FIG. 3. Contour plot of the anomalous contributider defined in Eq(6) as function of the chromoelectric and chromomagnetic dipole
momentsd, and & [cf. Eq. (8)]. The solid line corresponds to the mean experimental vAlie 1.8 pb[cf. Eq. (4)]. The dashed lines
enclose the experimentally allowed regi@ns.d): —0.5 pb<Ao<4.8 pb. The dotted line corresponds to the SM redutt=0.

Ill. RESULTS the total cross section could be lowered down to 2.8 pb.

More interestingly, we see that the limits A, in Eq. (4)
The numerical evaluation was carried out for the Teva- I | f theCP violati ; rd’p ; d’
tron; i.e., we considere@p collisions at a c.m. energy of allow vaiues ot the viglation parametemd; up fo
Js=1.8 TeV. For the top-quark mass we took 175 GeV. We ~12(atthe 1 s.d. levelif 4; has an appropriate size.
used various parton distribution functio@DF's) from the We have also |nve§tlgated the dependenca@fon the
CERN library PDFLIB, but found only weak dependence on ntop- guark mass. For different valuesrof we determined the

the actual set; the presented results were computed with tjPe" and lower bound including the allowed arearre-
set HO of Glick, Reya, and Vogf31]. sponding to the dashed lines in Fig. &d the central ring

In Fig. 3 we show a contour plot of the anomalous Con_(correspondlng to the solid line in Fig).3We found that the
tribution Ao defined in Eq.(6) in the ﬁt"a( plane. This curves can be very well described by ellipses around centers

quantity has a minimal value of (u¢/d{)=(c/0) with half-axesa andb,

Aopin=—2.00 for agzo, a=—0.4 (19)

=1. (20

and increases roughly quadratically wﬁh, |a{+0.4. We
therefore find a whole region where the contributionsipf
and u{ cancel. The dashed lines include the experimentally
allowed regior{cf. Eq.(4)]. Along the solid(dotted line Ac  This can easily be understood from the explicit formulas of
takes the value 1.8 pk0.0 pb. As explained before, the Appendix A: deviations from an ellipse are due to terms of
anomalous contribution has to be added to the theoretical Sikhird or fourth order |ml’ andx, , which appear only in the
value given in Eq(3). In this way the theoretical value for subleading gluon fusmn process. Moreov&o; can contain
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TABLE I. Ellipse parameters, b, andc parametrizing curves of constant anomalous contribuion
for various values of the top-quark mdss. Eg. (20) and Fig. 3.

Upper bound Central ring Lower bound
my
[GeV] a b c a b c a b C
140 0.125 0.21 -0.379
160 0.485 0.81 —0.400 0.282 051 -0.393
180 0.805 1.32 -0.425 0.620 1.08 -0.415 0.410 0.77 —0.410
200 1.163 1.87 —0.443 0.945 1.60 —0.435 0.718 1.31 —-0.428

only even powers ofl! , since it is a CP-even quantity. In distributions if both anomalous couplings are nonzero,
Table | we list the parameteis, b, andc for the various (u;/d{)=(—0.4/0.8) and —0.8/0.4. These values are cho-
ellipses. sen such that the anomalous contributiom to the total rate
The gross feature is that the rings get wider for increasingvould be undetectablef. Fig. 3. From Figs. 4—6 we infer
top-quark mass. In detail we see, for instance, that the uppehat the anomalous couplings would have to be rather large
bound ond, | at the 1 s.d. level, leaving, free, ranges from in order to be visible with a limited statistics of pairs.
0.21 form,=140 GeV to 1.87 fom,=200 GeV. Thus large In Figs. 7-9 we plot the normalized double differential
effects of CP violation due tal; are not excluded by the Cross section with respect to rapidiyyand transverse mo-
present information ow for this whole range ofn; . mentumpy of the t jet, as a function ofpy for different
Because of the folding with PDF’s differential cross sec-values ofy. Figure 7 shows the influence of chromoelectric
tions get smoothened, but still reflect the characteristic feamomentsd; =0.2 and 0.4; Fig. 8 of chromomagnetic mo-
tures of the parton level distributions. In Figs. 4—6 we showmentsu; =0.2 and—0.2, compared to the SM resuHolid
the normalized differential cross section with respect to thdine). In Fig. 9 we show the combined influence of chromo-
angled, the emission angle of thejet in the laboratoryfpp  electric and chromomagnetic moments, again for
c.m) frame. We choosé=0 to correspond td emission in  (x//d{)=(—0.4/0.89 and(—0.8/0.4. Typically the presence
the direction of flight of the incoming proton. In all three of anomalous dipole moments enhances the productidh of
plots, the solid lines are the SM resiilt LO). In Fig. 4 we  pairs with high transverse momentum.
compare thiSAtO the distributions obtained with chromoelec- As general feature we observe that normalized differential
tric momentsd; =0.2, 0.4, 0.6, 0.8, while Fig. 5 shows the cross sections are of course more sensitive to anomalous di-
effect of a chromomagnetic moment for the valuespole moments than the total rate. For small dipole moments,
&y =0.2,—0.2, —0.4, —0.6. In Fig. 6 we show the angular however, measurable differences occur mainly in phase
space regions where the contribution to the total cross sec-
tion is small, i.e., for largecosd| or largep;. Only if the
anomalous couplings take quite sizable values, one can ex-

1 _do
7 dcos¥
T T T T | T T T T T T T T T T T T 1 da
o dcos¥

-1 -5 0 5 1

0 i 1 1 1 I 1

cos ¥ ol

FIG. 4. Normalized differential cross secti¢lio)(do/d cosd)
for pp—ttX, whered is the emission angle of thiejet in the pp FIG. 5. Same as Fig. 4, now for different values of the chromo-
c.m. frame. The solid line represents the LO SM result. The longmagnetic dipole moment. The long-dashéshort-dashed, dot-
dashedshort-dashed, dot-daghed, dojtéde shows the effect of a dashgd, dottedline corresponds tqi; =0.2 (—0.2, —0.4, —0.6)
chromoelectric dipole moment =0.2 (0.4, 0.6, 0.8 with u/=0. with d{ =0.
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lEdLﬁ 1 _d% -1
o dcos 7 ydpr [GeVT!]

L T T 'OOGIIIIIIIIIIIIIIIIIIIIlll‘llll

004

.002

olllllllllllllllllll

-1 -5 0 5 1

4
cos FIG. 8. Same as Fig. 7, now for chromomagnetic dipole mo-

_ , ments/, =0.2 (dashed and 21, = — 0.2 (dotted for d =0.
FIG. 6. Same as Fig. 4, with nonzero values for both anomalous

dipole moments. The dashed line shows the effect ﬁaﬂij{) IV. A CP-ODD OBSERVABLE
=(—0.4/0.8); the dotted line is obtained fromu{/d;) .
=(—0.8/0.4). In this section we discuss th€P-odd observableO,

studied in[12] which is directly sensitive ta{ . The observ-

pect clear signals. A shift of the maximum of the CUIVes ingpq s constructed for the production and decay sequence
Fig. 9 of ~50 GeV in py when going from the SM to

(m¢/d{)=(—0.4/0.8) or(—0.8/0.4 should clearly be detect- D+ Pt X

able. By a detailed investigation of the cdsandy-p+ dis- '
tributions we found that they are mainly influenced by the
chromomagnetic moAmerftt’ . For fixed u{ we found only
little dependence oml; when varying this quantity in the o L L
range allowed by the total cross section measurer(fégt t—=W +b—l"+p+b, (21

3).

t—=W*+b—I1 "+ +b,

wherel=e,u,7. Let P(Q,,Q_) be the momentum of the
proton (,17) in thepp c.m. system. The®, is defined as

1 _d% -1
v dydpr [GeVT)

'Ooellllllllllllllllllllllllllll

1 1 _d% -1
v dydpr [GeVT)

°0°6IIII'IIII|IIII|IIIIIIIIIIII

004

002

FIG. 7. Normalized double differential cross section
(1/o)(d?c/dydp?) for the reactionpp—ttX plotted versugy for
different values ofy. pt andy are transverse momentum and ra- R
pidity of the t jet. Shown is the SM resulfsolid line) and the FIG. 9. Same as Fig. 7, now with botlj and &, nonvanishing.
distributions obtained with an anomalous chromoelectric momentThe dashed line corresponds tﬁ{(a{):(—o.4/0.8), the dotted
d;{ =0.2 (dashedl andd; = 0.4 (dotted for u;=0. line to (—0.8/0.9.
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6L:W P-(Q:XQ-)P-(Q:—-Q-). (22 (01)

.004 T T T T T T T T

This is an observable of the tensor ty“n?mtroduced in32]
and used in search fa€ P violation in the decayZ—7" 1 003
[33] In [12] the expectation value c!D,_ was calculated for
=130 GeV keeping only terms of zeroth and first order in

d and settinge{ =0, with the resul{O, )= —0. 0121’

The cross section for reactid@1) is again a convolution 001
of a parton level cross section with parton distribution func-
tions:

002

dap(py) +Pp(pa)—bbl 1~ vm+X]

—-.001

1 1 _
= Z fdxlf dszg(Xl)Ngfxz) —.002
a=q.G Jo 0 I |
Xd&a;[a(xlpl)+a_(xzp2)—>ba+l7v|v_|]. 003 I ———— L S d;

(23

FIG. 10. Expectation vaIué@L) of the CP-odd observable de-
fined in Eq.(22) as function ofa for E}I’>O The solid line repre-
ents the result for vanishing chromomagnetic momeht while
he long-dashedshort-dashed, dot-dashed, dojtdide shows the
influence ofu; =0.2 (—0.2, —0.4, —0.6). The values oKO ) for
d; <0 follow from the fact tha(OL) is anodd function of d{

On parton level we define a density matRR? for the pro-
duction procesaa—>tt tt and two matricegp, p for the decays
t—I" v b andt—I| "y b. The decay processes are computed;5
to leading order in SM couplings only. For tié propaga-
tors we take as usual a Breit-Wigner form in the narrows
width approximation. The definitions and resélfer R, p,

andp are deferred to Appendix B. . rewritten in terms of the cross sections for the process
In terms of these density matrices the quanty.a in - 53", tt from Appendix A and appropriate branching frac-
Eq. (23) takes the form tions:
doaataa—bbl 17 vp) Gaataa—bbl 1717 =B(t—bW")B(W*" =17 p))

1 r (m—M3)? —_— L —
- XB(t—bW )B(W™ —I| ")
(8708 mOMZI2TZ, dQi dQs dQs |

%404 d0g. ] 24 X o ataa—tt ), (26)

where
HereM,, andT, are theW mass and widthg. (q_) is the ) o
*(17) unit momentum vector in th&V*(W™) rest system, n — —  aen|Vipl® M M
p.(p_) is the W"(W™) unit momentum vector in the top- B(t—bW")=B(t—bW")= 16sig, M3\~ m
quark (top-antiquark rest systemk, is the top-quark unit

momentum vector in the parton c.m. system, and M3\ m
dQg (dQ ...) denotes the solid angle element to the unit 1+2 ) Ft
vectorq+(q_, ). The expectation vaIue(s(O,_)“} are de-
fined as _ . —  aem My
~ B(W+—>|+V|)=B(W — V|)=mr— (27)
- Jdo(0y)" v
(0= Jdo (n=0,12, 25 with V,, the Cabibbo-Kobayashi-Maskawa matrix element

for the t-b transition. Indirect experimental determinations
wheredo is given in(23). To evaluate such integrals we first [34] indicate |V,|=1 to a very good approximation. Of
perform the integrals with the partonic cross secti@d). course, the convolution ofdao,z(O,)" with the PDF’s as
The result for fdaaﬂL is quite compact, whereas indicated in Eq.(23) has to be done numerically.
fda'aﬂL consists of several hundreds of terms. In the inte- Our results are summarized in Figs. 10 and 11. In Fig. 10
gral in the denominator of25), the total partonic cross sec- we display the expectation valu{é),_) as function ofd for
tions [do .3 for the reaction Eq(21) occur. These can be values of the chromomagnetic moment= O.2,A0.O, 0.2,

—0.4, —0.6. We find that the higher terms iy cause a

deviation from the linear approximation already for moderate

2The contributions to the€ P-odd coefficientsB2? and B2? (cf. ~ values ofd’ This deviation consistently lowers the value of

Appendix B linear ind; and with ;=0 are given in Eqs(A3) (O,_) i.e., the Observablé)l_ gets less sensitive td’ than
and (A4) of Ref.[12]. In this limit we find full agreement. expected from the linear approximatifthe variance 450L)2
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FIG. 11. The number of evenis defined in Eq(31) needed to
see aCP violation effect at the 1 s.d. level in thg observahle,
plotted against the chromoelectric dipole momé&dt. The solid
(long-dashed, short-dashed, dot-dashed, dptiee corresponds to
n,=0.0(0.2,—0.2,-0.4, —0.6).

defined below is almost constantf in addition an anoma-

lous chromomagnetic moment of sufficient size is present

the changes are even more drastic. Th@p_) can almost
vanish (u{ = —0.4) or even change sign(= —0.6).
By considering in Fig. 10 the slope of the solid ling,(
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all the previous analysis for the “diagonal” case applies also
to the “nondiagonal” one. However, in doing such studies
experimentalists must be careful not to introduce &¥
bias by cuts, detection efficiencies, etc.

The number of eventdEgs.(21) and(28) taken togethdr
needed to s=a 1 s.d. effect can be estimated as

2

3 80, 31
(Oy)
with the variance
(80,)2=(0%)—(0,)2 (32

This numbem is plotted in Fig. 11 as function afl again

for the valuesu; =0.2, 0.0,~0.2, 0.4, —0.6. We see that a
few thousand events should be sufficient to discover an ef-
fect of |d,|=0.05, unless the magnetic moment has a value
close tou = —0.4. The contributions of higher order &1
apparently have the effect that—even for Iaaje—the mini-

mal number of events to eea 1 s.d. effect ifN,,,;,~400.

V. CONCLUSIONS

In this paper we have investigated the combined effects of

a chromoelectric and chromomagnetic dipole moment of the
top quark on the reactiopp—ttX. We have calculated the
matrix_elements for the parton subprocesqus—»tt and
GG—tt in leading order QCD. The numerical evaluation of
total and differential cross sections was done for Tevatron
energies. We have finally presented a detailed analysis of a

=0) at the origin we can read off our result for the linear - p_oqq observable.

approximation. The resu(tO,_),In -0. 00641{ is only 50%
of the value given in Refl12], which is mainly due to the

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

higher top-quark mass, whereas the effect of the new PDF'gjectric and chromomagnetic dipole moments can vyield a
is smaller. To show the effect of the top-quark mass valuepositive, negative, or zero contribution. The present experi-

we f|nd<OL>|In
GeV.

In Eq. (21) we have considered the “diagonal” reactions
with the production ol ~ and its antiparticld *. Of course,
we can also use “nondiagonal” reactions where thendt
decay to two different lepton flavoisl’:

—0. 008211 (—0. 0049/ {) for m;=150(200

p+p_—>t+ﬁ X,
t—=W"+b—I"+y,+b,
W +b—l' "+, +b, (29)

and the reaction witth1’. In this case a nonzero expecta-
tion value

1. 1.
§<OL>||'+§<OL>|'|¢0 (29

indicatesC P violation. With the replacement of expectation
values

1 1
O=5Ont5 00, (30)

mental information on the total rate allowabstantialvalues
for the dipole moments: d; ,x{ of order 1.

(2) Differential distributions can discriminate between
chromoelectric and chromomagnetic dipole moments.

(3) The most promising way to disentangle the effects of
the two dipole moments is to exploit their different transfor-
mation properties undet P. CP-odd observables can only
get a nonzero expectation value from a chromoelectric dipole
momentd, #0. However, our investigation showed that a
nonzero chromomagnetic mqmeﬁat can influence the sen-
sitivity of such observables td; considerably.

We hope that our formulas and results will be used by
experimentalists working at the Tevatron in order to con-
strain or maybe measure anomaldtS couplings. Anoma-
lous couplings of order 1 could for instance indicate a com-
posite nature of top quarks. We want to end with the
historical note that the first indication of the composite na-
ture of the proton was obtained through the measurement of
its anomalous magnetic momeg35].

Note added in proofin the meantime a published version
of Ref.[14] has appeared in Phys. Rev.92, 6264 (1995,
where all corrections indicated in our footnote 1 have been
included. Thus there is now complete agreement of our Eg.
(14) for d{ =0 with the results of the above paper.
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APPENDIX A

In this Appendix we derive the total parton level cross ) )
sectionso;z; a=q,G. With Here we work in the top-quark rest systed(, is the | ™

momentumo .. is the vector of Pauli matrices describing the
t spin, ande,a’ are thet spin indices. The matriy for the

" z 2 2 2
t=m?- 3 (1-r cosd), v= _4<£_ z 1+ i_ Z_)7 conjugate decay—|~ b is obtained from(B2) by the re-
2 s 4 s 4 placementsy, ——q" ,o.—o_. o
(A1) The production matrix for the partonic proceaa—tt
(a=q,G) is defined as
we have
1 ~ do.g Yo~ A0 a7 R a Yoy —
| dcosh o [P S ), Repaw= 2 (ta(kiite(ko)|7la(@n)a(a)
-1 d cos ¥ in dt (AZ) and (F:)olors

o 2 x(a(qpa(az) 7 ta (ki )tg(k-)). (B3
With tinma—=Mt — (S/2)(1=r). One can therefore translate

the integration to the simple substitution rules . . —
9 P With the spin vectorss, and o_ of t andt we have the

v—(2+22)3 decomposition
. L do.a _ 1 1+r
Oga=rs—— | v "—L/2 , L=—In| —/|. o o _ _
v 2= (2 2+ L12)/2 ' 1o Raﬂ,a’ﬁ’(o+’U*):Aaab‘aa’dBﬁ’—i_Bﬁ (0:) g (0 ) gg
(AS) +C?;(0+i)aa’5ﬁﬁ’
These rules can be applied directly to the differential cross aa i
sectionsdo,z7dt of Egs.(11), (14), leading to the result +D{ 6 (0 gpr . (B4)
R mﬁ 8r v , "2 A2 The decomposition (Bf}?into symmetric and antisymmetric
Tqa=g g7 |1t g PO T 220 dY) parts reads
2 ~ ~ a0 o A A A A ~ —— A A N
+27(,ut’2+d{2)), (A4) Bf?=B1%6;+B3°pip; + B3k, ik j+ B3 (pik ik, )
5 +Bgafij|ﬁ|+52a€ij|k+|, (B5)
. mal r 31 z*
O'GG—T:L—Z _7_ZZZ+4L 1+22+1—6 R
S wherep andk, are the unit vectors of the momenta of pro-

ton and top quark in the parton c.m. system. For the quark
annihilation process we obtaj=z*/v —1, y =16/ —9; for
the definition ofz andv see Eq(12)]

+ 20 (i +1)(—9+8L)

~r2, 412 28 ~ ~y
+(Mt +dt ) ?(1+2Mt)+|—(1_5ﬂt)

_ 494 ., 2 v ZZ - -
4 Aqq:T 2+'u“t +ZZIB Z_(dt i)
+([L;2+d;2)2(3_22_ 1+ > +2L)} (A5)
— 4g*v (1 2 .
qu:__ﬁ(_+_(d/2_ll/2 )'
APPENDIX B 179 gPl2" 2\t t
The decay matriyp for t—1" vb is defined through - ag® (1 N )
2 2 B2 BERVALUE
Myl w (P —Mwpara 4
BT 49% 1-z 1+z+v ., (1_0)
3 " "a 1.2l T TP My
= X ({tu(k)|71"(q:)vb) 9 1+z| 2 4 7
1Ty b spins ,
21+ S
X1 (qy)vbl 7t (ky)), (B1) My =il
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— 4g* . 1-z[(1 z — 4g* . 1 [1-z[ (1+2)? z v
qq_ "2 A — = e = qa_ r _|nr_Z b
Bi'=g (ke P) || 5T #u (“t 2)’ Be'=9 %7 Viiz 2 (“t 2\ 173
(B6)
T 49" - 1-22(1 . The production matrix for the gluon fusi has th
qa_ K.-p)d! Zay € prodauction matrix tor the gluon ftusion process nas the
BS ( + p) t ,u‘t 1 ..
9 coefficients
|
g’ v 77 e T ! ., 14 ., “o 2
AGG=ﬂ[v(—§—Zﬂ+ SR AP R S (150 + 2 (L4200 |+ A2+ 4% S + 22 B .
g4 v U o~ 22 ar 5 ’ ’ ’ ’ ~ v 2
B?G—Z[—y(g = df Z+2dt2>ﬁ)—;,ut(d 2+ 2 )+—( 7a{— 1302+ d[ %) +(d P+ 12 2+ 2 B |,

2

. . 2(1—-2%)
+Mt )+(d{2+M{2)Z(T,3},

g* 1 o 16 (2
B3 = { BY| 5+ il | @+ A+ )P+ ]( y——(;—l

BGGQJlZ L tv+22+ B(3+az+ 22+ | - (1 (11 1420
41+7 Z’y( +v+ Z+B( +4z+ Z))"r‘/.l,t ;( +Z)+’y +E+B +T
) 1 2 z? 2, 2 2(170) ol 14 1+z 1-v
tuy -2tz Blv-1tzt +(d] +d ——(1+z) 2y — tB oz
vz 27°
) 14 1 2 v
+(d’ +,ut ,u,t ——(1 Z) (1+22)+2‘y ?—;—?

S I 14 \ y v
+(dt + g ——(1+22)+ 1+z— 2 ? 2ﬂ+?

1-z 1

1 ~ ~ N2 8z N2, ~r2 1-z
2 27 Mt__Mt —(p{ —2d; )F(l"'z)"'(dt +

vz

2
72

7 16\ 2
7)—gﬁ) :

BSC= g 22 (kP12 8y 5

64/ 1) 91-2) | . .,
tolt—5 B +(d{“+p{%)?

Ay 12, 22 14
ta(dit )| ot

,8+

g* ,\/1—22 32 N1 ., ., A, 1 1., -,
BEC=2; (ki P)d; ——|B+3 §+Mt2+m2+d2)+93 >t Bt o t2+dt2)ﬂ,
BgC= g—d’\/ 2 (1+2)| 5z +B|+ -l z+2)+ ( + += )
6 = 112" TBI |5t a |5 Nz B B
PR A b | 1 2 v
AT w2 S B2 B35S v 521 B | (B7)

The coefficienti:f‘?and Dia?vanish in both cases. With these explicit expressions we can evaluate the quantity

TR pT=puaRoG r pPpr (B8)

needed in Eq(24). The integrations over the/ and lepton momenta take their simplest form in the respective rest system of
the decaying particle. The observam is however defined in terms of proton and lepton momént®.-. in the pp c.m.
system. Hence we have to perform three boost@pl(uando 2), which is only possible with the help of an algebraic computer
program, for which we tookoRrm.
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