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Production of ¢f by gluon fusion followed by ¢t — bW ™ 7— bW ~, and W ¥ — e T v,(¥,) is studied to
extract the CP-violating chromoelectric dipole moment form factor of the top quark. The fact that the
spin of the top quark, in its rest frame, is in the direction of the ¢ ¥ momentum facilitates the analysis.
Expressions for the differential cross section and decays are given. We find that at the Superconducting
Super Collider or CERN Large Hadron Collider, it is possible to put a limit of 10 ~2g, to 10 ~'g, cm
on these effective couplings through the use of “optimal observables.” Naive observables such as simple
triple product correlations are typically an order of magnitude less effective.
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Although the top quark has not been discovered yet,
study of the physics of the top quark may well be the
most important task which the Superconducting Super
Collider (SSC) performs. Current bounds on the mass
(m,) of the top quark are 89 GeV [1] <m, <180 GeV
[2], in which case the SSC or the CERN Large Hadron
Collider (LHC) will produce 107 to 10® ¢ pairs [3] per
year. From the theoretical point of view, the fact that the
top quark has such a large mass compared to the five
lighter quarks suggests that it may be susceptible to
effects from TeV-scale physics not readily observable in
lighter quarks.

Among the properties of the top quark which should be
measured at the SSC are its basic couplings to gauge bo-
sons. In this paper we investigate the possibility of ex-
tracting the effective couplings of the top quark to the
gluon through the observation of correlations between the
t and 7 polarizations in hadronic collisions. These corre-
lations are extracted by studying the decay products of
the r and 7. We find that such couplings may be mea-
sured with sufficient precision to serve as useful con-
straints on some extensions to the standard model.

We generalize the effective Lagrangian for top-
quark-gluon interaction to include terms of dimension 5:
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where oY= 1 ily* y'l, Fi, is the gluon field strength,
and T;=%A;, i=1,...,8. The coefficient C (—€/m,)
in the term Lc is then referred to as the “‘chromomagnet-
ic” dipole moment (CMDM), which as in the case of
QED, receives one-loop contributions in QCD which will
be of the order gsas/mm,. This would very likely mask
any contributions to C due to new physics. On the other
hand D (=2D/m,), the “chromoelectric” dipole moment
(CEDM), violates CP. A nonvanishing value for it would
be a strong indication of new physics. We will therefore
focus on the measurement of D.

In general, of course D (and likewise C) are form fac-
tors (i.e., functions of momentum transfer). Terms in the
effective Lagrangian which give rise to such momentum
dependence of D are of dimension greater than 5. Thus,
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for our purposes we neglect them. Indeed in model calcu-
lations the real part of the form factors are constant to a
good approximation [4].

In the standard model (SM), the coefficient C can arise
at the one-loop level in QCD whereas D only receives a
contribution at three or more loops in electroweak in-
teractions and is expected to be very small (< 103,
cm) [5]. In some of the extensions of the SM [4], D, in
particular, can be much larger than in the SM. For ex-
ample, in models with CP nonconservation through Higgs
boson exchange [6] D may be about 10~ g, cm [4].
This is many orders of magnitude larger than the EDM
for light quarks (or the neutron) expected in extensions of
the SM [7,8].

In hadronic collisions at the SSC, tf pairs are made
predominantly through the gluon-gluon fusion diagrams
show in Figs. 1(a)-1(c). If we introduce the interactions
Lc and Lp, we also must include the Feynman diagram
1(d) due to the non-Abelian terms in F,, (i.e., to preserve
gauge invariance).

We assume here that the couplings C,D <g;/m,
~ 10 "'%g, cm are small enough that we are justified in
expanding the matrix element squared to first order in
C,D. Below we give this matrix element squared for
gg— t1 to first order in C and D where we have averaged
over initial gluon polarization but kept the explicit top-
quark polarizations. We denote the initial gluon momen-
ta by pgi and pgy, the momentum and spin of the 7 by p;

(a) (b)
(c) )

FIG. 1. Tree-level Feynman diagrams for gg— 7. The dia-
gram in (d) is needed to preserve gauge invariance.
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and Sy, respectively, and the momentum and spin of the 7 by p,, and S;,. In terms of these we define the following:

Q=pgl+pg2, P,=pn—po, Pg=Pgl_pg27 RM:P?Qpngfapr”a 0))
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Thus to first order in C,D the spin and color matrix element squared is
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This expression agrees with [9] when summed over polar- |

ization. observed polarization is the average over these two possi-
One can see from these expressions that in order to bilities.

detect D, one needs to have information about the polar- In a related work [10] we showed how an optimal ob-

ization of the top quark. Fortunately, the left-handed na- servable can be chosen so as to maximize the precision for

ture of the weak decay allows us to determine the top- measuring a given parameter. To illustrate this let us

quark pcﬂarizatign quite easily. Consider the decay chain denote the differential cross section by
t— bW ™ — be "v,. In the limit that the mass of the b .

quark can be ignored, the properties of the weak interac- Z(@)dD=36(x1x25) fg(x1) fg(x2)dx dx2dg ,

tion force all the particles in the final state to be left where x| and x, are the gluon momentum fractions, fy is
handed. Thus, the amplitude for top-quark decay is pro- the gluon structure function, 6d¢ is the subprocess
portional to kinematic factors times differential cross section, and ¢ is the final-state phase
®) space and we define d®=d¢dx,dx,. We now expand

_ _ w1 — Y
iyl = ysu oy (1= ys)ee this differential cross section in the quantity which we

If we apply a Fierz transformation to the above we get wish to observe, denoted as A (thus, for example, A =D):
Ty (1 +ys)usos(l — ys)u, . ©) 2(®)dD =[Zo(®) +AZ(D)]1dD. ®)
where u=Cii”, C being the charge conjugation matrix. ~ The optimal observable to measure A is given by

This implies that the spin of the top quark, S;,, is in the
direction of the positron momentum in the top-quark rest
frame. Thus Eq. (5) in fact gives the matrix element for where fope has the property that it maximizes the pre-
the complete process gg—> 7 including the subsequent cision for measuring A as compared to any other observ-
semileptonic decay chain of the top quark. able. Using Eq. (4) we see that fo=Hp/g;Ho. Note
Consider now the hadronic decay chain r— bW+ also that f,, shares the same symmetry properties as X,
— bgq'. The situation is the same as the above except [10]; in the case of the CEDM it will thus be CP odd.
that the S;; is in the direction of the g. Experimentally, In a realistic hadronic collider, of course, not all of the
however, it may not be possible to distinguish between the momenta which enter into the problem are immediately
quark and the antiquark jets. Thus, the experimentally observable. Consider the overall process of top-quark
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production followed by the semileptonic decay of ¢7. In this case neutrino momenta are not observed; neither are the
longitudinal momenta of the initial gluons. The neutrino momenta p, and p, may, however, be indirectly determined if
we assume that the electron and b jets are well measured since the eight unknown components of the neutrino momenta
are constrained by the following eight equations:

pi=p.=0, (p,+p) 2=, +p. )2 =mp, (p,+pF+ps)i=m},

(10)
(ﬁv+pe_ +ﬁb ) 2 =mt2a (pv+pe_ +Pb +ﬁv+pe+ +ﬁb )transverse =0.
The solution of these equations, however, gives rise to a |
twofold or fourfold ambiguity which must be considered. with the long-dashed curve. Note that this is almost a
At the SSC [11], we take the collision energy to be  factor of 2 worse than the optimal observable.
Vs =40 TeV and the yearly luminosity to be 104 pb . Since the optimal observables are fairly complicated

The calculation [3] gives the cross section for pp — tf to entities, their use may entail new systematic errors. We
be 25 nb for m; =100 GeV and 6 nb in the case of therefore also consider simple observables which may be
m; =200 GeV. This corresponds to 1.2x 107 “leptonic” 17 constructed exclusively out of momenta which are direct-
pairs (i.e., where both the W bosons decay leptonically, ly observed. In Fig. 2 the long-dash-dotted curve shows
lepton =e or u) in the case of m, =100 GeV and 0.3x107  the limits obtained for the observable
such pairs when m; =200 GeV. In order to avoid the un- by o P
certainty in these cross sections due to the structure func- fy= —SuvopPelPeals Pby (14)
tions and acceptance cuts which may be present in a (et pe2ppr- pp2) '?
specific detector, we will present our results in terms of
16 limits on the CEDM assuming a sample of 107 lepton-
ic 17 pairs. We find that results calculated in this way
vary by only a few percent with changes in structure  f3=(pXplr —plip&) sgn(péi — pi) (per-pe)?,  (15)
functions or changing from the SSC Vs =40 TeV to the
LHC Vs =16 TeV. The limits given a different sized
sample of events may be calculated by scaling Amin \F
a N 7Y2 where Amin is the 1o limit obtained and N is the ]
number of events.
In Fig. 2 we show the precision of the CEDM that can i
be achieved as a function of m, at the SSC assuming 107 \
leptonic tf pairs. For definiteness, we used the EHLQ-2 \
structure functions [12] for these plots. The lower solid
curve shows the case for the optimal observable. In order .
to take into account the reconstruction ambiguity men-
tioned above, we also considered a modified optimized ob-
servable defined by

[ =22(@;)/ 2 Z(D;) an

where the sum is over the different possible reconstruc-
tions. Once again f' shares the symmetry properties of f
or of X). This operator leads to the limit shown by the
dotted curve. Comparison with the lower solid curve
readily reveals that the reconstruction ambiguity does not
cause any significant changes in the attainable limit.

In addition to the optimal observables we also con- &
sidered the limits which may be obtained by using various 1000 1200 1400 1600 1800 2000
simply defined observables, for example, triple products m,(GeV)
of momenta. The best limit that we were able to obtain FIG. 2. Attainable 1o limits, in units of 10 ~?g; cm on the
was for the observable CEDM normalized to 107 leptonic ¢7 events: the optimal ob-

servable for a leptonic ¢7 pair (the lower solid curve), for a lep-
fr=pls. (12) tonic 7 pair averaged over the reconstruction ambiguity (dotted

Again we take into a nt th bieuity di d curve), with a leptonic-hadronic (7 (short-dashed curve), and
g ccou ¢ ambiguily discusse for a hadronic ¢7 pair (short-dash-dotted curve), and the

above and in Fig. 2 we show f1, where CEDM observable f (long-dashed curve), the CEDM observ-
fi =Zf1f (x ) f,(x2) (13) able f> (long-dash-dotted curve), and the CEDM observable f3
i & € ’ (upper solid curve).

which involves both lepton and quark momenta. The
upper solid curve shows the limits for

(10-%°g, ~cm)
7

A
min
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where sgn(x)=+1 for x=0 and —1 for x <0. This
observable, which is similar to those considered in [13], is
dependent only on the lepton momenta so although it pro-
vides limits an order of magnitude less stringent than
those considered above, it is easiest to determine experi-
mentally.

The energy asymmetry between (say) the charged lep-
tons, i.e.,

(B —(E)

CXED+HED) (16)

Qg
is also CP violating and can be readily used (see Refs.
[14,15]). However, this observable [unlike the triple
correlation (15)] is even under ‘“naive T and conse-
quently it requires D in Eq. (1) to have an imaginary
part. Such an imaginary part must, however, vanish at
zero momentum transfer so this form factor must be re-
lated to terms in the effective Lagrangian of dimension
greater than 5 and is therefore not being considered in
this paper.

It is also useful to consider what limits may be ob-
tained when one or both of the W bosons decay hadroni-
cally. In this case we are not subject to the type of recon-
struction ambiguity which occurs in the pure leptonic
case. We are, however, subject to the ambiguity due to
the difficulty in distinguishing the quark and the anti-
quark jet. Again to obtain the optimal observable we
define f' as in Eq. (11) where the sum this time is taken
over this twofold (in the case of one leptonic top quark
and one hadronic) or fourfold uncertainty (in the case
both top quarks decay hadronically). Note that due to
the branching ratio of the W boson, our basic sample of
107 leptonic 7 pairs implies a sample of 6x107 leptonic-
hadronic ¢ pairs and 9x 107 hadronic 17 pairs.

The short-dashed curve in Fig. 2 shows the limit using
f' in the leptonic-hadronic case and the short-dash-
dotted curve shows the limit obtained using f' in the ha-
dronic case. As can be seen the leptonic-hadronic type of
event may be the best for larger top-quark masses
(=150 GeV) but at the expense of some increment in
experimental difficulties. We thus see that depending on
the assumptions made, D may be measured to a precision
of 5%10 g, to 10 ~'8g, cm.

Note that with respect to the CEDM all the observ-
ables which we consider above are CP odd; hence QCD
will not contribute at any order through the subprocess
gg— tt. However, the overall process at the SSC is
p+p— 1+ X with an initial state that is not a CP eigen-
state. Hence there is no guarantee that these operators
will not in fact receive a QCD contribution at higher or-
ders.

Within the framework of the parton model, these
operators will only receive a contribution if the initial
state contains two valence quarks. The simplest such pro-
cess is ¢,qv— quq.ott (q. is a u or d valence quark). In
addition there must be a loop since the tree-level diagram
is essentially a gluon-gluon collision. We may estimate,

therefore, that the contribution to a CP-violating operator
from this background will correspond to a CEDM of

a} dleq$) g
3 digg(f) m’

where d[:ql,qv and digg are the differential luminosities for
q.q. and gg, respectively. Using the values for L at
m, = § = 150 GeV from [12] we find that the level of this
background corresponds to a CEDM of =10 ~%g, cm,
well below the level which could be seen at the SSC.
Summarizing, we find that the chromoelectric-dipole
moment of the top quark may be measured to a precision
ranging from about 5x 10”2 to 10 ~'8g, cm. Insofar
as the CEDM may be ~10 ~%g; cm, in some extensions
of the SM, for example, in models with extra Higgs bo-
sons [4], one may therefore expect this type of measure-
ment to begin to put some constraints on such models.
This manuscript has been authored under Contract No.
DE-AC02-76CHO00016 with the U.S. Department of En-
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