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If a fourth fermion generation exists, it is possible that the next charge — 5 quark (b') is lighter than
the top. The leading charged-current transition b'— c¢W™ is expected to be strongly suppressed by mix-
ing angles. This leads to the interesting and likely consequence that the b'-quark decay is completely
dominated by loop-induced flavor-changing neutral currents, which have distinctive experimental signa-
tures. The relative importance of b'— bg*, b'— by, and b'— bZ transitions (as well as comparisons

with b'— ¢W™*) are explored for b’ masses up to 130 GeV.

PACS numbers: 12.15.Ff, 12.15.Mm

If a fourth generation exists, since ¢ is as yet unseen, it
may well be that m, <m,.! Then, the leading charged-
current (CC) decay is b'— cW™*, where the W could be
virtual or real. This rate is expected to be strongly
suppressed by a small mixing V.. The phenomenologi-
cal consequences of this situation have been discussed
previously.*> It has also been noticed? that flavor-
changing neutral-current (FCNC) b’ decays could occur
with a sizable rate. We follow up on this latter point,
and assert that if this scenario (existence of a fourth gen-
eration and my <my) is true, FCNC processes may
dominate b'-quark decays.

The qualitative reasoning is as follows. As argued,
one expects a decoupling of heavy-quark effects from
low-energy physics, leading to small cross-generation
mixing-matrix elements. This is quantitatively supported
by Vup LVep LVyp. On the other hand, little is known
about the mixing between the third- and fourth-
generation quark doublets, while, especially if m, < my,
this sector of the mixing matrix could be nontrivial.
Thus, given the Cabibbo mixing between the first and
second generations, the 4 X4 mixing matrix is essentially
block diagonal: the two diagonal 2X2 matrices being
nontrivial (the new one to be determined by experiment),
while the off-diagonal ones are close to zero, in line with
decoupling. In this way one expects

Vb LVep LV, 1)

and V,p < Vyup, Ve < Vep, whereas not much can be said
about the relations between Vi, Vi, Vip, and Vi, €x-
cept that this 2X2 matrix is more or less unitary by it-
self. For induced FCNC b'— b transitions, the mixing
elements that matter are (ignoring CP phases)
vi=Vip Vi, i =u,c,t,t'. Clearly, v, and v, can be ig-
nored, and so

v, = —vy, )

which remains unknown and may be large. From Egs.

(1) and (2), we see that although b'— b processes are
suppressed by some loop factor, these loop-induced
FCNC decays may actually dominate over b'— cW*.
This kind of kinematical situation (dominant CC decay
kinematically forbidden) could have been realized in na-
ture in a more concrete case. Imagine a world with three
generations and m, > my; but everything else the same.
Given our present knowledge that V,, <V, <V, =1,
FCNC b— s decays would be on the same level as CC
b— u decays, the latter even vanishing in the limit that
Vub — 0.

Taking my < m,, we assume that loop-induced FCNC
decays dominate the b' width, and explore the conse-
quences, viz., the relative importance of several types of
induced FCNC. We then come back and explore the pa-
rameter space of Vo vs V4V, for which our assump-
tion holds true.

We study processes involving neutral vector bosons
V°=y, g, and Z° The case of HC is important but de-
pends on more parameters and will be discussed else-
where. Figure 1 illustrates the basic type of diagrams
that induce these FCNC. The form factors to be calcu-
lated are of the general form>

J#=‘7[7MFLL+(i0uqu/MZ)FTRR]Qs 3)

but for y and g, due to current conservation, it can be
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FIG. 1. A typical graph leading to an effective FCNC cou-
pling.
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rewritten as
J1e=q(q*y,Fi L+ic,q.mpF:rR)Q, 4)

where F,; and F,;x are simply related to usual
definitions of form factors in the low-energy limit (van-
ishing external masses and momenta),* viz. F, and F>,
which we shall actually use in the following discussions.
Ignoring v, and v., from Eq. (2) one notices that the
mixing-angle dependence is only on vy, which can be fac-
torized, and the cancellation between ¢ and ' contribu-
tions can be done at the numerical level. We use the
algebraic manipulation package LERG-1,> written in
REDUCE to express these form factors in terms of scalar
one-loop integrals. LERG-I is a collection of procedures
that follow and extend the work of Passarino and Velt-
man.® The three cases of ¥°=4y, g, and Z° can be
managed at the same time by a simple change of cou-
plings that enter into our algebraic routine. Though our
task is simplified by using LERG-I, expressions are still
lengthy and cannot be published here. We employ the
following three types of checks: (i) vector-current Ward
identities; (ii) low-energy limit (we confirm many known
results*’ in this limit, including the case with extra
charged-Higgs-boson contributions); and (iii) numerical
checks against the known nontrivial FCNC Z° decays.®
More details of our computation, which is more general
than the one applied here, will be given elsewhere.’

Passing these tests, we proceed to the numerical study
of the case of interest. Aside from much more compli-
cated form-factor evaluation, the situation for induced
FCNC b'— b decays is similar to the b— s case, and we
can learn from previous experience. For B mesons,
b— sg™ occurs at the 1%-2% level,” although virtual
gluon processes dominate and the final state typically in-
volves sqq or sgg, i.e., three-body final states in terms of
partons. There are also the interesting phenomena of
large QCD corrections to b— sy.

Since the gluonic decay process is expected to dom-
inate, it is important to check whether the O(a?2) three-
body (three-jet) process (b'— bqg,bgg) will dominate
over the O(a;) two-body (two-jet) process (b'— bg).
We find that this is not the case, and that in general F,
is larger than F,, but not much larger. In comparison, it
is the large logarithm [In(m?2/m?*)] picked up by F, but
not by F, in the case of b that leads to the peculiar
“higher-order dominance’’; the charm contribution, how-
ever, is more or less decoupled from the b'— b transi-
tion, while In(m?/m?) is not very large. From similar
arguments, and the fact that we are now at a scale com-
parable to the W mass, one does not expect QCD correc-
tions to be very important.

There are two regions: (i) my < Mz+my, and (i)
my > Mz+myp. For case (i), off-shell Z (and photon)
contributions are an order of magnitude or more below
the b'— by transition. In Fig. 2 we plot'° the results for
b'— b+hadrons (the sum of b'— bg and b'— bg*) and

618

10"3 E T T T T T 3
E b’ — b+hadrons B
Lo b’ — by 100 ]
10-* E
I~ E
N C
E L
R —— %" 0 3
= F .
= el T —
1076 £ R y
N o &0 3
477 ]
10—7 1 1 1 L 1
100 150 200 250
my (GeV)

FIG. 2. Rates for '— b+hadrons and b'— by (with mix-
ing coefficients factored out) vs my, for myp =40, 70, and 100
GeV (as indicated). We take m;, =my+ 10 GeV to maximize
the FCNC rate.

b'— by versus m, € (100,250) GeV, for my =40, 70,
and 100 GeV. The hadronic FCNC b’ decay is dom-
inant. We have already commented that, closer to one’s
intuition, the lower-order (in a;) two-jet final state
b'— bg dominates over the higher-order three-jet
b'— bg* (b'—bqq, q=u,d,s,c,b, and b'— bgg)."!
The fraction of 4'— bg in the total b'— b+hadrons is
(for m,=100-250 GeV) (61-71)%, (75-82)%, and
(85-88)%, respectively, for m, =40, 70, and 100 GeV,
i.e., increasing as my' or m, increases. Similarly, the ra-
tio of the photonic versus hadronic FCNC decay rate is
(10-18)%, (13-23)%, and (17-26)%, with m,, my as
above.

Let us try to understand these numbers. First, the
suppression of the rates at low m, reflects the Glashow-
Iliopoulos-Maiani (GIM) mechanism, since ¢ and ' con-
tributions tend to cancel each other [see Eq. (2)1, the
more so when they are closer in mass.'® Second, for
larger m,, the curves are relatively flat. This reflects the
fact that the m, dependence of F; and F, at large m, is
at most logarithmic in nature. Third, we have already
discussed the relative strength of three-jet versus two-jet
hadronic FCNC decays. For the relative strength of the
photonic versus the hadronic decays, a comparison be-
tween b'— by and b'— bg suffices, since the latter dom-
inates the hadronic. One finds the ratio 2 (a/a;)
x (|AFY|/|AF§|)? where AF; is the difference between
t and ¢’ contributions. The large branching ratio (BR)
into b'— by can be qualitatively understood in terms of
a weaker a; at the b’ scale, and a relatively larger AF} vs
AFS. The latter is because y can also be emitted from
the virtual-W-boson line, which tends to dominate over
Fig. 1 for large internal quark masses. In fact,
| AF3/AF%| grows from roughly 2 to roughly 2.5-2.6 for
the given my, range, being larger for larger m, values.
This large BR into b'— by (direct photons) is a good
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handle for experimental studies.

For case (ii), on-shell b'— bZ decay dominates over
b'— bg* and b'— by. We plot the results in Fig. 3,
comparing only b'— bZ vs b'— bg, since by far the
latter is dominant compared to all the other b'— bZ pro-
cesses, where qualitative features of the previous discus-
sion remain. We illustrate with two m, values, 100 and
130 GeV. For the former, one is just starting to have
some phase space, whereas for the latter very heavy b’
case, our hypothesis of m;, < m, is losing its appeal, al-
though having m,, my, and m, all in the vicinity of a
couple hundred GeV is an intriguing one. The b'— bZ
process shares the GIM cancellation feature at low m,,
but for larger m;,, it grows strongly with .. It is easy to
understand why b'— bZ dominates over the other
FCNC processes. For y and g, current conservation
demands that an explicit g? be factorized from F}%.
Thus, only the weaker Frg, or F», contributes to b'— bg
and b'— by, whereas there is no such restriction for
b'— bZ. This also lends us the insight as to why F# has
a much stronger m, dependence (e m/? for large m,) as
compared to the F| form factor for y and g. The strong
dependence of F# on mg is well known,*”® and is due to
an effective strong (Yukawa) coupling, and coupling of
longitudinal W’s to heavy fermions; the decoupling
theorem is thereby evaded. Numerically, I'(b'— bg)/
Ir'('— bZ) ranges between (77-8)% and (12-1)% for
my =100 and 130 GeV, respectively, for m, € (150,300)
GeV (.e., decreasing with m,).

We turn to discuss the parameter range for which our
assumption of FCNC decay dominance is true. Ignoring
b'— u, our task is then basically to find the range of
roa= | V! Vi Vi | for T(b'— cW*) <T'(b'— b) to be
true. There are three regions: (a) my < My +m,, (b)
My +m. <mp <Mz+my, and (c) mp > Mz+m,. For
(a), the W is virtual and decays into 9-10 channels (de-
pending on the fourth generation lepton masses). For
(b) &' can decay into on-shell W bosons, and the phase
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FIG. 3. Rates for b'—bg and b'— bZ (with mixing

coefficients factored out) vs my, for mp =100 and 130 GeV (as
indicated); m, =mp+ 10 GeV.

space becomes two-body, whereas, before region (c) is
reached, FCNC decays involve only b'— bg* and
b'— by.

Computing and comparing the various CC and FCNC
rates, we find that for FCNC to dominate the &' rate, we
need 72351072 1073, and (10 73-1072), for regions
(a), (b), and (c), respectively. We have presented gen-
eral values; they are smaller if one is in the strong GIM
cancellation region (i.e., when m, and m;, are close). A
smooth matching between these mass regions would be
achieved if one keeps the W and Z widths in the discus-
sion.

The result is encouraging: For a large and natural
range of parameter space, FCNC will indeed dominate
over CC decays of b'. Compare with the analogous ratio
3= | Vup/VusVua | S3%10 2. Both ry4 and r,3 are ra-
tios of quark-mixing-matrix elements of two generation
crossing over one generation crossing, with 3-4 and 1-2
generation elements as denominators, respectively. As
argued earlier, these two 2X2 submatrices are the ones
that could be nontrivial, whereas the off-diagonal 2x2
matrices should be close to zero. Given a general con-
cept of decoupling, it is quite natural that r,4 is smaller
than r3, and so 724 < 10 "2 should be naturally realized,
whereas even 10 ~2 is not implausible. We conclude that
if my <m,, FCNC decays would likely dominate over
CC decays for b'. Only for My +m. <my < Mz+my
will the CC decays have some chance of dominating.
Another corollary is that if my > my, so b'— tW* is al-
lowed with similar mixing coefficient (V,5') as the loop-
induced FCNC, the latter would be at the level of 10 ~*
(unless b'— tW™ is phase-space suppressed), too small
to be of immediate interest.

A brief discussion for search strategies following this
scenario is called for. It should be noted that, already,
there are limits of m, > 41 GeV and my > 34 GeV com-
ing from the UA1 collaboration, '? while limits from the
cleaner e Te ~ environment of KEK are lower.'* Howev-
er, these limits come from explicitly or implicitly assum-
ing usual charged-current decays of heavy flavors (isolat-
ed e/u with jets). Although this should be the case for ¢,
as has been argued, one has to be more cautious for the
case of b'.

A careful reanalysis of data from the DESY and KEK
e te ™ colliders PETRA and TRISTAN should give us a
reliable lower limit on my. If my <46 GeV, b' quarks
would be copiously produced at the CERN e e ~ collid-
er LEP, and one would find spectacular high-pr four-jet
events, forming roughly two back-to-back (in terms of
pr) pairs, each giving a mass peak (and Jacobian peaks
in each of the jet pr). Vertex detectors and other tech-
niques can be used to identify a b quark in one jet, and
perhaps indicate the other balancing jet as a gluon jet.
Some fraction of the hadronic activity would be five-jet
and six-jet events, with characteristics different from
usual perturbative QCD effects. A very large fraction
(2 20%) of the events would have one (or even two) of

619



VOLUME 62, NUMBER 6

PHYSICAL REVIEW LETTERS

6 FEBRUARY 1989

the “nonflavored” jets replaced by a direct, high-pr pho-
ton, showing some Jacobian peak in pr. All in all,
discovery prospects at LEP should be excellent. Simul-
taneously, and for higher masses the only possibility (ex-
cept for LEP II and future e Ye ¥ machines), one can
search for b' quarks through FCNC decays at hadronic
facilities, looking for similar signals. The gluonic decays
may still be distinguishable, although there is much more
hadronic background; without a Monte Carlo simulation
it is hard to tell. However, the large photonic FCNC BR
should be a very useful handle. One should look for an
excess of direct, isolated, high-py photons with associat-
ed energetic hadronic activity (three jets plus photon).
For very heavy b’ quarks, one has to inspect the Z° sam-
ple and see if there are any excesses (e.g., enhancement
in Z%Z° pair production), and if there is any definite
accompanying hadronic activity associated with the pro-
cess b'— bZ (“isolated” e or u pairs with jets). One
should, of course, keep in mind that CC decays may also
be present, and do a simultaneous study. In any rate, the
possibilities are richer, and the current strategy of look-
ing only for isolated leptons with accompanying jets
should be broadened.

If mp' < m, we may observe spectacular FCNC effects
at high energy in the near future. The b' quark may
predominantly decay via flavor-changing neutral
currents: b'— bg*, b'— by, and b'— bZ. Present and
future accelerators are excellent tools to study and check
if this scenario is realized. Such studies may lead to fun-
damental new insights into the old problem of fermion
masses and mixing patterns.
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