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ABSTRACT 

The production of bottom quarks at the SSC and the formalism and phenomenology of 
observing CP violation in B meson decays is discussed. The production of a heavy t quark 
which decays into a real W boson, and what we might learn from its decays is examined. 

1. Introduction 

The physics of heavy flavors promises to be an important component of SSC physics 
and has been studied intensively in the Snowmass Workshops[lp21 in 1984 and 1986. The 
production of heavy quark flavors occurs primarily by the strong interactions and offers 
another arena in which to test QCD and to probe gluon distributions at very small values of 
T. Such quarks can also be produced as decay products of possible new, yet undiscovered 
particles, e.g., Higgs bosons, and therefore are a necessary key to reconstructing such 
particles. The decay products of heavy quarks, especially from their semileptonic decays, 
can themselves form a background to other new physics processes. Perhaps most important 

-. of all, in their rare decays and in CP violating asymmetries formed by studying their weak 
decays, particles containing heavy quarks can give us further insight into the boundary 
between what is to be understood inside the standard model and what physics lies beyond. 

This is particularly the case with respect to the B meson system. It has been apparent 
for some time that rare decays and CP violation are especially important to pursue[3] at 
the SSC where the number of produced B mesons will exceed by many orders of magnitude 
those produced at any existing or planned colliding beam (but not fixed target) facility.At 
Snowmass 86, a major development which increased the optimism about doing B physics at 
the SSC, and that drove much of the discussion in this area, was the success of silicon strip 
vertex detectors in cleanly extracting charm physics in fixed target experiments. During 
this past year there was another major development which makes the difficult measurement 
of a CP asymmetry in B decays much easier (although still very difficult)-the observation 
of large Bi - Bi mixing by the ARGUS collaboration.14] 

In the next Section we review the production of b quarks at the SSC, which has an 
interest of its own from the perspective of &CD. It is also a prerequisite to the study of 
CP violating asymmetries in B decays, a subject taken up in Section 3. There we lay 
out the various classes of CP violating asymmetries and re-evaluate the expectations for 
their magnitude (and hence the number of B mesons needed to establish a statistically 
significant effect) in the light of the ARGUS measurement.141 Section 4 takes up the 
production of t quarks in the now not unlikely case that Mt is comparable to, or larger 
than Mw. Finally, in Section 5 some of the physics to be explored in t quark decays is 
considered. 



2. The Production of b Quarks at the SSC 

The total cross-section for the production of bottom quarks is controlled by the parton 
processes gg -+ b& and qij + b&. The former process dominates at SSC energies. In 
Drder to calculate the rate we must know; the quark and gluon structure functions at 
the approiriate values of z and Q2; the bottom quark mass (mb); and the partonic cross 
sections which are presently known only in lowest order,“’ i.e., Q:. The values of the 
momentum fractions 51 and z2 of the incoming partons are given by, 

4rni 
2122 > - 9 s 

where s is the center-of-mass energy squared of the proton-proton system. Since the 
structure functions are rapidly falling functions of z, the dominant regions of 21 and 22 
occur where they are equal and of order 2.5 x 10 -4. This raises an immediate problem since 
the quark distributions are measured only for z > 0.015, and the gluon distribution, which 
must be inferred from the Q2 dependence of the antiquarks, is known even less well.‘6’ 

. - 
A conventional assumption is that zf(z, Qz), f or either gluons or sea quarks, tends to a 

constant as z + 0. Here Qo is some fixed scale at which measurements are made. Such an 
assumption is not consistent with perturbative QCD. As Q2 is increased, zf(z,Q2) takes 

-the following asymptotic form:“’ 

(2) 

at small x. Here nf is the number of light quark flavors. Collins”’ has argued that a 
better form at Qz is obtained by assuming that x f(x,Q$) - zD1i2, which is more stable 
with respect to the Q2 evolution. Figure 1 shows the difference in these two assumptions 
at Qg = 5 GeV 2. The relevant Q2 for the total bottom quark rate is of order 4mi, the 
minimum value of the center-of-mass energy squared in the parton system. Figure 1 also 
shows how the two different starting distributions have evolved at Q2 = 100 GeV2. Notice 
that the large differences at Q2 = 5 GeV2 have washed out to some extent. The differences 
at small x can be probed either at HERA or by measuring Drell-Yan dilepton production 
at low invariant mass at the Tevatron collider,“’ and should be resolved before the SSC 
starts running. 

The total cross section for bottom pair production is shown in Figure 2, where a bottom 
quark mass of 4.9 GeV has been assumed. Two curves which are shown reflect the choices 
in Figure 1 for the distribution functions. It can be seen that the differences are larger at 
SSC than at the Tevatron since the values of x are smaller. Until we have better data on 
structure functions we cannot know where the true answer lies. However the upper curve 
is likely to be nearer the truth than the lower one. 
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Fig. 1. The x dependence of xf(x,Q2) 
for gluons (dashed and solid lines) and an- 
tiquarks (dotted and dot-dashed lines) at 
Q2 = 5 GeV2 (solid and dotted lines) and 

*Qz = 100 GeV2 (dashed and dot-dashed 
lines). In each case two lines are shown, 
with the upper one corresponding to the 
choice xf(s, 5) - xs1j2 and the lower one 
to xf(x,5) - const for 2 < 0.02. 
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Since the cross section varies roughly as mb3 over the relevant range, there is an 
uncertainty of order 50% associated with the choice of a bottom quark mass. The scale Q 
which appears in CY# (the partonic cross section is proportional to cri) and in the structure 
functions, is unknown. It should be of order 4mi, but a better determination is possible 
only after the order crz contributions to the partonic cross section have been computed.“‘] 

.A bad choice of scale will result in large corrections. 

The rapidity distribution of the produced b quarks is flat out to rapidities of - 4, as 
shown in Figure 3. It should be noted that the produced b and 6 are close in rapidity. 
This is because the rapidity separation is related to the invariant mass, Jm, of the 
b6 system, which likes to be small since the parton distributions fall rapidly with z. The 
transverse momentum distribution is shown in Figure 4. Notice that it is dominated by 
values of pi of order mb. The effect of the uncertainty in the structure functions is much 
less at large pi since the relevant values of x are larger. 

4 



10-2 1 I I \\ j 7 

0 2 4 6 

9.87 Y 585.19 

Fig. 3. The cross section &/dpr dy for 
the production of a b quark in pp collisions 
at fi = 40 TeV as a function of rapidity 

.y -at pi = 5, 30, and 55 GeV. The solid 
(dashed) line corresponds to the choice 

4x7 5) - const. (xf(x,5) - x-q. 
The scale, Q2 appearing in CY~ and f(x, Q2) 
has been set to 4rnt + pg. 

If one is interested in the production 
of b’s with a transverse momentum much 
larger than their mass, then other par- 
tonic processes can become important. A 
gluon produced at large transverse mo- 
mentum can “decay” into a quark anti- 
quark pair.“‘] This decay probability can 
be computed in the leading logarithm ap- 
proximation, with the result shown in 
Figure 5. Since the production of a gluon 
jet at large pi occurs with a rate which 
is of order 200 times”” that for the di- 
rect production of a b via gg --) b&, this 
mechanism will dominate at large m . The 
rate is much larger than that shown in 
Figure 4 at very large pi. Notice that the 
kinematics of the gluon decay process is 
quite different from that of gg ---)’ b8; in 
the latter case the transverse momentum 
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Fig. 4. The cross section &r/dp~ dy for 
the production of a b quark in pp collisions 
at ,/Z=40 TeV as a function of pi at y = 
0. The solid (dashed) line corresponds to 
the choice xf(x,S) - const. (xf(x,S) - 

x 1. v-1/2 The scale Q2 appearing in cyu and 
f(x, Q2) has been set to 4rnz + p;. ‘- 
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Fig. 5. The average number of heavy 
quark pairs resulting from the fragmen- 
tation of a gluon jet as a function of the 
off-shellness, Q, of the gluon jet. For jets 
produced in pp collisions, Q is of order pi. 
(Solid: b6, dashed: CC.) 
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of the b is balanced against that of the &, whereas in the former case, the b and 8 are on 
the same side, their transverse momenta being balanced by a gluon jet. 

The dominance of this gluon decay process at large pi does not imply that the total 
rate calculated from gg + b& is subject to large higher order QCD corrections. Such a 
conclusion cannot be drawn unless all the order LYE processes are computed. There is 
also the so-called flavor excitation process where the bottom quark is produced via the 
scattering of a gluon off a bottom quark, which appears as a constituent of the proton 
through the QCD evolution of the structure functions. Since this bottom quark has arisen 
from the splitting process g -+ b&, the full process is gg + gbg, which is one of the order CY~ 
processes and should therefore not be included in the absence of a complete calculation. 

It is of interest to compare the predictions of cross sections with those measured at 
current energies. The rates predicted for charm production tend to be too low, unless a 
very small value (of order 1.1 GeV) is used for the charm quark mass. However, charm 
is not very heavy and the validity of QCD for such small scales is.in doubt. There is a 
measurement of the b& rate in pjj collisions at 630 GeV by the UAl collaboration. The 
value”” of 1.1 f .l f .4 pb for pi > 5 GeV and IyI < 2 is in very good agreement with 
the-expected cross section. There is also a measurement’141 in a pion beam at CERN. Here 
the theoretical uncertainties are larger since the pion structure function is not well known. 
Nevertheless, the observed value is in reasonable agreement with expectations.“” 

-. The Monte-Carlo event generators ISAJET”“’ and PYTHIA”” have the parton pre 
cesses gg + b$ and qij + b$. They also include the gluon “decay” contribution in the lead- 
ing log approximation. The structure functions used are of the type xf(x,S) - const. at 
small x, and so they may tend to underestimate the total rate. 

3. CP Violation in B Meson Decays 

Just as the study of K mesons during more than 30 years has contributed enormously 
to our present understanding of weak interactions, we believe that B meson decays will 
very likely be the arena in which to reveal various new weak interaction phenomena in the 
future. One possibility lies in rare decays-for example, flavor changing neutral currents 
or lepton number violating processes. Another, less revolutionary possibility, lies within 
the standard model. With the source of CP violation in this case being a single phase in 
the Kobayashi-Maskawamatrix, large CP violating asymmetries of - 10 to - 30% are 
predicted in certain decays of B mesons. 

Thus, if we can attain the requisite sensitivity, we are faced with a situation in which, 
at the very least, we verify the dramatic predictions of the standard model-At the most, 
we could discover more interesting phenomena which point beyond the standard model. 
With an integrated luminosity of 104’ cmv2, several times 1Or2 b6 pairs are produced at the 
SSC, so that even with reduced luminosity or a moderate acceptance the ‘raw’ data rate 
to attempt this kind of experiment is there. The study of B physics at SSC is guaranteed 
to be very interesting. 
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Mixing and CP Violation 

Mixing describes a situation where the mass eigenstates are a coherent superposition 
-of a particle and antiparticle.‘1”L01 The time evolution of a meson that was produced as a 
.B”(@) or B” (bd) meson at time t = 0 is given by 

, 

IB”(t) > = g+(t)IBO > +Qg-(t)IBO > 
P 

p”(t) > = ;g-(t)lB” > +g+(t)lB” > , 

where 

9* 0) = exp{-:I’rt} exp{imlt}(l f exp{-fAl”t} exp{iAmt})/2 

and we have made the definitions: 

. -. 
1 - CB 

AI’=I’z-I’r; Am=ma-ml; z=- . 
P 1+ CB 

(3) 

I’; and m;, i = 1,2 are the width and mass, respectively, of the two mass eigenstates Bi. 
In the following we set AP = 0 for convenience; for B” mesons, one computes AI’ << I’ 
with considerable confidence, as we see below. 

. 

Using B mesons one can study rare decays, mixing, and CP violation, all of which will 
critically test the standard model, aside from the possibility of surprises which will point 
to new physics. Below we shall concentrate on CP violation and give short explanations 
for six classes of CP asymmetries in B decays which are relevant for SSC physics. 

l Class I-The Charge Asymmetry in Same Sign Dileptons 

The charge asymmetry in BOB” + t*L’* + X is given by”‘] 

o(B”go + ~!!+f+ + X) - o(B”go + 4-C +X) = 
o(Bo~o -+ t+l+ +X) + CT(B~~~ + t-t- +X) 

I$” - IfI” 
I$” + 1$12 

= Iqhn/M12) 

1+ $12/M1212 
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where we define < B”IHIBo >= Ml2 + %I’rz. In order to estimate the size of this asym- 
_ metry consider 

. 

. 

where we used the definition 

r12 
-F 

Am 
x= 4M12 I -=- 

r r 

r12 
I I -F ’ 

. 

Now, to estimate I’rz, note that it gets contributions from B” decay channels which are 
common to both B” and B”. For example, one may consider a Cabibbc+suppressed decay 
channel B + DD + pions + B. If this is the only relevant process one might guess 

r12 I I 37 -lo-3 . 

--Putting these numbers into Eq. (6) with x = 0.78, the central value of ARGUS,“41 we 
obtain 

r12 
I-I M12 

- 2 x 1o-3 . 

Inevitably there are other decay channels which contribute, and there generally will be 
cancellations among those channels. Nevertheless, in the standard model the CP asymme- 
try in Eq. (5) should not exceed lo- 2, but at the other extreme, we can not be sure it is 
less than 10m3. 

l Class II-Mixing With Decay to a CP Eigenstate 

Since there is substantial B” - B” mixing, one can consider two decay chains: 

B” + B” \ 

B” + I?” /” 
f 9 

where f is a CP eigenstate. The amplitudes for these decay chains can interfere and 
generate nonzero asymmetries between r(B”(t) + f) and r(B”(t) + f). 



An analysis using Eq. (3), which parallels that for the K meson system, gives 

IyBO(i) + f) - cFrt { (1 + cos[Am t]) IpI2 
(94 . -I- (1 - cos[Am t]) I:[” + 2 sin[Am t] kn(zj~*)} 

r@“(t) + f) - e-rt { (1 + cos[Am t]) 

-I- (1 - cos[Am t]) lip]’ + 2 sin[Am t] Im(:p)} 
(94 

Here p = A(B + f)/A(B + f). Noting that 151 - 1+ $I.mg and IIm& < 1, we can 

set I$] = 1 to a very good approximation. Using CPT to set IpI = 1, Eq. (9) simplifies to: 

lY(B”(t) or B”(t) + f) - ewrf { 1 f sin[Am t]bn(zp)} , (10) - 

The study of CP violation in these modes requires information on the identity of the 
B, i.e., whether it is a B” or I!?’ at t = 0. Since b and & quarks are pair produced at SSC, 

-such information can be obtained by tagging the other particle as to its b or i content. 
The observable asymmetry in the case where a B+ or B- is used as the “tag” is 

r(go(t) j f) - r(Bo(t) --) f) = sin[Am t] 
rp(t) -+ f) + r(Bo(t) --+ f) (11) 

If the “tag” is also a neutral I3 which can oscillate, the situation is slightly more complicated 
and oscillation of both B” and Do must be taken into account. With a common final state 
f and a semileptonic tag of the associated neutral B, the decays of a BB pair in a coherent 
state of given charge conjugation are, 

BR B(t)B(i) I~=71 + f+(oeax)tag 
> (124 

a &-W-tfl{ 1 - sin[Am (t 7 Q] In) 

Note that for C = -1, i.e., BB in an odd relative angular momentum state, the potential 
asymmetry vanishes if the times t and f are treated symmetrically. For example, when 
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c = -1 Eqs. (12a) and (12b) become identical when t = E. Furthermore, they become 
. equal when the rates are integrated over time. This tends to reduce the value of the 

.observable asymmetry slightly, but for the present purposes we shall ignore this effect 
(from production of BOB” pairs in a C = -1 state). Then the process where one B decays 

-to a-CP eigenstate and the other B is tagged gives an observable asymmetry which can be 
written as 

r(BB + f + Rag) - I‘(BB + f +&g) 
r(BB --+ f + &,,)+ r(BB + f +ttag) 

= sin[Am t] Irn( gp) . (13) 

For example, possibilities for the final state f are $K8, t,bKdX, T/&T-, DbK,, T+T-, 
D+D-, and Doei?’ + c. c. . Obviously, the “lepton tag” shown above can be replaced by 
any decay mode which identifies the particle or antiparticle nature of the associated B. 

We stress that in this class of asymmetries the quantities Im(tp) can be predicted from 
the Kobayashi-Maskawa matriz. The hadron dynamics cancel in the ratio of amplitudes 
p. Since \:I M 1, as described above, and for a CP eigenstate IpI = 1, we can write 

. - P 
iPf = ei+q * (14 

--For a Bt meson, it can be shown that the phase on the right-hand-side of Eq. (14) is 

giving an explicit formulation in terms of KM matrix elements. In the Wolfenstein 
parameterization”” of the KM matrix 

1 - x2/2 x X3A(p - ir]) 

UKM = -A 1 -X2/2 X2A 

X3A(1 - p - iv) -X2A 1 
(16) 

An explicit example is provided by the process bd ---t cEs& where substituting the Wolfen- 
stein parametrization into Eq. (15) gives”” 

Im(g p) = Im(eidd) = (12~p~2p~q2 . (17) 

Numerically, X = sin8c = .22, [u&j = .045f.008 implies A = .93f.l7, and IUUb/U&,I < 
.19 implies p2 +q2 s .75. The value of r) is constrained by the measurement of c, expressing 
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Fig. 6. Values of Im 
( > 

Ep as a funct.ion of the mass of the top quark, Mt, for various 

values of the Kobayashi-Maskawamatrix element, U&, with dashed curves corresponding 
to the process bq + cEsSq and solid curves corresponding to the process bg + uiidq. The 
parameter BK is taken to be unity, and the curves are labelled by the ratio of the rates, 
r(b + u)/lY(b + C)’ 

the strength of CP violation in the K meson system. For given values of U&,, of p2 +v2, i.e., 
fixed I’(b + u)/l?(b + c), of Mt, and of the parameter BK, which is equal to unity when 
the matrix element of the AS = 2 operator giving rise to the KL - KS mass difference 
has its vacuum insertion value, the constraint coming from c gives two possible values for 
p and Q. For those values of p and q, we compute ArnB for the Bd - Bd system and 
choose the solution which gives a larger value of AmB. Finally, for the values of p and fl 
which satisfy the above criteria, we compute Im( g p), which is shown in Figure 6. The 
alternative choice of p and q, which gives a smaller value of AmB, leads to larger values 
of h(p/q)p. In what follows we shall take 

0.1’ < Im %p, < 0.6 
( > 
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0 Class III 

For those final states which are not CP eigenstates, for example,12” 

t-1 t BpD-d , D+T-... 

t-1 
B,-+F+K- , F-K+... , 

one can follow a similar analysis and form an asymmetry 

r (BE + f +L) -r (BB+ fCP+L..) 
r (BB+ f +i!...) +r (BIT-+ fCP+L..) 

= 
2sin[Am t] Im(E p> 

(1+ IPP) 

(18) 

. - 
where 

A(B + f) 
I’ = A@ + f) ’ 

as before, but now p depends on hadron dynamics. For example, using a factorization 
ansatz to compute the hadronic matrix element, 

A (Bd + D+A-) 
pf = A (& --f D+n--) 

u$&dfDm”, 

m UcbU&f* (mg - mg)” (1% 
- (I- 2)X2(p+ir])- , 

where our ignorance concerning the correct value for fD/ fr is the source of the uncertainty 
in the coefficient of X2(p + iq). In addition, there are further uncertainties concerning the 
validity of the factorization ansatz, etc. In any case, the ratio p is not a unit vector 
in the complex plane, nor then is t p when f is not a CP eigenstate, and in general 
considerable uncertainties surface. An analogous procedure for B, decays yields with 
comparable uncertainties, 

A (B, + F+K-) 
r 

pf = A(& --) F+K-) 
_ u:b”cs fF rnB. - 

ucbu& fK (mk, - m;)2 (20) 
- 1.6 (p + iv) - 

12 



0 Class Iv 

The two cascade decays shown 
-Figure 7 lead to the same final states 

B- -+ D”sa 

L K,“Ufi 

B- ---) D”sii 

L K,“UO 

in 

and therefore their amplitudes can interfere. 
From the quark diagrams in Figure 7, one 0--m B”sa + ... 
reads off the Kobayashi-Maskawamatrix el- A2 
ement factors which are the coefficients of 

L K”*+ UC 
5854Al 

the two amplitudes, S-87 

Fig. 7. B, decay diagrams whose inter- 
-. ference can lead to a Class I’v asymmetry. 

A (B- ---) K,ouasfi) cc u,*,UcbU;sU,d A1 + &,U&U&& A2 . (21) 

Then the asymmetry can be‘obtained from 

(22) 

where p = AZ/AI. Imp where j3 = AZ/AI. Imy comes from the phase shift difference 
between. scattering of D + ( sci s a es and b + (sa) states. Since the isospin structures of ) t t 
these states are different, we expect nonvanishing values of Imp. Again, at least compared 
with a Class II type of asymmetry, the theoretical prediction is quite uncertain. 

0 Class v 

B decays can also receive contributions from quark decay and from weak annihilation 
diagrams,“‘] as shown in Figure 8. They can contribute coherently to modes such as 

13 



I 

B,+ D”*D- . (23) 

.It is very difficult to estimate the asymmetry for this process. The effect of weak annihi- 
lation as well as CE pair production must be included in an estimate. An optimistic guess 
is 

r (B- -+ DO*D-) -r (B+ -+ Do*D+) 
r (B- --+ DO*D-) + r (B+ --+ bO*D+) -10% . (24 

5854A2 

Fig. 8. B, spectator and annihilation 
-diagrams whose interference can lead to 

a Class V asymmetry. The spectator di- 
agram is shown in a Fierz transformed 

_ manner to,indicate more directly the iden- 
tity of the final state quarks with those 
from the annihilation diagram. 

/ / 
\ . 

ii 5 
9-87 
5854A3 

Fig. 9. B, penguin and spectator decay 
diagrams whose interference can lead to a 
Class VI asymmetry. 

0 Class VI 

Allowing for penguin operators, as shown in Figure 9, opens up another possibility for 
generating a CP violating asymmetry.‘241 A particular channel of interest is 

B,+K-p” , 

since the signature is rather clear. 

A rough estimate gives 

I’(B- + K-p’) - I’(B+ + K+p”) - lo% 
I’(B- + K-p”) + r (B+ -+ K+p”) 

. (25) 

Again, the estimate contains uncertainties, including those due to long distance effects 
which supply strong interaction phases. Note that we can not only have differences in 
overall rates, but CP violating asymmetries in the differential rates, i.e., in the Dalitz 
plot, for certain modes.“” 
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We summarize this subsection by emphasizing again the fact that Chus8 B asymmetries 
- are predicted unambiguously in the KM model and are cleaner theoretically. But it is still 

very important to search for the other classes of asymmetries. They may be large, and some 
of them do not require tagging, possibly making them easier to observe experimentally. 
For example, although we may have eliminated the superweak model by the time SSC 
experiments begin, a single unambiguous observation of an asymmetry in charged B decays 
will immediately rule out the superweak model of CP violation, since in that case no 
asymmetry is expected in decays which do not involve mixing. 

Time Dependence 

The observation of the secondary vertex for B decay is very likely crucial in isolating 
events in which B’s are produced.1261 This inevitably leads to a loss of events for those B’s 
which decay too early to allow distinguishing the secondary from the primary vertex. 

This is balanced by ways in which the time-dependent asymmetry can be used to our 
advantage. Consider 

. - 
r(Lf) = C-T(l*sin[zT]Im(~p)) , 

where 2” = Pt, is the time in the units of lifetime. Comparing this with the time-integrated 
expression 

it is quite clear that for B, system in which 

X,>6Xd”5 , (28) 

the oscillations tend to wash out the time-integrated asymmetry. Thus an asymmetry 
measurement for B, decays must be accompanied by measurement of the secondary vertex 
with a spatial resolution in the transverse plane of approximately, 

The time dependence of Eq. (26) for Im ((p/q)p) = .l and .6, the conservative and 
optimistic values, is shown in Figure 10 for the Bd system with z = 0.78. Note that the 
asymmetry vanishes at 2’ = 0. Thus by cutting out the events with small values of T, the 
asymmetry will increase, even though the number of events has decreased. 
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Fig. 10. The time dependence for the. decay of a Bd or Bd meson to a CP eigenstate, as 

in Eq. (26), with zd = 0.78, and Im Ep ( > 
= 0.1 and 0.6. 

A crude use of the full information contained in the time dependence is obtained by 
considering the asymmetry for decays [see Eqs. (9a) and (9b)] occurring between times 2’1 

-and T2 is given by 

Asymmetry = emT1 co8 xT1 - e -T2 CO8 XT2 X 
> 

+ (emT1 sinxTr - e -T2 sin xT2 
>> 

w;P) 
(1 + x2) (esTl - esT2) * 

(29) 

For example, Figure 11 shows the net asymmetry as a function of Tl when we set xT2 = ?T. 
Note that the asymmetry indeed peaks at Tl = 1. A best choice for Tl can be extracted 
from the following: 

Tl 0 .25 .5 .75 1 

-Tl 1 1.21 1.29 1.24 1.02 
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-Fig. 11. The net asymmetry as a function of the lower cutoff in proper time (in units of 
the lifetime), Tr , with the upper cutoff set at 2’2 = A/Z. 

Compared to a case in which there is no t cut (7’1 = 0), selecting 2’1 = 1 reduces the 
number of available events, but almost exactly compensates for this by a larger asymmetry; 
such a cut will lead to a measurement with the same statistical significance. Similarly, a 
cut at Z”r = 0.5 will actually give a 30% reduction in the number of events required to 
obtain an asymmetry of a given significance when compared to an experiment without the 

.Tl cut. 
Estimation of the Number of BB Events 

Required for CP Violation Studies at the SSC 

Now we proceed to use the theoretical predictions for the CP violation asymmetries 
in B meson decays developed above to estimate the minimum number of B mesons which 
would be needed for observing CP violation in an experiment at the SSC. These predic- 
tions are divided into the six classes of asymmetries which we have discussed and are 
summarized in Table I. The estimated number of produced BB pairs necessary to yield a 
three standard deviation effect of a certain class, given a branching ratio, asymmetry, and 
tagging efficiency (explained below) are given in the last column. 

The Table was constructed using input and assumptions as follows: 

l The branching ratios given in the third column are in many cases below the level 
of sensitivity of experiments at the existing e+e- machines. For these unmeasured 
modes, the branching ratios given are purely theoretical estimates. 
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The asymmetries were estimated as described above in the discussion of each of the 
six classes of CP violating asymmetry. 

To observe an asymmetry, a = (N(B) - N(B))/(N(B)+N(B)) with S standard devia- 
tion confidence requires a minimum of (S/U)~ B mesons. The number of BB events 
required is calculated from: 

NW = (i, ($,( ctog * BR(B 4 f) . L(f -+ Xc)&) . f(B)) ’ (30) 

where ctap is the tagging efficiency (if it is necessary to tag the initial identity of 
the B or B), BR(B ---, f) is the branching ratio for the CP violating decay mode 
B -+ I, BR(f + Xch) is the branching fraction for f decays into stable charged 
particles, and f(B) is the fraction of B mesons in a jet of the type needed for a given 
asymmetry measurement. In the Table we use S = 3. 

Class I modes require B” - B” mixing as well as the detection of both B mesons in 
their semileptonic decays. The branching ratios in Table 1 account for the semilep- 
tonic decay branching ratio of both B mesons (0.04) and the probability that one 
of the B” mesons mixes and decays to a “wrong” sign lepton. The mesons are then 
already “tagged” by the charges of the leptons and no other charged particles need 
be detected. 

When tagging is necessary (in Classes II and III), we propose using the semileptonic 
decay B ---) D + A? + X, where e is an electron or a muon, as the tagging signature 
for the “other B”. Provided that a common vertex is reconstructed for the D and 
the lepton, the sign of the lepton, aside from mixing, gives the identity of the initial 
b quark. The presence of a D meson in a common vertex with the lepton provides a 
powerful discrimination against leptons from semileptonic decays of charm hadrons 
not originating from B meson decays. The tagging efficiency is the product of the 
branching ratios for B + D + A! + X (- 0.2), for D decay into all charged final states 
(- 0.2), and for a Bd or’ B, in the jet (0.76, see below), which combine to make 
azg - 0.03. 

B meson decays that can produce asymmetries in Classes IV, V, or VI are “self- 
tagging”, i.e., do not require tagging the accompanying B meson. We take their 
tagging efficiency to be unity. 

Considering the complicated nature of SSC events in the forward region, we assumed 
that only charged stable particles will be used for reconstructing B meson decays. 
For the purpose of these calculations, we assumed J/$ detection in the e+e- and 
p+fc~- modes, D and D, detection in all charged particle modes, and K8 detection 
in x+x- with branching ratios of 0.14, 0.2, 0.1 and 0.67, respectively. 

For the relative population of the various species of B hadrons in a b quark jet. we 
use the fractions f(Bi) = 0.38, f(B+) = 0.38, f(B,) = 0.15 and f(bqq) = 0.09. 
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l The estimated numbers of BE events required for observing both the lower and the 
upper range of the predicted asymmetry in each mode are given in the last column of 
Table 1. A preliminary study shows that using the full proper life-time dependence 
of the asymmetry reduces the number of required &‘s by a factor of 1.3 compared 
to the numbers given in the table for the time-integrated asymmetries. For the B, 
meson, where due to maximal mixing many oscillations can occur in one lifetime, we 
use the full time-dependence information to estimate the required number of events. 

These estimates do not include the effect of detection efficiencies. Furthermore, since 
we have not accounted for background effects, they should only be considered as the 
minimum number of BB events required for CP violation studies at the SSC. Clearly, a 
realistic assessment of such an experiment requires a detailed study of the background 
effects as well as of detection efficiencies, including effects due to geometrical acceptance, 
tracking, momentum and energy resolution, vertex reconstruction, particle identification,’ 
and triggering efficiency. 

4. The Production of t Quarks at the SSC 

Recent limits”‘] from UAl, indicating that the mass of the top quark is larger than 44 
GeV; together with theoretical interpretation’3’1 of the ARGUS result”’ on B - B mixing 
have increased considerably the possibility that A& is comparable to, or even greater than, 
A&. The production and detection of the t quark when Mt < Mw has been considered 
previously.“~‘~O1 Now the question of the production and signatures of top quarks with 
Mt > Mw at the SSC needs to be examined, together with the resulting lepton spectra 
from cascade decays of the top quark.1811 Heavy top quark production is interesting in 
another way in that it turns out to be a severe background in the search for a heavy Higgs 
boson in the W+W- decay mode.1s11 

The results have been obtained with the ISAJET Monte Carlo”” and concentrate on 
the measurement of muons from t quark decays, assuming a high resolution muon detector, 
like L3+1. The momentum resolution is taken to be 6p/p = 4 x lo-’ p, with p in GeV/c. 
An angular coverage of 5’ < 6 < 175” is assumed, and only muons with pi > 10 GeV have 
been used for the analysis. 

Top quarks with M: > Mw are mainly produced through gluon-gluon fusion. Figure 12 
shows the total cross section for tf production as a function of the t mass for pi > 10 
GeV and pi > 100 GeV. The cross sections have an uncertainty of about a factor 2, 
because of poor knowledge of the gluon density function at very small values of x. For 
s Ldt = 1040 cmF2 at @ = 40 TeV one expects 1.8 x lo* events (2.6 x 107) for Mt = 100 
GeV (200 GeV) and & > 100 GeV. At pi > 100 GeV the cross section for b quark 
production is 3 (21) times larger than for a top quark with mass M: = 100 GeV (200 
GeV) . 

Since the t quark decays into a W boson and a b quark, the final state in gg + 
tE + Ws W- b& consists of two W bosons and two b jets. For Mt = 100 GeV, the mean 
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_ Fig. 12. The cross section for tfproduc- 
tion in pp collisions at fi = 40 TeV as 
a function of the mass of the top quark, 
Mt, and pi > 10 GeV (solid curve) and 
pi > 100 GeV (dashed curve). 

transverse momentum of the b jet is about 
20 GeV. The pr of the b jets is especially 
small if the mass of the top quark is only 
slightly larger than Mw. The decay of a 
heavy top quark represents a large source of 
W pairs at the SSC, being about two orders 
of magnitude larger than the continuum pro- 
duction. 

A relatively clean signal for heavy t quark 
production is obtained if one W boson decays 
leptonically (into a muon plus a neutrino) 
and the other hadronically (into quarks). One 
then observes an isolated muon and a low pi 
b jet, balanced on the other side by 2 jets 
from the W decay and a low pi b jet. To 
further reduce QCD background from high 
pi W production, one can study events with 
two muons produced in the cascade decay of 
the top quark: 

t-+W++b--+p+y,+&-~p+c l 

The background from high pi b6 and CE pro- 
duction can be reduced by requiring that the 

high pi muon be isolated. If one requires the energy in the calorimeter to be less than 10 
GeV inside a cone of AR < 0.3 around the high pi muon, one can reduce the light quark 
background to a sufficiently low level. We are taking advantage of the signature of heavy 
top decay being an isolated high pi muon plus a second low pi muon inside the bottom 
quark jet. The mean pi of both muons has a strong dependence on the top mass, with 
the ratio of the mean transverse momenta of the muons, < pr(pw) > / < m(pb) > being 
about 10 for Mt = 100 GeV. This ratio can be used to measure Mt. 

Another method to determine the t quark mass is through the distribution of R = 
&Jtl)2 + (Ad2, which measures the separation in space between the muons from the 
W and b decay (A4 is the difference in azimuthal angle of the muons with respect to the 
proton beam, and AT the difference in their pseudo-rapidities.) This is shown in Figure 13 
for m = 300 GeV. The distributions are clearly distinct for Mt = 100 GeV and 200 GeV. 
Thus a measurement of R at fixed pp is a measure of the mass of the t quark, where & 
is measured from the total pi of the jets opposite to the muon pair. 
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Fig. 14. The average value of R as a 
function of the transverse momentum of 
the top quark, pp, for values of M t = 
100 (dashed curve) and M t = 200 (solid 
curve) GeV. 

Figure 14 shows the average R as function of the pi of the primary t quark. This 
measurement can provide a fairly precise determination of the mass of the t quark. The 
event rate at the SSC is sufficiently high to allow for this measurement. Even for PfTop > 1 
TeV, from the gluon-gluon fusion production mechanism alone one still expects 1800 events 
with lepton pairs from the cascade decay of the t quark when the integrated luminosity, 
j’ Ldt = 1040cm-2. 

5. The Physics of t Quark Decays 

If we lim it our scope to three generations of quarks and leptons, then a great deal 
of the physics of t decays is fixed. The t mass is constrained to be above 25 GeV from 
TRISTAN,‘s21 above 44 GeV from UAl,‘“’ and above about 50 GeV from considerations 

of B - B m ixing. “” That means that Mb/Mt is certainly < 0.2, and is quite likely 
< 0.1. These are small numbers, smaller than the ratio of final to initial quark masses 
in the dominant charm or bottom decays, and small enough to be negligible to the accuracy 
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necessary for most considerations (but see below for a special situation). For example, 
standard formulas then tell us that 99.7% of t decays will be of the form: 

t+b+W+ , 
. 

with the W+ being either real or virtual, depending on the t mass. Since IUt81 M iUcbl 
when the KM angles are small (as they are known to be), and lUcbl is known from the B 
lifetime, we may already say that 

t+s+w+ 

will only be a k: 0.2% decay mode. It is convenient to break the discussion up into the 
cases where the t quark is lighter or heavier than the W. 

l Mt<Mw. 

The t decays into a b plus a virtual W, which materializes as e+&, ~+v~, r+z+, 
u& and CS, so that in the standard formula 

G$M; 
r(t + all) = N I’(t -+ qmlp e+ uc) = N 1g21r3 , (31) 

N, the total number of lepton flavors and quark flavors and colors, is equal to 9. This 
‘means a total width of = 70 keV for Mt = 50 GeV, a number that needs to be corrected 
slightly upward for QCD, slightly downward for the final quark masses (in particular, the 
b quark mass, which has been neglected), and upward for the effects of the finite W mass. 
This latter is the biggest effect, and amounts to B 25% for the case (Mt = 50 GeV) cited 
above.‘s81 This corresponds to far too short a lifetime to allow separation of a production 
from a decay vertex, but also far too small a width to be within conceivable experimental 
resolution. The rate for weak decay of the constituent t quarks within possible hadrons 
is now comparable with that for electromagnetic and strong decays. Weak decays of 
toponium become a major fraction of, say, the Jp = l- ground state, and even for the 
T*(tq) meson, weak decays can dominate the radiative magnetic dipole transition from 
this l- state to the O- ground state.“‘] 

A t quark in this mass range will very likely be discovered and its properties examined 
in detail well before the SSC is operating. Depending on its precise mass, TRISTAN, SLC, 
TEV I, LEP I, and LEP II all have a shot at the initial discovery. A detailed exploration 
of the properties of the t in its weak decays is the property of the e+e- machines. It 
should be possible, by finding the ground state of toponium to determine Mt to ~4~0.2 GeV, 
or better.Is5] In principle, the V - A nature of the t + b transition can be checked by 
using longitudinally polarized electrons to form a polarized l- toponium state, and then 
examining the correlation of the momentum of the final lepton with the spin direction of 
the t quark when it decays semileptonically. Moreover, the fact that t quark weak decays 
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are competitive with strong and electromagnetic decays of toponium can be used to our 
. -advantage to measure I’(t + all) through the chain:‘“” 

The first factor is the fraction of weak t decays out of all toponium decays, the second is 
the inverse of the toponium leptonic branching ratio, and the third, the absolute width 
for toponium decay to e+4-, which can be obtained in the standard way by finding the 
area under the peak in the total cross section for toponium production in e+e- collisions. 
Using vertex detectors, one should also be able to verify that almost all t decays involve 
the transition t + b. At the SSC, such a t quark is detectable in its semileptonic decays 
by using an “isolated lepton” cut.‘20’so1 

l Mt>Mw 

. In this case the t quark can decay into a real W with a width 

GF M$(M? -M&)2 r(t + qDli3 + w) = ~ 
874 MI? 

(33) 

The width, being only first order in GF, is much larger than one would obtain from 
(wrongly) extrapolating Eq. (31); for Mt = 100 GeV, the width is k! 80 MeV. It also 
grows asymptotically like Mf rather than Mt. 

In decays of the ground state T or T*(tq) mesons, individual exclusive channels should 
have very small branching ratios. In decays of heavy flavor mesons their branching ratios 
scale like (~/MQ)~, where f is a meson decay constant (like frr or fK), of order 100 MeV, 
and MQ is the mass of the heavy quark. For D mesons individual channels have branching 
ratios of a few percent; for B mesons they are ten times smaller; and for T mesons they 
should be a hundred or more times smaller yet. It should be possible to treat T decays in 
terms of those of the constituent t quark, t + b + W+, with the b quark appearing in a b 
jet not so different than those already observed at PEP and PETRA. 

There is one possible exception to these last statements, and that is when Mt a 
Mb + Mw. Then T and T* will decay into a few exclusive channels with a real W plus 
a B, B*-, or slightly higher mass meson. If the W were a narrow resonance and Mt was 
slightly smaller than Mb + Mw , the t + b transition would be severely suppressed, allowing 
the t ---) s transition to be dominant in spite of its suppression by the KM factor, iUtd12. 
However, the approximate 3 GeV width of the W smears out the threshold, allowing decays 
to B mesons through the lower tail of the W Breit-Wigner line shape even when Mt m Mw. 
The t --$ b transition is never suppressed by phase space compared to t ---) s by more than 
about’“‘] 30%. 
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Thus for Mt > Mw , the t quark is to be seen generally decaying into jets and discovered 
at TEV I or, if heavy enough, at the SSC. The production cross sections are discussed in 

e the previous Section. The characteristic signature is obtained by looking for tcproduction 
from gluon fusion, with, say the W from the f decaying hadronically, f + 6 + W- + &#q, 
and. the W from the t decaying leptonically, t + b + W+ + be+vt. The lepton should 
be isolated there being a missing momentum due to the neutrino, while both the f and 
t masses reconstruct within errors to the same value. The mass of the t quark can be 
determined from the momentum spectrum of the lepton relative to that of the b jet, or 
equivalently, as discussed in the last Section, the distribution in AR between the leptons 
from the W and the semileptonic decay of the b quark. It seems likely that in this way the 
gross properties of the t quark can be determined, but not much more. 
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