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Recent theoretical speculation concerning the mass of the ¢ quark, the charge-2/3 partner of the quark
bound in Y, put it, as well as possible heavier doublets, outside the reach of existing e* e ~ machines. If this
speculation is correct, hadron colliders will provide the only means of-studying new flavors in the near
future. We study (i) the properties of heavy quarks and their bound states, emphasizing the importance of
weak effects when 2M, * M, (mass of the intermediate boson), and (ii) their various experimental signatures
in hadronic collisions. Contrary to what one might suspect from past experience with charmed particles, we
anticipate that the associated production (and not the e*e ~ or p*u~ invariant mass of the quark-antiquark
bound state) will provide the most prominent signature via the study of anomalous ep events. We expect
the background to any leptonic signature to be severe, suggesting the requirement of simultaneous detection

of hadrons.

I. INTRODUCTION

The recently observed structure® in the 10-GeV
mass region has been successfully interpreted in
terms of bound states of b quarks, with charge
—3. Such an interpretation accounts for many
features of the data such as the production cross
sections, leptonic widths, etc. This immediately
raises the question whether this quark also has a
charge + % partner, the so-called ¢ quark, and,
if so, what its mass is. There are many specula-
tions regarding the mass of the ¢ quarks. They
fall into two categories: One set® takes the mass
formula suggested by m,/m =m /m, Extrap-
olating to m,, one expects m,/m,~m,/m_, leading
to m,~15 GeV. The other class of speculations®*
predicts that m /m,=m_/m,, resulting in m,~30
GeV. Various attempts have been made to justify
such mass relations by imposing constraints on
the Higgs-boson couplings which govern the mass
spectrum.

The possibility that m, >20 GeV raises a very
important practical point, viz., that none of the
existing e*e” colliders will be able to reach
threshold for producing # pairs. Hence, for m,
>20 GeV, the only means of producing /7 in the
near future (until completion of LEP) are the p-p
and p-p colliding-beam facilities under construc-
tion at Fermilab, CERN, and Brookhaven. With
this in mind, we have studied the properties and
experimental signatures in hadronic interactions
of #f pairs with m, ranging from 15 to 100 GeV.
This study is relevant in adifferent context: These
machines cover the kinematic range where the
next flavor doublet could be discovered. Cal-
culations regarding the ¢/ quark can be directly

reinterpreted in terms of a new flavor with cor-
responding mass. Present speculation® puts the
mass of the next flavor doublet around 100 GeV,
close to the upper limit on fermion masses® in the
context of the simplest gauge theories on which
all our estimates are based.

Quark searches could therefore develop as a
major mission of the hadron colliders along with
the publicized hunt for weak bosons. Although
much attention has been devoted to the production
cross sections, signatures, and backgrounds
relevant to weak-boson searches,®” a similar ef-
fort has not been devoted to the study of new
flavors. We feel that important progress in anti-
cipating the detection of weak bosons has been
made possible by the advent of perturbative quan-
tum chromodynamics (QCD). It provides us with
a definite procedure locked in with existing data,
to estimate cross sections, experimental sig-
natures, and backgrounds within one and the same
framework.”

Therefore, all our calculations are performed
in the framework of quantum flavor dynamics,
i.e., perturbative quantum chromodynamics and
the Weinberg-Salam model. Whereas QCD predicts
the observability of the weak bosons inthe simplest
single-arm lepton search,” its implications for
quark hunting are far less optimistic and clear
cut.

The paper is organized as follows (note that the
“technology” of most computations is collected
in an appendix): We start by computing the vari-
ous widths and branching ratios for heavyquarks,
drawing attention to the potential importance of
weak decays. Indeed when 2M =M, i.e., the
mass of the quark-antiquark bound state is not
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too different from that of the weak boson, decays
" mediated by W, Z, and Higgs particles play an
important role and can eventually contribute the
dominant decay channel.®

We then compute the production cross section
for producing heavy-quark bound states as well
as for producing the familiar Drell-Yan dilepton
@) background competing with their most prom-
iment signature: enhancements in the invariant
mass of lepton pairs. By using scaling laws,®
which are rather solidly anchored to experimental
data, for dilepton yields “on” and “off resonance”
and scaling them to larger values of the quark
mass (M,) and collision energy (vs), we arrive
at rather pessimistic projections regarding the
direct observation of the dilepton enhancement
from the decay V —II. The situation is further
obscured by dileptons originating from the as-
sociated production and subsequent leptonic decay
of charmed and bottom quarks. At Vs=540 GeV
such fake dileptons might be more copious than
Drell-Yan pairs for invariant masses all the way
up to the Z. We conclude that searches with high
resolution and very large statistics over the full
mass range will be required. This will be a dif-
ficult task, especially if one considers the limited
luminosity of some of the proposed machines. We
also briefly discuss the prospects for dilepton
experiments with Fermilab’s energy doubler.

This sets the stage for our next investigation:
the associated production of unbound flavor. We
compute the cross section as a function of the
quark mass according to perturbative QCD ideas
which successfully account for the observed level
of charm production.'® Despite the optimistic
predictions for the total yield and the leptonic
branching ratio™ (B~10%), the observation of
structure in the transverse-momentum distri-
bution of direct single leptons is unlikely because
of a combination of (i) the large direct-lepton
background predicted by QCD and (ii) the lack of
structure in the (dominant) three-body decay dis-
tribution. The high-(p ) production predicted by
QCD, and the cascading { -b —c —s, are expected
to wash out all structure in the p, distribution,
even the maximum at p,~M /3. This negative
result prevails if one observes both leptons from
the associated production (e events or like-sign
dileptons). The origin of the problem is simple:
Every quark is the next quark’s fatal background
in QCD. Indeed, the drop in cross section one
registers for large transverse momentum in a
hadron collision is not more than the one that re-
sults from the presence of a large mass in the
final state. Specifically, any lepton from a decay
of say a ¢ quark can be simulated by a high-p
c,b quark. We actually conclude that angular cor-

relations of the leptons in anomalous e, | events
provide the most promising basis for a systematic
experimental search.

These conclusions seem to run contrary to our
experience with charmed particles: ’s are a
much better signature for charm than associated
production of D’s. The reason is simple: Charmed
particles are too light with p,=~M,/3 giving a
lepton signal in a momentum range still clouded
by conventional strong-interaction sources for
direct leptons.

For very large quark masses any leptonic sig-
nature runs into problems with either single W or
W*W~ pair production backgrounds. Indeed, in
gauge theories the ZW*'W~ coupling yields a pair
production mechanism which is O(a), not O(G),
of single W production, and will interfere with
e, u associated flavor production for M =z M,,.
Bjorken'? has, however, pointed out that in this
case there might be spectacular hadronic signals
via pp - pair of heavy quarks —gWgq W~ sixhigh-pr
jets. We discuss the interplay of heavy quarks
and weak bosons in the final section.

II. DECAY CHARACTERISTICS OF HEAVY QUARKS

We start by evaluating as a function of the £-
quark mass the partial widths and leptonic branching
ratio of the vector meson V binding ¢ flavor. The
decay rates are calculatedaccording to the standard
technology of quantum flavor dynamics; the results
are listed in Table I. The parameters in the cal-
culation a,, the quark-gluon coupling constant,
and p, a parameter which phenomenologically
represents the dependence of the wave function
at the origin on quark mass [ |$(0)|2cM*2], are
fitted to measured ¥ and T widths. We obtain
p=2.07 and the expression for ¢  given in Table I.
We are now ready to extrapolate the result to
larger quark masses. The resulting widths are
given in Table II for representative values of
M,

It is interesting to notice® the large enhancement
of the hadronic width due to weak decays for 2M
2 M,. As a consequence the leptonic branching,
which is typically at the 10% level, is suppressed
to about 3%.

Although results are shown for e =% having in
mind the ¢ quark, one should have in mind that the
next flavor has most likely ¢ = -3, and the result
should be rescaled in e, according to the formulas
of Table I. Let us assume for the purpose of
illustration that the next charge -3 quark (b')
has mass M,, =100 GeV. Its dominant decay would
be b’ ~gW with g =u,c,t. The total decay rate for
b’ into a lighter quark ¢ and W is given by®
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TABLE I. Decays of heavy quarks. Formulas. We use the following notation: y* (photon),

g (gluon), I (e, p, T leptons), V (¢ bound states), g (quark with charge e,), W* (weak inter-
mediate boson with My =82 GeV), Z (neutral intermediate boson Mz=92 GeV, I';=3 GeV), H
(Higgs boson with My=10.4 GeV, I'y;=66 keV), @,G, ag (electromagnetic, weak, and strong
coupling constants), with

_ 0.193
1+(21/127)(0.193) In(My /My )2

Qs

Some of these formulas may be found in Refs. 8 and 13; we assumed sin26W ='}'.
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TABLE II. Decays of heavy quarks. Results for e, =§"
Width of the vector meson binding new quark flavors.
Notation is the same as in Table I. I'; represents the
sum of the individual contributions to the total width
listed in Table I and mediated by Z. B; is the leptonic

branching ratio.

M, (GeV) 15 30 45 60
Width (keV)

Tz

Ty
7

Ftot

5.6 5.9 6.1 6.2
25 26 27 27

18 14 12 11
0.3 8 42 124
0.1 2 6 15

0 1 178 11.5
0.4 1.8 4 8

61 71 288 215
9.3% 8.5% 6.1% 3.2%

# Note that B, also includes Tz 7.

TABLE III. Properties of the vector meson binding the

next b quark. e,=—7%,

M,=100 GeV, a typical expecta-

tion for the mass of the next flavor doublet.

Decay channel Width (ke V)
¢ =i 1.6
3g —hadrons 10.1
v* —hadrons 10.8
b g Slegl?x5017
b = g7’ Tleqlegix10
Z — hadrons 10.4
Z —leptons 16.3
b's’ —Hy 8
b'd’ —H—tf 0.1
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T® ~q+W)
=2l |2 MG (m” =) 2+<mb' ’
q 4 471"\/? /rnb'3 mW ’

where €, are mixing coefficients of b’ with u,
¢, and ¢{. For m,. =100 GeV we obtain

I‘(b’-—q+w)=2|€q|2>< (4.2 MeV).

Suppose 2J,|€,|2~3; then we obtain I' ~0.42
MeV and the b’ quark’s lifetime would be 7=1.5
X 10 sec. The properties of the bound state
b’b’ are collected in Table IIL

III. EXPERIMENTAL SIGNATURE OF BOUND FLAVOR

Recent experience puts forward the obvious
candidate for an experimental scan for new quarks;
a search for narrow structure in dilepton in-
variant mass. We first estimate the signal B,o,,
the production cross section of the heavy-quark—
antiquark bound state multiplied by the leptonic
branching ratio, as well as the corresponding
background, i.e., the lepton pair continuum prod-
uced via, for example, the Drell-Yan process.

We try to minimize theoretical bias by scaling
data in the ¥, T mass region. We use the following
interpolations®!* for the cross sections:
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purely dimensional grounds, although Eq. (1)
contains the additional assumption that the prod-
uction cross section is proportional to the (direct)
hadronic width of the vector meson. More im-
portant is the additional fact that solid experi-
mental support exists for both. Equation (1) cor-
rectly interpolates'* known yields for ¢, ¥,
production and correctly predicted that of the Y.
We rewrite it as

B, T M. \3
B0y (/5 ) = |-L—L(—JL)
u BY Ty \M

B;»o(f‘-f# {s‘), (3)

where M ~2M . Using data on the width and cross
section of ¢, we predict B,0, using information

on B, and ', given in Tables I,II. The result is
shown as a solid line in Fig. 1 at representative
values of Vs , along with data on ¥ and T prod-
uction'*® at Vs = 27 GeV. Equation (2) just represents
Drell-Yan scaling which is known® to hold over a
wide range of values of lepton-pair mass M and
energy vs. Scaling of the data according to Eq.

(2) yields the dashed background curves predicting
the lepton-pair continuum.

At higher energies another source of dileptons
competes with the vector-meson decay signal:
associated production of b, ¢ quarks followed by
semileptonic decays of both quarks.?® Our esti-
mates for this background are shown in Fig. 1
as dash-dotted lines. We see that while this source

r Vs
M?q,,(Vs) = (—M‘)F (—E—) , (1) is negligible at present, it exceeds dileptons from
the Drell-Yan process at collider energies out to
and for the dilepton background high masses.
do Vs For purely dimensional reasons we compared
M3 WLL Ws)=F' <7> . ) in Fig. 1 the signal Bo, with background curves
, Mdo,;/dM. A relevant experimental comparison
Equations (1) and (2) would follow from QCD on should take into account the expected dilepton
(a) dileptons (b) dileptons (c ) dileptons
PP, +/5:=27.4 GeV PP, /S =540 GeV pp, +/5=2 TeV
. o SIS e
vector mesons ——— vector mesons \‘\. l l
03k ———prell-yan 4 g7} \, ———Drell-Yan 4 97| \. -l
\ .=, b quarks \_ —-—c,b quarks
L | ] i |
€ 0t 62t 1 6% .
] vector mesons ﬁ
0°F 6"k 4 6"} ———Drell-Yan 1
~—-=—b,c quarks
. R T , . R P B
0 0 50 100 150 0 50 100 150
Mll- (GeV) Mli (GeV) Mli (Gev)

FIG. 1. (a) Boy for producing a vector meson of mass M (bindinig heavy quarks of approximate mass M/2) in pp in-
teractions (/s =27.4 GeV) is shown as a solid line and compared to data on ¢ and T production. B is the leptonic
branching ratio into a lepton pair I7. Also shown is the lepton-pair background M,7do /dM;7 from (i) the Drell-Yan
* process (dashed line); (ii) pair production of ¢, b quarks followed by leptonic decays of each member of the pair
(dashed-dotted line). (b) and (c): Same as (a) for v/ s=0.54 and 2 TeV.
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mass resolution and event rate. This will depend
on the specific experimental setup as well as the
luminosity of the hadron storage ring. One can,
nevertheless, get a feeling for the predictions in

. Figs. 1(b), 1(c) by first looking at the ¢ and T points
in Fig. 1(a). It is well known that the ¥ signal is
above Drell-Yan background. The integrated
cross section in the T region is, however, smaller
than the continuum cross section at the same
mass, i.e., the signal appears as a “ripple” on the
continuum. For the larger masses in Figs.
1(), 1(c) the signal is, however, suppressed by
over one ocrder of magnitude, requiring improved
resolution and/or statistics compared to the
Fermilab experiment discovering T. Especially
the second goal might be difficult because of the
reduced luminosity of hadron colliders.

We point out that predictions are shown for pp
interactions. Although the total rates are expected
to be enhanced in pp collisions, we do not expect
a different signal-to-background ratio. Indeed,
the presence of valence antiquarks most likel
enhances both in a similar manner. i

IV. EXPERIMENTAL SIGNATURE OF NAKED FLAVOR

The associated production of new flavors can be
calculated according to perturbative QCD.X° The
result is shown as a solid line in Fig. 2 as a
function of M, at a typical collider energy of
Vs =800 GeV. This calculation can also be done'*
by rescaling experimental data on dilepton prod-
uction by @ 2(M)/a2. The result is shown as the
dashed line in Fig. 2, and as expected the two
estimates coincide for 2Ma/\fs_ not too small and
agree in fact remarkably at all M,. The process’

(p or p)p—TT +anything

! +anything

will produce an enhancement in the direct-lepton
yield at (p ), ~M,/3 as three-body channels
dominate the semileptonic decay. The Jacobian
peak is not expected to be very pronounced.
High-mass quarks will be produced with large
(pp in QCD. Furthermore, the cascade decays
t—b-c-s will indeed produce leptonic enhance-
ment at lower-p, values, making the decay spec-
trum essentially structureless. The results of an
explicit estimate are shown in Fig. 3(a). Several
backgrounds compete with the signal: (i) semi-
leptonic decays of ¢, b quarks produced at high
po"; (ii) direct leptons from the internal con-
version of high-p, real photons'®; (iii) single
leptons from Drell-Yan pairs'®; (iv) leptons from
the leptonic decay of high-p  §’s [not shown in the
figure, but we calculate that they contribute at

10 —— T
pp., /s =800 GeV
16"+ .
103} .
o
E i
b
16° .
-7 perturbative Q CD \
10" - T
— ——(£# /) data rescaled \
—l 1 1111 lll 1 1 1 1 \
1 o 102

Mquurk (Gev)

FIG. 2. The cross section for the associated produc-
tion of heavy quarks is computed as a function of their
mass in two different ways: (i)-from perturbative QCD
(solid line); (ii) by rescaling measured lepton pair yields
in coupling constant (dashed line). The calculation is
performed for pp interactions with a representative en-
ergy Vs =800 GeV.

the same level as (ii) and (iii)]. In view of the
ambiguities in calculating both the signal and the
multiple backgrounds, we can safely conclude
that we have no arguments for the feasibility of
a single lepton search, whatever the value of M.

Of course, within our simple QCD approach
especially background (i) presents a major ob-
stacle as almost any high-p » lepton originating
from the semileptonic decay of a heavy quark can
be simulated by the semileptonic decay of a ligher
quark produced with a relatively larger trans-
verse momentum. In lowest-order perturbative
QCD the two keep matching each other’s cross
sections.

This leaves us with what we anticipate to be the
most promising leptonic search for the ¢ or any
other new quark flavor: anomalous e, U events.
Requiring observation of a second high-p ,lepton
signalling the presence of a leptonic decay of the
associatively produced quark suppresses the cross
section by B,, i.e., about 10%. On the contrary
the competing backgrounds are now suppressed
dramatically except for (i). The fact that leptons
from heavy-quark decay are screened by those
from ¢, b semileptonic decays hold true for op-
posite side e events. However, when observing
both leptons, their angular correlation can be
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FIG. 3. (a) The transverse-momentum spectrum at rapidity y =0 of leptons originating from the production and sub-

sequent semileptonic decay of ¢, b quarks and heavy quarks with M, =15, 30, 45, and 100 GeV. Also shown is the

same cross section for leptons resulting from the Drell-Yan process (dotted line) and the internal conversion of photons
with large p , (dashed line). Other sources of single leptons are discussed in the text. Calculations are performed for
pp interaction at x/'; =540 GeV. (b) Transverse-momentum spectrum of ey events from associated production and semi-
leptonic decay of ¢, b quarks and heavy quarks with M,=15, 30, 45, and 100 GeV. For illustration we have chosen both
leptons to have rapidity y =0 and (p ), =(p p),. Calculations are performed for pp interactions at s =540 GeV.

used to enhance the signal. Consider, for example,
events with the e and p on the same side with
pre=bPr,. Because of the 22 kinematics inherent
in O (a,) QCD, such events cannot be simulated

by b,c decays. Indeed, the parent of a very-high
P (=M,/3) lepton from charm decay was nec-
essarily produced with high transverse momen-
tum. Therefore, the associated charmed particle

and its decay lepton must necessarily be on the
opposite side to balance overall transverse mo-
mentum. On the other hand, in the case of a
genuine production of a pair of heavy quarks, re-
quiring that the second lepton follows the first
does not create a momentum imbalance and only
suppresses the cross section ~B,/4n. This is
borne out by an explicit estimate shown in Fig.

(a) pp, 1 Tev (b) Same-side e, . events
30-4 T T T ‘64 T T T T T
\ A
~ F\c 1< tle 1
o \\ % |
2 581\ {9 g8 .
< N s |/
o \ \
\ E |
E N\ 1= 1 T
m -2 \\\ b o 2 I \ b
210 \\ 1 8 10° | 1
S —~\\ o |
b ~ o~
s = \\\\\ 48 L | -
W e "W |8 el 7T TN
\ A\ | I \
1 1 \ l\\ Il [ | 1 1 A 1
0 5 10 15 20 0 2 4 6
Pre (GeV) Pre pm (GeV)

FIG. 4. Same as Fig. 3 for p;;=1 TeV, the energy of Fermilab’s doubler. We have chosen M;=15 GeV.
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3(b), which also illustrates the fact that the joint
spectrum has a kinematic cutoff at Mq/Z.

This conclusion follows from calculations to_
lowest order.in @, In higher orders cc and bb
can be produced on the samwe side at high pr,

from a high-p, gluon,, for example. If both quarks

produce mesons which decay semileptonically,
then we have a background to the same-side lepton
pair signal. We have not estimated this, and can
simply put our faith in perturbation theory.

We conclude this section with some comments.

Figure 4 reproduces the estimate of Fig. 3 for
experiments with Fermilab’s energy doubler.?

High-p, b quarks cascading b —~cev followed
by ¢ =~s u¥ can produce same-side e events. We
feel not only that a fail-safe heavy-quark detector
" should measure e, u with good resolution, but
also that further observation of the associated
hadrons would certainly provide important, pos-
sible crucial, additional information.

The angular asymmetry between positive and
negative leptons may provide a possible signature
for heavy quarks. The existence of such an asym-
metry, which comes about from the interference
between one- and two-gluon exchange in gq —~ Q@,
and between initial-and final-gluon bremsstrahlung
in q7 ~ Q@ (in analogy to the asymmetry in
e*e” — u*u”), has been discussed in Ref. 21. This
asymmetry depends on the mass of the heavy quark
@, and a detailed measurement may be able to
isolate the effects of a new heavy quark.

An alternative signature to e u is provided by
same-sign dileptons

pp~tX

\

o

b—-u .

We expect o(u~y) ~107%0(tf). This signal is in-
ferior in two respects: One U is necessarily
degraded in p , because of the {~b—~ U~ cascade;
B°-B° mixing could be quite large, especially if
the # quark is heavy,?? and therefore b production
could simulate equal-sign dileptons from the
associated production of a ¢ quark.

Other obvious signatures? of # production are
via the cascade decays

t-bl*

events with six charged leptons and via

with six strange particles. The rate for six-
lepton events is expected to be ~107® and for six
strange particles can be as high as ~107* of the
#f production cross section. The main background
for six-lepton events would be from bb production
with

b—cl”

l+

plus an additional pair of leptons emitted ra-
diatively, or coming from additional cZ or bb
production and decay. This background rate is
~10"° times the bb production cross section and
is close to the expected signal. Corresponding
backgrounds for six-strange-particle signal are
expected to be more severe.

The pair production of heavy leptons® through
the Drell-Yan process pp —L*L"X is significantly
suppressed compared to the production of quarks
of a corresponding mass. For example, for M,
~M ,~10 GeV we have 0B,*~10"° mb for quark
production, whereas o(pp —LLX)=10""~10"% mb.
In fact, the dominant production mechanism for
producing heavy leptons in hadron colliders would
be via the decay of possible heavier-quark flavors.

V. THE INTERPLAY OF HEAVY QUARKS
AND WEAK BOSONS

When M, ~My, weak decays not only suppress
the leptonic decays of the quark (see Table II), a
confusing interplay between heavy-quark and W
production will appear.

When M, ~M,,, o(M,~M,)=~10"~10" mb (see
Fig. 2). Because of the non-Abelian character of
the Weinberg-Salam model, W pairs can be pro-
duced via Z leading to a pair production cross sec-
tion® which is O(a), not O(Gy) of the single W
yield. Therefore,

o(pp = W*WX) ~10"7-10" mb =~ o (M, ~M,).

As also the leptonic branching ratios of W’s and
quarks as heavy as M, are similar (see Tables I,
II), the detection of quarks will be difficult. The
situation is similar to the one for flavor bound
states with M, =2M =M ,. Such V states predom-
inantly decay via Z and are hidden under the Z
peak.

Conversely leptons from all heavy-quark decays
provide background leptons in a W, Z search.
Figure 5(a) shows dileptons from Z decay along
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(@) Leptoh pairs in pp interactions /s =540 GeV, 9 =0) from prominent sources:
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(b)
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1084 Wty .
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-\ -—-—direct leptons
\ .............. Drell-Yan

pT(GeV)

(i) production and leptonic

decay of the weak boson Z (solid line); (ii) Drell-Yan (dotted line); (iii) pair production of ¢, b quarks followed by lep-
tonic decays of each member of the pair (dashed-dotted line).
Pp interactions ¢s =540 GeV, y =0) from prominent sources:
(solid line); (ii) production and semileptonic decay of b quarks (dashed line); (iii) the Drell-Yan process (dotted line);

(iv) the internal conversion of real photons (dashed-dotted line).

with Drell-Yan pairs as well as lepton pairs

from associated production and twin leptonic decay
of b, c quarks. Note that for our particular esti-
mates?® the Drell-Yan process becomes unob-
servable at collider energies [see also Figs.

1(), 1(c)]. Figure 5(b) shows the corresponding
situation for single leptons from charged W’s.

The background now also includes direct leptons
from the internal conversion of prompt photons.
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APPENDIX

The calculations presented in this paper are in
principle straightforward, although in practice
some of them involve complex Monte Carlo cal-
culations. In view of the combined ambiguities in
the calculation of the properties of heavy quarks

s/

d°N

kz{gg:

2 1
dE (E® —Mz)”zj

cosf

d(cosb) f do E

(b) Single-lepton transverse-momentum spectrum in
(i) production and leptonic decay of the weak boson W *

Other sources are discussed in the text.

and their production rates one can, without any
real loss in reliability of the final estimate, intro-
duce a set of approximations which allow analytic
and almost “back of the envelope” type estimates
of the results. We present the procedure in this
appendix.

Three-body decay function N(k)

For a heavy quark of mass M decaying into three
massless particles, e.g., £~ be'v, we have in the
rest frame of the quark

d°N 24 B
a5 = p e RO-28),

(A1)

where & is the lepton momentum and B the leptonic
branching ratio. This distribution satisfies the
desired features: (i) It vanishes as k—0 and

k—~M/2; (ii) it has a maximum at k=M /3; (iii) it
is normalized to the branching ratio

d*k kd®N

% a3 (a2)

Single-lepton decay spectrum

Take the same quark when produced in a hadron
collision with cross section Ed3o/dp3; then the
lepton momentum spectrum is given by

(&, p k! —d—k;-,-s-(k') (a3)



2870
6 is the angle between K and , ¢ the angle be-
tween the plane @,k) and (®, collision axis). In
Eq. (A3)

k 2
pri= (p sind 2L +p sinb cos¢ —I‘:) +p2sin’d sin’p .

k
(A4)
Here
p=(E*-M?)"/2, (A5)
k=R 2+k Y2, (A6)

where L and T denote longitudinal and transverse
components with respect to the collision axis.
Furthermore,

—- M2
k= S — , (A7)
with
s =M? - 2Ek +2kp cosf . (A8)

The integration limits in Eq. (A3) are
)

do % /2 do dN »
e fk dprz(_-—)”.:g Ek—F (s =M?—-2kE +2kp ),

dp,®

-M2/ar

PAKVASA, DECHANTSREITER, HALZEN, AND SCOTT 20

for k< %, Eon,
(A9)
M M?
fOI‘k>2—, E6=k+4—k,
for k<M/2 and E<E}, cosf,=-1,
therwise, cosf,= 2Bk -M* ato
otherwise, 7Y

These equations can be trivially generalized for
nonvanishing masses in the final state and simplify
significantly if one observes the decay lepton at
90° in the center-of-mass system, i.e., 2, =0 and
kp=k.

For Ed®s/d®» we use lowest-order QCD cal-
culation of the Feynman-x, (=2E/Vs) and p, de-
pendence of the heavy-quark production cross
section. It turns out that for k2, =0 (i.e., 6,
=90°) the calculation is relatively insensitive to
the x dependence of Ed®s/dp®.. One can, there-
fore, limit the evaluation of Eq. (A3) to the trans-
verse degrees of freedom

(a3")

with s defined as in Eqs. (A7), (A8) and E = (M?+p,?)*/2, Equation (A3’) can be readily generalized to

the e, u correlation

= T 3 z
=r (r-M2/ar) Apr) sp=o dR

(r-M%/ar)
(——i" z) B J dp 2( dc) s =M2—2kE+2kPT)%<s' =M?-2kE - 2kpy).
dkg’dRy® |y pyn J-

Calculations in the paper are based on Eqs. (A3)
and (A11).

D functions

In the limit where the mass of the parent hadron
is negligible compared to the transverse momentum
of the detected lepton, we may simplify the kine-
matics from three-dimensional phase space to
one-dimensional longitudinal phase space, neg-
lecting transverse momentum. For the fragmen-
tation a - c +X we write, as usual,

dN

=D

— =1 . /a@), (A12)

where z is the fractional momentum of a which
¢ carries. For a two-step fragmentation,
a-=-b—-c,

ldy

Dc/a(z)= J’ "y‘Db/,,(y)Dc/,,.(Z/y). (A13)

For the particular choice of three-body decay
described above, we find that (M is a meson,

(A11)

f

! a lepton, and B the leptonic branching ratio)

D, ,,(2)=2B(1+22)(1 - 2)?, (A14)
so that
IID,/M(z)dz -B. (a15)

For heavy quarks fragmenting into a meson, we
consider two possibilities:

Dy ole)=1,
Dy, ol2)=0(1-2).

(A15a)
(A16b)

We use (a) for charmed-quark decay, and (b) for
anything heavier.?” Note that both fragmentation
functions are normalized to unity. We can now
convolute these with the leptonic decay to find the
fragmentation function for @ =M -1, We find

Dy, o(2)=(B22-% 2°~% ~21Inz)B,

D,/Q(z)=2B(1+22)(1 -2)%.

(A17a)
(A17b)
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Single leptons at high p

To find the single-lepton spectrum at high p ,,
one convolutes two ingredients. The first is the
cross section for producing a heavy quark at high
pry Edo®/d%, which is calculated in perturbative
QCD. The second is the fragmentation function for
the heavy quark to fragment into a lepton. Note
that for this procedure to be valid we require p,
> mgq. Then the lepton cross section is

Q
—6-1—3; (Zj)T, 0)dz .

do' 7 e (1\ do
E ?p—(pr,eﬁ J; D(;)E

We have verified that this procedure is consistent
with the full calculation using three-body decay
kinematics.

(A18)

Dileptons from heavy quarks

Dileptons can be produced from a heavy QQ
pair if both decay semileptonically. If the mass
of the lepton pair is much greater than the mass
of the quark @, we may again use the longitudinal
fragmentation approximation to carry out the
calculation of the dilepton spectrum.

We find that the cross section for producing a
lepton pair of mass m at squared center-of-mass
energy s is

do osp(xxs)
A= o Tt ) T

(A19)

where f2(f7) is the parton density in the beam
(target), and the subprocess cross section is

doP(s) o@(g)
dm?® = 8§

2

m
—)dz,dz,.
S) 1 2

(A20)

X ,( D;;q(&,)D 7/5(z,)0 (zlzz...

Here 045(8) is the cross section for heavy-quark
production calculated in perturbative QCD.

Single leptons from Y

A ¥ produced at high p , produces single leptons
via the decay ¥ —1*l" with one lepton undetected.
The D function for the decay, for an unpolarized
), is simply a constant, equal to the branching
ratio B.

A model for producing high-p, ¥’s has been
presented in Ref. 28. The high-p, ¥ cross sec-
tion is given by

dO' 012 2mp dcﬁ
dp =fC <e2>a L Ed3pdm

where f=~1 is a factor which accounts for the
number of states a ¢¢ pair can make below naked
charm threshold, € =2 is a color factor, and
(e?)=0.2 is the average squared quark charge
in the lepton-pair production cross section o '?
This model is consistent with available high-p ,
Y and T data.

At sufficiently high energy, we may assume that
the main » dependence in the lepton-pair cross
section comes from the photon propagator, and
ignore any m dependence in the virtual-photon
high-p, cross section, between m =0 and m =m,,.
We take

d 2a

an = Bam (a22)

dm , (A21)

enabling the integral in (A21) to be evaluated.
Finally we note that the D function for an almost

“real photon to produce a single lepton at high

pris

D(z):%ln(fy—g;)[z%u -z)?]. (A23)

This is approximately constant.

In terms of the approximations we have made,
the cross section for leptons from  is simply
proportional to the cross section for leptons from
direct photons:

o—~1)  _4BfCalIntmy/m)
oly=1) 3aXe?)Inp,%/4m?)

(A24)
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