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Fourth generation b8 decays intob¿Higgs boson
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~Received 6 August 1999; published 7 February 2000!

If a fourth generation quark exists whose mass is below 255 GeV, then the only two-body charged current
decay,b8→c1W, is doubly Cabibbo suppressed. For this reason, CDF has searched for the one-loop neutral
current decayb8→b1Z, assuming that the branching ratio intob1Z is 100%; an analysis giving the bounds
onmb8 for smaller branching ratios is in preparation. In this Brief Report, we examine the neutral current decay
b8→b1H, which will occur if the Higgs boson mass is less thanmb82mb . Four different cases are examined:
the sequential case, the non-chiral isosinglet case, the non-chiral isodoublet case, and a two-Higgs-doublet
model with flavor-changing neutral currents. In the first three of these, the rates forb8→b1Z and b8→b
1H are comparable, assuming comparable phase space factors; in the fourth,b8→b1H is completely domi-
nant. Thus, we emphasize the importance of givingb8 mass bounds as a function of the branching ratio into
b1Z, since the assumption of a 100% branching ratio forb8→b1Z may only be valid if the Higgs boson
mass is near or above theb8 mass.

PACS number~s!: 14.80.Bn, 12.60.Cn, 14.80.Cp
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I. INTRODUCTION

The Collider Detector at Fermilab~CDF! Collaboration
@1# reported last year a search for the neutral current deca
the fourth generationb8 quark intob1Z. An earlier result
from the D0 Collaboration@2# ruled outb8 masses up to 95
GeV from b8→b1g; above that mass,b8→b1Z domi-
nates. The CDF bound is more stringent; they have exclu
b8 quarks with masses up to 148 GeV, depending on theb8
lifetime. They assume that the branching ratio ofb8→b
1Z is 100%. Currently, they are preparing an analysis@3#
which gives the bounds as a function of that branching ra

It might seem surprising that the neutral current dec
which occurs through one loop in the standard model, co
dominate the tree-level charged current decay. However,
decayb8→t1W is forbidden forb8 masses below 255 GeV
~and the three body phase space severely suppresses th
cay into t1W* for b8 masses below about 230 GeV!, and
the decayb8→c1W is doubly Cabibbo suppressed. If th
mixing angle which connects across two generations is v
small, which would not be surprising, then the decayb8
→b1Z could very well be dominant. This was first pointe
out by Hou and Stuart@4#. If the b8 quark is non-chiral,
either an isosinglet or part of an isodoublet, then
Glashow-Iliopoulos-Maiani~GIM! violation will lead to a
tree-levelb8→b1Z decay. In that case, the neutral curre
decay will certainly be dominant. A detailed discussion
these possibilities, including a full set of formulas and plo
can be found in Ref.@5#. In the work of Mukhopadhyaya an
Roy @6#, the neutral current decay of sequential, isosing
isodoublet and mirror quarks was considered. Their bou
were below theZ mass, and thus the primary decay mod
were into photons and virtualZ’s.

In this Brief Report, we look at a decay mode not cons
ered in the above,b8→b1H, whereH is the Higgs boson.
This occurs in the standard model at one loop, if kinem
cally accessible, and in non-chiral models at the tree leve
is, of course, much more difficult to detect, since theH will
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decay intobb̄, leading to a purely hadronic signature~al-
though see the discussion below!. However, it could sup-
press the overallb8→b1Z branching ratio, weakening th
mass bounds, even in the non-chiral case. We will look
four models: the standard model with a sequentialb8 quark,
a vectorlike isosinglet model, a vectorlike isodoublet mod
and a two-Higgs-doublet model with tree-level flavor chan
ing neutral current. The discussion ofb8→b1H in the first
two of these models is not new; extensive discussions h
been previously published. However, these publications
ten years old, and we now know the top quark mass, pr
sion electroweak studies give constraints, and the Cabib
Kobayashi-Maskawa~CKM! angles are better known. Th
decay in the latter two models has not been discussed.

II. SEQUENTIAL QUARKS

The simplest realization of a fourth family is to add lef
handed doublets and right-handed singlets~with a right-
handed neutrino necessary to give the extra neutrino a l
mass!. The first calculations ofb8→b1H were carried out
by Hou and Stuart@7# and by Eilam, Haeri and Soni@8#. A
much more detailed analysis, which was the first to direc
compare the rate with that ofb8→b1Z, which made no
assumptions about mixing angles and which discussed
anomalous thresholds that occur in the calculation, appe
in the subsequent work of Hou and Stuart@9#.

First, consider the ratio of the neutral current decayb8
→b1Z to the charged current decayb8→c1W. The former
decay depends on the mass of thet8 quark anduVtb8u; the
latter depends onuVcb8u. For at8 mass of 250 GeV, the ratio
is given by~see Ref@5# for full expressions and a plot!

G~b8→bZ!

G~b8→cW!
50.005

uVtb8u
2

uVcb8u
2

. ~1!

For different t8 masses, the ratio varies roughly as (mt8
2

2mt
2)2 ~note the GIM cancellation when the masses

equal!. We thus see how sensitive the ratio is to the mixi
angles. If one were to chooseuVtb8u/uVcb8u to be the same as
©2000 The American Physical Society03-1
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BRIEF REPORTS PHYSICAL REVIEW D 61 057303
uVcbu/uVubu51363, then the above ratio is between 0.5 a
1.3. However, the large top quark mass might indicate a v
large mixing angle between the third and fourth generatio
leading to a much bigger ratio. Thus, the neutral currentb8
→b1Z decay is certainly similar to, and could domina
the charged-current decay.

In the ratio ofb8→b1H to b8→b1Z, the mixing angles
cancel, so there is less arbitrariness in the result. The re
given by Hou and Stuart@9#, is a function ofMH , mt , mt8
andmb8 . Hou and Stuart give plots of the partial widths as
function of mb8 , for four different values ofMH , three dif-
ferent values ofmt and two different values ofmt8 . Fortu-
nately, one of the choices formt was 175 GeV~the others
were 75 and 125 GeV!, and the dependence onmt8 , while
important for the individual rates, is very weak in the rat
For mH5100 GeV, the ratio ofb8→b1H to b8→b
1Z is approximately ~1.0,1.4,1.7,2.0,2.5! for mb8
5(150,175,200,225,250), respectively. FormH5150 GeV,
phase space suppression sets in, and the ratio, for the
b8 masses, is~0,0.15,0.7,1.0,1.6!, respectively. One sees th
the two rates are very similar. For a Higgs boson mass of
GeV, and a sequentialb8 quark, the assumption that th
branching ratio forb8→b1Z is 100% is not valid. On the
other hand, for a Higgs boson mass of 150 GeV or highe
may be reasonable.

Could one improve upon Hou and Stuart’s calculatio
We now know the top quark mass@and can distinguish be
tween the Yukawa coupling modified minimal subtracti
schemeMS mass and the pole mass#, we know from preci-
sion electroweak data that thet8 mass cannot be much bigge
than theb8 mass, we have a much better understanding
the production cross sections for heavy quarks, andb tagging
in hadron colliders is much better understood.

However, it would be premature to carry out this analys
The reason is that a sequential fourth generation has virtu
been ruled out by precision electroweak data. Erler and L
gacker@10# note that theS parameter is in conflict with a
degenerate fourth generation by over three standard de
tions, or 99.8%. One can weaken this discrepancy slightly
making the fourth generation non-degenerate, but it app
very unlikely that a sequential fourth generation can be
commodated,if it is the only source of new physics. On
way around this discrepancy is to assume that there is
physics which partially cancels the fourth generation con
bution to theSparameter~such as Majorana neutrinos, add
tional Higgs doublets, etc.!. This certainly can be done, an
thus searches for a sequential fourth generation should
tinue. However, this new physics will likely also contribu
to b8→b1H and tob8→b1Z. Thus, without some under
standing of the new physics, carrying out a high precis
improvement of the Hou-Stuart analysis is premature.

III. NON-CHIRAL FERMIONS

Of much greater theoretical interest than a sequen
fourth generation is a non-chiral~isosinglet or isodoublet!
fourth generation. These happen automatically in a wide
riety of models, includingE6-unification models, gauge
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mediated supersymmetric models, the asponCP-violation
model and so on. The motivations for these non-chiral g
erations are discussed in detail in Ref.@5#. They only con-
tribute to theS parameter at higher order, and are thus co
pletely in accord with precision electroweak studies. Beca
of the GIM violation, these models have tree-levelb8bH and
b8bZ vertices, and thus the charged-current decay of theb8
becomes less competitive. Without theb8→b1H decay, the
assumption that the branching ratio ofb8→b1Z is 100%
would be completely justified.

Let us first consider the case in whichb8 is an isosinglet
quark. The first discussion ofb8→b1H was given in 1989
by del Aguila, Kane, and Quiros~AKQ! @11#, who looked at
the possibility of using this decay to detect a light Hig
boson~if the b8 mass were less thanMZ1mb , it would be
the primary decay mode!. This work was followed up by a
more extensive analysis by del Aguila, Ametller, Kane a
Quiros ~AAKQ ! @12#. A much later analysis of the variou
phenomenological aspects of isosinglet quarks can be fo
in the work of Barger, Berger and Phillips@13#.

Following AKQ, consider the case in which theb8 only
mixes with theb. The Higgs doublet gives the usual ma
term mbb̄LbR1H.c., as well as a termm8b̄LbR81H.c. In ad-

dition, there are gauge invariant mass termsMb8b̄L8bR8

1H.c. andM 8b̄L8bR1H.c. The 232 mass matrix can then
be diagonalized. The resulting mixing then givesb8bZ and
b8bH vertices, which are proportional tom8. Thus, one gets
tree level interactions, suppressed only by a single Cabib
type angle (m8/Mb8). The angle cancels in the ratio, givin

G~b8→b1H !

G~b8→b1Z!
5

Mb8
2

Mb8
2

12MZ
2 S Mb8

2
2MH

2

Mb8
2

2MZ
2 D 2

. ~2!

This ratio is unity in the limit of largeMb8 , and is 0.7 times
the phase space factor forMb85200 GeV. There will also be
a b8cW vertex induced by mixing, but this will be doubl
Cabibbo suppressed, and thus should be negligible.

One thus sees that, once again, theb8→b1H decay is
comparable to theb8→b1Z, assuming the Higgs boso
mass is not close to~or greater than! theb8 mass. Again, the
charged currentb8→c1W decay is expected to be muc
smaller ~and, as shown in Ref.@5#, the b8→t1W* decay
will be negligible for allb8 masses below 300 GeV!.

Although the isosinglet case is theoretically preferr
@since isosinglet quarks automatically appear in allE6 uni-
fied models, as well as all models with a 515̄ of SU(5)],
one can ask what happens if the fourth generation qua
form an isodoublet. The ratio ofb8→b1H to b8→b1Z is
the same as in the isosinglet case. However, there is
important difference. Although the ratio is the same, the
dividual rates are much smaller. This is because the G
mismatch in the isodoublet case occurs in the right-han
sector, and there is a helicity suppression which suppre
the vertex by an additional factor ofmb /Mb8 . This means
that the charged current decays become much more com
tive. It is shown in Ref.@5# that the three-bodyb8→t1W*
decay becomes competitive with theb8→b1Z decay forb8
masses of 200 GeV, and greatly exceeds it for masses a
3-2
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BRIEF REPORTS PHYSICAL REVIEW D 61 057303
220 GeV. For lighter masses, theb8→c1W decay will still
be important, and may dominate depending on the valu
the Vcb8 /Vtb8 ratio ~as in the sequential fermion case!.

IV. TWO-HIGGS MODELS

In the standard two-Higgs-doublet models, the so-ca
model I or model II, the Yukawa couplings to a Higgs a
multiplied by a factor of cosa/sinb, where a is a Higgs
mixing angle andb is a ratio of vacuum expectation value
~depending on the specific model and the specific ferm
charge,v2 /v1 will either be tanb or cotb). In most models,
Higgs mixing is fairly small, so cosa is near unity. In all of
the above cases, this factor will change the ratio ofb8→b
1H to b8→b1Z by a factor which is of order 1.~It cannot
enhance the Higgs decay mode too much in the seque
case, since too large an enhancement will make theb8 or t8
Yukawa coupling non-perturbative.!

A bigger effect might be expected in model III@14#. In
this model, unlike models I and II, no discrete symmetry
imposed in order to suppress tree level flavor-changing n
tral current~FCNC! and thus FCNC arises, even in the s
quential case. The observed lack of large FCNC in proce
involving first-generation quarks is explained by noting th
many models will have a FCNC coupling given by the ge
metric mean of the Yukawa couplings of the two quarks.
that case, the tree-levelb8bH coupling ~neglecting Higgs
mixing! is given bygAmbmb8/A2MW . An early discussion
of the b8→b1H decay can be found in the unpublishe
work of Ref. @15#.

How does this coupling affect the results? In the is
inglet case, the model III coupling is of the same order
magnitude as the expected coupling induced by the G
violation, and thus none of our arguments change. Howe
in the sequential fermion case, the model III coupling
muchlarger than the one-loop inducedb8bZ coupling. Also,
in the isodoublet case, the model III coupling is much larg
than the GIM-violation inducedb8bZ coupling. Thus, since
the Higgs coupling is so much larger in these two mode
b8→b1H will dominate allb8 decays. We conclude that i
model III, with either a sequential or isodoubletb8, the b8
-
A
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decay is dominated byb8→b1H, and thus the CDF and D0
bounds are completely inapplicable.

V. CONCLUSIONS

Previous searches for a fourth generation quark assum
100% branching ratio intob1Z. The other neutral curren
decay,b8→b1H, has been examined, in the sequential ca
the isosinglet case, the isodoublet case and a two-Hig
doublet model with tree-level FCNC. In all of these cas
the rate forb8→b1H is comparable to, or greater than,b8
→b1Z if the Higgs boson is kinematically accessible.

Currently, the CDF Collaboration@3# is preparing an
analysis which will give the bounds as a function of t
branching ratio tob1Z. This analysis assumes that the mis
ing branching ratio goes completely undetected. Howev
suppose that oneb8 decays tob1Z and the other tob1H.
At least oneb1Z decay is needed to trigger the event, a
the threeb final state of the otherb8 could then be detected
The b-tag efficiency in these events is expected to be con
erably higher than inbbZZ events because of the 42b jets
final state in which at least twob jets have highpT , inde-
pendently of theb8 and Higgs boson masses@16#. This leads
to the potential exciting result that the experiment could d
cover @7,9# both a fourth-generation quark and a Higgs b
son.

The only discouraging model is model III, in the seque
tial or isodoublet cases. Pair production ofb8b̄8 would lead
to a final state of sixb jets, in which everyb comes from a
2-body decay. This would lead to quite dramatic signatur
but without a lepton trigger, finding such a signature wou
be very difficult.
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