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Because of the top quark’s very large mass, about 175 GeV, it now provides the best window
into flavor physics. Thus, pair production of top quarks at the Fermilab Tevatron collider is the best
probe of this physics until the CERN Large Hadron Collider (LHC) turns on in the next century.
I discuss aspects of the mass and angular distributions that can be measured in tf production with
the coming large data samples from the Tevatron and even larger ones from the LHC.

PACS number(s): 14.65.Ha, 12.15.Ff, 13.85.—t

I. INTRODUCTION

The Collider Detector at Fermilab (CDF) Collabora-
tion has reported evidence for top-quark production at
the Tevatron collider [1]. According to these papers, the
top mass is m; = 174 + 10*]3 GeV. The CDF data are
based on an integrated luminosity of 19.3 pb~!. Tak-
ing into account detector efficiencies and acceptances,
CDF reports the production cross section o(pp — tf) =
13.97%% pb at /s = 1800 GeV. The predicted QCD cross
section for m; = 174 GeV, including next-to-leading-
log corrections [2], and soft-gluon resummation (3], is

o(tf) = 5.107973 pb. This is 2.8 times smaller than the
central value of the measured cross section. The uncer-
tainty in as increases the theoretical error in o(¢t) to at
most 30% [4].

Very recently, the DO Collaboration has also reported
evidence for top-quark production [5]. A direct measure-
ment of the top-quark mass and cross section was not
made by DO in this report. However, assuming that the
excess of signal events over expected background is due
to ¢t production and that m; = 180 GeV, DO deduces
the cross section o(tf) = 8.2 + 5.1 pb. This is consistent
with the standard model and with CDF.

The experimental errors on the CDF and D0 measure-
ments are large. Assuming the top mass is close to 175
GeV, the CDF cross section could be due to an up fluc-
tuation or to underestimated efficiencies (although the
latter seems unlikely; see [1]). But, if it is confirmed
by both experiments in their current higher-luminosity
runs, the large tf rate heralds the long-awaited collapse
of the standard model. Even if the standard model re-
sult is found in the new data, however, it is clear that the
top quark provides a wide-open window into the world
of flavor physics. It is the heaviest elementary particle
we know and, more to the point, the heaviest elementary
fermion by a factor of 40—as massive as tungsten. As a
first example of flavor physics, we note that if the Higgs
boson of the minimal one-doublet model exists, its cou-
pling to the top quark, renormalized at m; = 174 GeV,
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is large: T'; = 23/4G},-./2m¢ = 1.00. If there are charged
scalars, members of Higgs-boson multiplets or technipi-
ons, they are expected to couple to top quarks with O(1)
strength and to decay as H* — tb. Recently, several
papers have discussed aspects of flavor physics that are
more or less intimately connected to the large top mass
and that lead to enhanced rates of the tf signals studied
by the Tevatron experiments [6-8].

In this paper, we discuss two distributions that may
be used to distinguish alternative models of tf produc-
tion, including standard QCD [9]. These are the invari-
ant mass distribution do/dM and the center-of-mass
(c.m.) angular distribution of the top quark, do/d cosf.
The magnitude and shape of the invariant mass distri-
bution (Sec. IT) can reveal whether or not tf production
is standard, and whether resonances decaying to tf exist.
We point out that, for standard QCD production, the
mean and root-mean-square invariant masses are linear
functions of the top-quark mass over the entire interest-
ing range of m;. Thus, the My distribution can provide
an independent determination of the top quark’s mass.
We apply this to the CDF data [1] and find quite good
consistency with the directly measured mass. This anal-
ysis is made at the most elementary theoretical level. It
needs to be carefully redone by the experimental collab-
orations themselves.

In Sec. III, we apply the M,; analysis to examples
of the three nonstandard mechanisms of ¢f production
described in Refs. [6-8]. The first involves resonant
production of a 400-600 GeV color-octet vector me-
son (“coloron”) Vg, which is associated with electroweak
symmetry breaking via top-quark-condensation [10] and
which interferes with QCD production via the process
q3 — Vg — tt. The second example invokes a color-octet
pseudoscalar 7 [11]. In multiscale models of walking
technicolor [12,13], the 57 is produced strongly in gluon-
gluon fusion and decays mainly to tf. The third model
has additional production of the classic tf signals [1].
This occurs through pair production of an electroweak-
isoscalar, color-triplet quark t,, which is approximately
degenerate with the top quark and which, through mass
mixing, decays as t, — W+b. The agreement found in
Sec. IT between CDF’s directly measured top-quark mass
and that extracted from the M,;; moments does not yet
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rule out these new mechanisms of top-quark production.
The M,z distributions from the current Tevatron run
may do so. (Of course, finding the standard model cross
section will also be powerful evidence against alternative
production mechanisms.)

The angular distribution of top quarks (Sec. IV) also
reflects the underlying production mechanism. Even
though most of tZ production is near threshold, the expec-
tation that it is mainly s wave can be overturned if there
are large parity-violating components in the gg — tZ pro-
cess. We shall compare the angular distributions for stan-
dard and nonstandard t production at the Tevatron and
at the CERN Large Hadron Collider (LHC). We shall see
that, because of the much larger 7 = §/s in top-quark
pair production at the Tevatron, experiments there have
an advantage over those at the LHC.! These angular tests
require much larger data sets than will be available in
the next year or two. To realize the full potential of this
handle on flavor physics, it is essential that the Tevatron

experiments be able to collect samples as large as 1-10
fb1,

II. INVARIANT MASS DISTRIBUTIONS IN QCD

Strictly speaking, the tf invariant mass M,; is not well
defined in QCD because of the emission of soft gluons
from the ¢t and £ quarks. Nevertheless, the theoretical
invariant mass is numerically not very different from a
definition of M,; that allows for this gluon radiation.
Furthermore, because the pr of the tf c.m. system typi-
cally is small compared to m,, it will be a good approxi-
mation for us to use the lowest-order QCD cross section
do /dMy; to discuss the moments of the invariant mass
distribution. This distribution is shown in Fig. 1 for the
Fermilab Tevatron collider and for top-quark masses in
the interesting range® 100-220 GeV. The mass distribu-

In this paper I do not discuss high-energy ete™ colliders
such as the 500-GeV (or so) Next Linear Collider (NLC). Our
focus is on distinguishing alternate mechanisms of tf produc-
tion. Lepton machines cast no light on such strongly coupled
flavor physics aspects of tf production as the Vs and 5. The
higher rates possible at hadron machines also make them ideal
for searches for new particles such as charged scalars in the
decays of top quarks.

2These plots and all other calculations in this paper were
carried out using lowest-order QCD subprocess cross sections
and the Eichten-Hinchliffe-Lane-Quigg (EHLQ) set 1 patron
distribution functions [14]. To account for QCD radiative cor-
rections, our tf cross sections have been multiplied by 1.62.
This makes our QCD rates and the central values quoted in
Ref. [3] agree to within 1% over the entire interesting range of
top-quark masses. Our numerical results for the linear depen-
dence of (M) and (M,;)*/2 on m, are accurate so long as
the higher-order corrections are well represented by a simple
multiplicative factor. A recent study of higher-order correc-
tions to the transverse momentum and rapidity distributions
in tf production at the Tevatron concludes that their shapes
are unaltered. If that is true for the appropriately defined
M, distribution, then the moments of the mass distribution
are unaffected [15].
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FIG. 1. The tf mass distributions, in pp collisions at

v/s = 1800 GeV, for m; = 100-220 GeV in 20-GeV incre-
ments. EHLQ set 1 distribution functions were used, and the
cross sections were multiplied by 1.62 as explained in the text.
No rapidity cut is applied.

tions are seen to be sharply peaked at Mp,ax ~ 2.1m;+10
GeV. Consequently, low moments of the mass distribu-
tion, the mean and rms, are nearly linear functions of
the top-quark mass (also see Ref. [16]). This linearity is
demonstrated in Fig. 2. For 100 < m; < 200 GeV, the
first two moments are well fit by the formulas

(Myg) = 50.0 GeV + 2.24m,, 2.1
(M2)Y/2 = 58.4 GeV + 2.23m,. ’
In the range m; ~ 140-200 GeV, the dispersion in M
expected for standard QCD production® is AM; =
70-80 GeV.

In Ref. [1], the top-quark mass was determined from
a sample of seven W — lv + 4 jets events by making an
overall constrained best fit to the hypothesis pp — tt+ X,
followed by the standard top decays ¢t — Wb with one
W decaying leptonically and the other hadronically. At
least one of the b jets was tagged. The CDF paper
provides the momentum four-vectors of all particles in
the event before and after the constrained fit. From
these, the central values of kinematic characteristics of
the seven events may be determined. Table I lists the
best-fit top-quark masses determined by CDF together
with the invariant mass of the events before and after
the constrained fit.* We used these M,; to compute

3If there are experimental difficulties in measuring M,; that
do not also affect the measurement of m:, one could instead
use the mean value of the summed scalar Er to extract the
top-quark mass. Indeed, in Ref. [16], it was shown that a
quantity as indirect as the invariant mass M., of the isolated
electron plus muon measured in tf — e + pF + jets is also
a linear function of m: and may be used to determine it.

“Particle four-vectors before the constrained fit do have var-
ious corrections—e.g., for the jet energy scale—made to them
[1]. Only E, is provided for the neutrino(s) in the before-
fit four-vectors. The biggest change in the before and after
momenta occurs in F,.. We used the W — lv four-momenta
determined from the constrained fit in both cases.
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FIG. 2. The mean (solid) and root-mean-square (dashed) tf
invariant mass, as a function of m., for pp — tf at 4/s = 1800
GeV. Lowest-order QCD cross sections (Fig. 1) were used.

the mean and rms. Both sets of four-momenta gave es-
sentially identical results. Using four-momenta from the
constrained fit, we found

(My) =439+11 GeV = m; = 173+ 5 GeV,
(MZ)H/2 =443 +11 GeV => m; = 172+ 5 GeV,

AM;; = 59.5 GeV (2.2)

The errors in Eq. (2.2) were estimated by the “jackknife”
J

dé(q7 — tt) _ malp

dz 95 (2—,62+,6222),

dz 63

do(gg = tf) _ ma2B { 14422 (1-F2)%(1+6%%)

1— 3222 (1 — B222)2

where z = cosf, 6 is the c.m. scattering variable and 3 =

method of computing the moments while omitting one of
the seven events. They give some sense of the theoretical
error in determining the mean and rms invariant masses
from the limited CDF sample. They are not to be inter-
preted as the true experimental errors; the CDF group
must provide those. However, we expect that the pro-
cess of averaging the invariant mass will give moderately
small experimental errors.

These results give some confidence that CDF’s mea-
sured central value of the top-quark mass, 174 GeV, is
accurate. For example, if m; = 160 GeV (for which
Ref. [3] predicts o(tf) = 8.2733 pb), we would expect
(Myz) = 409 GeV and (M?Z)1/2 = 415 GeV, well below
the values determined above. Thus, if something is going
to change in the CDF results from the current run, we ex-
pect it will be the cross section, which needs to become
two to three times smaller to agree with the standard
model.

III. NONSTANDARD MASS DISTRIBUTIONS

In this section we examine three nonstandard propos-
als [6-8] for tf production and the large cross section
reported by CDF [1]. We shall find that they are not
yet disfavored by the good agreement between the cen-
tral values of the measured top-quark mass and the top-
quark masses deduced in Eq. (2.2). We begin by quoting
the differential cross sections for ¢g — tf and gg — tf in
lowest-order QCD:

-7
16(1+0%2%) + %(1 - 38+ g,@zzz)}, (3.1)

1 —4m?2/3. For § > 4m?, these cross sections—especially

the gluon fusion one—are forward-backward peaked. But, at the modest § at which QCD tf production is large, the

cross sections are fairly isotropic.

For the coloron bosons of Ref. [6], we adopted a version of the model in which the gauge symmetry SU(3); ® SU(3),
breaks down to color SU(3), yielding eight massless gluons and equal-mass Vg’s. To study parity violation in the
angular distributions in ¢ production (see Sec. IV), we made the theoretically unlikely assumption that the Vi
couples only to left-handed quarks with the maximally parity-violating amplitude

AV 0 3) = a(p)a(ea)) = a0 (0. N aglo0) s (F57 ) valo)

5 (3.2)

TABLE 1. Best-fit top-quark masses and kinematic characteristics of the CDF experiment’s tf candidate events (from Ref. [1]).
Masses are in GeV. Transverse motion of the subprocess c.m. was neglected in determining the top-quark velocity 8 and

scattering angle 6*.

Run-event my M, (before fit) M,z (after fit) B (after fit) cosf™
40758-44414 172 £ 11 523 526 0.757 0.404
43096-47 223 166 =11 533 511 0.760 0.920
43 351-266 423 158 +18 440 460 0.727 0.512
45610-139604 180 £ 9 338 366 0.180 —0.0011
45705-54 765 188 +19 440 431 0.489 —0.348
45879-123158 169 £+ 10 411 412 0.572 —0.767
45 880-31838 132+ 8 384 365 0.691 —0.682
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Here, g, is the QCD coupling and, following Ref. [6], we took & = & = +£1/€,(¢ = u,d, c, ). For this chiral coupling,
the gg — tt angular distribution in Eq. (3.1) is modified by the addition of

dé(qg — Vg —» tf) ma?p 2 3
= BA 1 — A 1 + ) 3.3
- el (1 - p2) e AT (3.3)
where, ignoring the mass of all quarks except the top quark’s, the V3 width is
ag M
I'(Vs) = V" {4€3 + &L + Be(1 — mi/MT)]}, (3-4)

where 8; = /1 — 4m? /M‘z,

The M,z distribution in the coloron model for My, = 450 GeV is shown in Fig. 3 for & = & = —1/§; = 4/40/3

(see [6]) and in Fig. 4 for & = & = 1/£, = 1/40/3. The effect of interference with the QCD amplitude is obvious
as is the tendency for the M,; distribution to be enhanced at lower (higher) masses for £ = —1/€, (+1/&;). The
theoretical width of the Vg in this example is I'(V3) = I'(Vg — bb) + (Vs — tf) = 40 GeV. Figures 5 and 6 show the
mass distributions for My, = 475 GeV and & = F1/§, = 1/40/3. Here, I'(Vg) = 85 GeV and the mass distribution
is significantly broader than in the case of My, = 450 GeV. The characteristics of these mass distributions will be
discussed below together with those of the other nonstandard production models we are considering.’

Many technicolor models contain a color-octet pseudoscalar boson nr. So long as the nr may be treated as a
pseudo Goldstone boson, its decay rates to gluons can be computed from the triangle anomaly [11]. We introduce a
dimensionless factor Cy in the Yukawa coupling of n7 to ¢g [7]. While it is determined by the details of the underlying
extended technicolor model, we expect Cyq ~ 1. Then, the nr’s main decay modes are to two gluons and tZ, and they
are given by

5a2NTCM3 C2m2M,,.0G:
— T ) = Lt 3.5
The gluon fusion cross section for ¢ production is modified by the addition of
dé(gg = nr = tt) _ 7 L(nr — gg)T(nr — tt) 5v2a2NrcCym?p 8- M2, 1-—203222 (3.6)
dz 4 (58— M2)2+ 3T%(nr) 768 F3 (38— M2.)2+3T%(nr) 1— 3222 ’

In these expressions, it is assumed that the 77 is composed from a single doublet of techniquarks Q = (U, D) in the
Nt representation of SU(Ntc); Fg is the decay constant of technipions in the QQ sector. The first term on the
right is isotropic; the second (interference) term is never very 1mportant but we include it for completeness. In the
narrow resonance approximation, the contribution of the nr to the pp — térate,

r r M, M, _
ot 0= SARES0 () (Bpe). o

scales as N2/FQ. Here, np is the boost rapidity of the I‘(nT) T(nr —» tf)+T'(nr — gg) = 21 GeV+11 GeV =
tf c.m. frame and fP(z) is the gluon distribution function ~ 32 GeV. Figure 8 shows the cross section for My, = 475
for the proton for momentum fraction z and Q% = M2..  GeV; in this case, T(nr) = 37 GeV. In both cases, the

As discussed in Ref. [7], the nr of the standard one- small decay constant results in a rate 2-3 times larger
family technicolor model [11] has Fy = 123 GeV and, for ~ than QCD.
Nrtc < 8, it cannot significantly increase the tf rate at the The third model of enhanced top-quark production
Tevatron. Thus, we were motivated to consider the 51 we considered is one in which an electroweak-isoscalar,
arising in multiscale models [12] of walking technicolor charge-2 quark, t,, is approximately degenerate with the
[13]. Multiscale models are characterized by small 7  top quark and mixes with it so that both have the same
decay constant; for the calculations presented here, we =~ Wb decay mode [8]. If m;, = m; = 174 GeV the ex-
chose Fg = 30 GeV. The mass distribution for a model pected rate for the top-quark signal is doubled to 10.2
with Nyc = 5 and C; = —1/3 is shown in Fig. 7 for pb. We illustrate the isoscalar quark model in Figs. 9

M,, = 450 GeV. The width of the ny in this case is  and 10 with two cases: m¢, = 160 and m; = 175 GeV;
m;, = 165 and m, = 190 GeV.

Before discussion features of these nonstandard M,

distributions, a comment on radiative corrections is in

5Note that this Vs model predicts a strong resonance in gg — order. As noted above, we have multiplied all our lowest-

bb, providing another good way to test it. order EHLQ set 1 cross sections by the factor 1.62. This
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FIG. 3. The tf invariant mass distribution in the presence
of a Vg, in pp collisions at /s = 1800 GeV, for m; = 175 GeV
and My, = 450 GeV, & = & = —1/€, = 4/40/3. The QCD
(dotted curve) and the total (solid) rates have been multiplied
by 1.62 as explained in the text. No rapidity cut is applied to
the top quarks.

is a composite of the radiative corrections at the Tevatron
for the purely QCD processes gg — tt and qq@ — tt. For
a 1.8-TeV pp collider, the ¢qg process accounts for 90%
of heavy tf production in the standard model.® On the
other hand, the gluon fusion process receives the largest
radiative correction [2,3]. We do not know the radiative
corrections appropriate to the resonant production pro-
cesses ¢ — Vg — tt and gg — nr — ti, but it seems
likely that our multiplication by 1.62 overestimates the
former and underestimates the latter process. Thus, the
total Tevatron cross sections for these processes may be

T T T T r" T

do/dM (pb/GeV)

ot b b e -

400 500 600 700
M(GeV)
FIG. 4. The tf invariant mass distribution in the pres-
ence of a Vs, in pp collisions at /s = 1800 GeV.
The parameters and curves are as in Fig. 3 except that

& =& = 1/€; = 4/40/3.

SThis situation is reversed at the 15-TeV LHC pp collider,
where gg — tf is 90% of the QCD cross section.
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FIG. 5. The tf invariant mass distribution in the presence
of a Vg, in pp collisions at /s = 1800 GeV, for m; = 175 GeV
and My, = 475 GeV, & = & = —1/€4 = 4/40/3. The curves
are labeled as in Fig. 3.

accurate to only about 30%.

The total tf cross sections at the Tevatron and the
characteristics extracted from the M,; distributions are
displayed in Table II for the CDF data [see Eq. (2.2)] and
for the three nonstandard production models described
above. We note the following features.

(1) The CDF data are narrower (AM,;; = 60 GeV)
than the QCD expectation (77 GeV). While this AM,z
is consistent with the resonant production models, the
statistics are so low that we do not consider this signif-
icant. It is a feature worth watching for in future data
samples.

(2) If &€ = —1 is the coloron model (corresponding
to the notation V4~ in Table II), the mass distribution
is increased below the resonance and depressed above it;
vice versa for £,&; = +1(Vgh). We see that, for a given
My,, this results in an extracted value of m, that is some-
what smaller than or significantly larger than the directly
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FIG. 6. The tf invariant mass distribution in the pres-
ence of a Vg, in pp collisions at /s = 1800 GeV.
The parameters and curves are as in Fig. 5 except that

& =& = 1/ = /40/3.
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FIG. 7. The tf invariant mass distribution in the presence
of an nr, in pp collisions at /s = 1800 GeV, for m; = 175
GeV, and M, = 450 GeV, Fgo = 30 GeV and C; = —1/3.
The QCD (dotted curve), nr — tf and its interference with
the QCD amplitude (dashed), and total (solid) rates have
been multiplied by 1.62 as explained in the text. No rapidity
cut is applied to the top quarks.

measured one, depending on whether {;§; = —1 or +1.

(3) The nr’s we have considered are narrow enough
to not interfere appreciably with the QCD gluon fusion
process. Thus, the value of the extracted top-quark mass
depends mainly on M,,,; it tends to be larger for a larger
M., but then the 5y rate becomes smaller and the dis-
tortion of o(t) less important. Resonance masses in the
range 400-500 GeV return a top-quark mass close to the
directly measured value.

(4) It is easy to double the QCD value of o(t?) in the
isoscalar quark model: just choose m;, = m;. But, as
could be foreseen, it is difficult for the isoscalar quark
model to give both a 13.9-pb cross section and an ex-
tracted mass close to the directly measured one. To get a
cross section ~ 3 times as large as QCD requires choosing
one of the masses significantly lower than 174 GeV, lead-
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FIG. 8. The tf invariant mass distribution in the presence
of an 7, in pp collisions at 4/s = 1800 GeV. The parameters
and curves are as in Fig. 7 except that M, = 475 GeV.
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FIG. 9. The effective tf mass distribution for pp — tf (dot-
ted) and t.f, (dashed) at /s = 1800 GeV; m;:, = 160 GeV
and m: = 175 GeV. The solid curve is the sum of the two
mass distributions.

ing to too small an extracted value. This model could
be the easiest to eliminate with data from the current
Tevatron run.

Finally, we remark that subsystem invariant masses
may be as interesting as the total invariant mass. For
example, in multiscale technicolor, it is possible that a
color-octet technirho is produced and decays as pr —
WFnE, with 7 — tb — W*bb, the same final state
as in t¢ production [12]. Searches for processes such as
these, using a constrained-fit procedure analogous to that
employed by CDF for the tf hypothesis, should be carried
out. All this will require a lot of data from the Tevatron,
perhaps 1 fb~! or more. At the expense of increasing
backgrounds, larger data samples may be had by using
appropriately selected events without a tagged b jet. This
was done in Ref. [1] and was found to give an excess of
events with constrained-fit m; above 160 GeV.

IV. ANGULAR DISTRIBUTIONS

The tf angular distribution of top quarks also provides
information about their production mechanism. The dis-
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FIG. 10. The effective tf mass distribution for pp — tf and
tsts at /s = 1800 GeV; m;, = 165 GeV and m: = 190 GeV.
Curves are labeled as in Fig. 9.
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TABLE II. pp — tf cross sections (in pb) at /s = 1800 GeV and their kinematic characteristics for lowest-order QCD,
CDF data [1], and the three nonstandard production models with parameters described in the text. Cross sections have been

multiplied by 1.62.

Model o(tt) (Mez) me((Me)) (M2 me(M3)''?) AMys

LO-QCD (EHLQ set 1) 5.13 440 174 447 174 77
CDF data 13.9751 439 173 443 172 60
M, =450 13.3 431 170 433 168 46
M, + = 450 11.0 465 185 469 184 58
M, - =475 14.9 440 174 444 173 53
MV:+ =475 10.8 482 193 487 192 67
M, = 450 13.5 432 171 435 169 52
M, = 475 11.4 442 175 446 174 55
t5(160)(175) 13.2 421 166 428 166 77
t5(165)¢(190) 10.0 437 173 444 173 77

tribution expected in lowest-order QCD was given in
Eq. (3.1). As we noted, the gg — t¢ process, 10% of
the QCD rate at the Tevatron and 90% of it at the LHC,
is strongly forward-backward peaked at § 3> 4m?2, but
fairly isotropic near threshold, where most tf produc-
tion occurs. Resonances such as the top-color Vg and
the technicolor nr may change the properties of gg and
gd-induced tf production and the top angular distribu-
tion at these colliders.

By Bose symmetry, the angular distribution in gg — tf
processes is forward-backward symmetric. Although this
is also true in lowest-order QCD for qq — tf, there is no
reason to need be so for nonstandard production mecha-
nisms. To illustrate the ability of hadron collider exper-
iments to distinguish different angular distributions, we
assume that the coloron V3 couples only to left-handed
quarks, implying the angular distribution (1 + 3 cosf)2.

The Tevatron has a distinct advantage in the study
of top-quark angular distributions. To determine 6 in
qq — tt processes, we need to know the direction of the
incoming light quark as well as that of the outgoing top
quark.” In pp — tf at /s = 1800 GeV, the ¢ direction
is the same as that of the proton practically all the time.
Thus, if we denote by 6* the angle between the proton
direction and the top-quark direction in the subprocess
c.m., this angle is almost always the same as 6. As we
shall see, the Tevatron’s analyzing power would be signif-
icantly improved if the luminosity of the Tevatron were
increased to 1033 cm~2 s™! or more and its detectors
upgraded to handle this luminosity.

In pp collisions, the direction of the incoming quark
can be inferred with confidence only for events with high
boost rapidity np or large fractional subprocess energy
7 = §/s. (For pp collisions, 6* will be defined as the
angle between the direction of the boost and that of the
top quark in the subprocess c.m.) For large 7, the quark
direction tends to be the same as the boost of the c.m.,
even if np is small [16]. However, 7 is small for ¢@ — tZ
at the LHC, making it hard to distinguish 6 from 7 — 6.

"The distinction between t and £ is based on the sign of the
charged lepton in W decay.

To make matters worse, tf production is dominated by
gluon fusion, obscuring any interesting cosf dependence.
Thus, angular information on top production is doubly
difficult to come by at the LHC.

The cosf* distributions we present below are integrals
over tt invariant mass of do (pp™ — tt)/dMzd cosf*. The
integration region is centered on the peak of the invariant
mass distribution and is approximately the width of the
resonance. For the nr, we used M,,, = 450 GeV, Nyc =
5, Fo = 30 GeV, and C; = —1/3. Its width is 32 GeV.
For the Vg, we took My, = 475 GeV and & = F1/{; =
1/40/3. The V3 width is 85 GeV.

The cosf* distributions, defined as described above for
pp (Tevatron) and pp (LHC) collisions, are shown for
the 7y and V3 models in Figs. 11-14. Global features
of these distributions are summarized in Table III. The
top quarks were required to have pseudorapidity |n| < 2,
which we estimate to correspond to the average accep-
tance of the CDF and DO detectors for leptons and jets
from top decay.® We discuss them in turn.

Figure 11 shows the ¢ — tt, gg — tf, and gg —
nr — tt components of the top-quark production cos#*
distribution expected at the Tevatron. The M,; integra-
tion region is 430 to 470 GeV. The QCD contribution
is flat, the forward-backward peaking diminished by the
proximity of threshold. The nr contribution is also flat,
of course, and makes up about 85% of the total cross
section. The falloff above |cosf*| = 0.90 is due to the
rapidity cut, |, | < 2.0. (We computed the cosf* distri-
bution of the seven tf candidate events reported by CDF
[1]. The results, along with the top quark’s c.m. velocity
B, are listed in Table I. They form a perfectly flat distri-
bution.) Table III lists the total ¢f cross section as well
as the cross sections oz for cos > 0 and o g for cosf* > 0.
The forward-backward asymmetry is calculated as

" Nr+ N

OfF — OB

AfB

: 4.1
or T on (4.1)

80ur results do not change significantly if we require |n| <
1.5 for the Tevatron detectors and allow || < 2.5 for the LHC
detectors.
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FIG. 11. The cosf* distribution for pp — tf at /s = 1800
GeV in the presence of a 450-GeV 7 with parameters as in
Fig. 7; 430 < My < 470 GeV. The components are stan-
dard QCD gg — tf (dot-dash), g7 — tf (long dashes), total
QCD (dots), gg — nr — tf and interference with QCD (short
dashes), and the total do/cos8* (solid). EHLQ set 1 distribu-
tion functions were used and all cross sections were multiplied
by 1.62. The top quarks are required to have pseudorapidity
|n] < 2.0.

The statistical error on App is

NgNp
AAFB)stat = 24| =
(AAFB)stat ”(NF%—NB)?‘

—9 Or0OB
(oF + 0B)3€ez [ Ldt’

where €,z is the overall efficiency, including branching ra-
tios, for identifying and reconstructing tf events. For
the CDF experiment at the Tevatron, we can infer from
Ref. 1] that €;;(CDF) ~ 5-10 events/(19 pb~! x 14 pb)
= 24 %. We use e4(Tev) = 3%. It is difficult to
say what value of the efficiency is appropriate for LHC

(4.2)
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FIG. 12. The cosf* distribution for pp — tf at /s = 15
TeV in the presence of a 450-GeV 75 with parameters as in
Fig. 11; 430 < M,z < 470 GeV. The curves are labeled as in
Fig. 11.

! —
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cos6*®

FIG. 13. The cos8*** distribution for pp — tf at /s = 1800
GeV in the presence of a 475-GeV V3 with parameters as in
Fig. 5; 400 < M, < 500 GeV. The components are stan-
dard QCD gg — tf (dot-dash), gg — tf (long dashes), total
QCD (dots), g7 — Vs — tf and interference with QCD (short
dashes), and the total do/cos8* (solid). EHLQ set 1 distribu-
tion functions were used and all cross sections were multiplied
by 1.62. The top quarks are required to have pseudorapidity
|| < 2.0.

experiments; detailed simulations are needed (see, e.g.,
Ref. [16]). We shall assume €,;(LHC) = 5%, although it
turns out not to matter in the examples we consider.

The components of the cosf* distribution expected at
the LHC are shown in Fig. 12. Because of the small 7 val-
ues involved, the roles of gluon fusion and ¢§ annihilation
are reversed, with gluon fusion making up about 90% of
the QCD rate. The enormous nr — tf rate is due to
the very large gg luminosity at smaller 7 [14]. The slight
central bowing of the cosf* distribution is due to the top-
quark rapidity cut. At the LHC energy, such large boost
rapidities occur that events at large c.m. rapidity and
cos@* are depleted.

Figure 13 shows the components of the cosf* distri-

da/d(cos®) (pb)

Lo b

cos8®

FIG. 14. The cosf* distribution for pp — tf at /s = 15
TeV in the presence of a 475-GeV Vg with parameters as in
Fig. 13; 400 < M,; < 500 GeV. The curves are labeled as in
Fig. 13.
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TABLE III. Angular dependences of tf production in the 7 and Vs resonance models with parameters described in the text.
Top quarks are produced with pseudorapidity || < 2.0 and cross sections (in pb) have been multiplied by 1.62.

Model M, range Collider o(tt) oF oB Arp
nr 430-470 Tev 4.82 2.41 2.41 0
nr 430-470 LHC 4360 2180 2180 0
V- 400-500 Tev 8.14 5.48 2.66 0.35
V- 400-500 LHC 285 145 140 0.017
Va+ 425-525 Tev 5.93 4.21 1.72 0.42
Vg+ 425-525 LHC 255 130 125 0.021

bution at the Tevatron of the 475-GeV Vg coupling to
left-handed quarks with relative strengths & = —1/€; =
4/40/3. The M;; integration region is 400-500 GeV. The
effect of the chiral coupling is evident, though somewhat
diminished by the 7, z cut. The forward-backward asym-
metry of 0.35 could be measured at the 50 (statistical)
level with an integrated luminosity of 1 fb—!. For this lu-
minosity, the statistical errors on do/d cosf* in six bins
0.30 units wide would range from 20% down to 10%. This
is one example of how useful it would be to upgrade the
Tevatron luminosity to 1033 cm=2 s™1.

The cosf* distributions expected at the LHC for this
Vg are shown in Fig. 14. In this example, the contribu-
tion of the Vg is about 20% of the total and it is polluted
by the ¢ +» § ambiguity, so that the rise in the cross sec-
tion with cosf* is invisible. The asymmetry is only 2%.
This illustrates the dominance of gg processes and the
uncertainty in determining the quark direction at small
7 in a high-energy pp collider. Essentially similar results
were obtained for the £ = 1/£, case (see Table III). We
found that there is nothing to be gained at the LHC by
a looser 7; cut, or by limiting the M,; integration re-
gion to a narrow band about My, or by selecting events
produced at large boost rapidity.

V. SUMMARY

Top quarks, of all known elementary particles, are most
intimately connected to the physics of flavor and may
provide keys to unlock the mysteries. Thus, top-quark
production at the Tevatron provides our most incisive
probe into flavor physics until the LHC turns on in the
next century. The invariant mass distributions that can
be formed in top-quark production appear to be the best
means for distinguishing between standard and nonstan-
dard mechanisms.

The mean and rms of the total invariant mass M,z pro-
vide an independent measure of m; which should agree
with the directly measured mass if production is gov-
erned by standard QCD. In QCD, the variance AM,; is
expected to be about 75 GeV. The total invariant mass
can reveal the presence of tf resonances such as the top-
color vectors Vg [6,10] and the technihadron nr [7,11].
Such resonances may easily double the tf rate. It is worth
noting that, since the fraction of gluon-initiated processes
rises fairly rapidly as the machine energy, an upgrade of

the Tevatron to /s = 2 TeV will lead to quite different
changes in the Vg — tf and 57 — tf rates.? We find an
increase of about 50% for qg — Vg, but almost 100% for
gg — 7nr. Subsystem invariant masses can be examined
for alternative explanations of the top-quark production
data and for unconventional top decays. In this regard,
we emphasize that it may be dangerous to use the stan-
dard QCD tf production model to select top-quark can-
didate events. For example, a resonance in tf production
may distort the summed scalar Er and sphericity or apla-
narity distributions of candidate events from their QCD
expectation.

The angular dependence of top-quark production may
also provide valuable information on the top-quark pro-
duction mechanism. Although it is generally expected
that, for production near threshold, the angular distribu-
tion will be isotropic, we have seen that chiral couplings
can be detected if they are present and comparable to
the QCD amplitudes. The dominance of ¢§ annihilation
in top-quark production processes at the Tevatron col-
lider gives it an advantage over the LHC for studying
angular distributions. Two distributions as different as
those arising from the scalar-coupled nr and the chiral-
coupled V3 may be distinguished with a data sample of
1 fb~. However, it is clear that the resolving power of
these distributions would benefit greatly from a signif-
icant upgrade of the collider and its detectors so that
samples of ~ 10 fb~! can be collected.

In conclusion, we emphasize that the studies done here
have all been at the most naive patron level. We hope
they will inspire the CDF and DO Collaborations to un-
dertake more realistic, detector-specific simulations in
the not-too-distant future.
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