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Window on the Higgs boson: Fourth generationb8 decays reexamined
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Department of Physics, National Taiwan University, Taipei, Taiwan 10764, Republic of China

~Received 4 December 2000; published 11 September 2001!

Direct and indirect searches of the Higgs boson suggest that 113 GeV&mH&170 GeV is likely. With the

CERN LEP era over and the Fermilab Tevatron run II search viapp̄→WH1X arduous, we reexamine a case

whereWH or ZH1 jets could arise via strongb8b̄8 pair production. In contrast with ten years ago, the tight
electroweak constraint ont8-b8 ~hencet8-t) splitting reduces FCNCb8→bZ, bH rates, makingb8→cW
naturally competitive. Such a ‘‘cocktail solution’’ is precisely the mix that could evade the CDF search for
b8→bZ, and theb8 may well be lurking below the top quark. In light of the Higgs program, this two-in-one
strategy should be pursued.

DOI: 10.1103/PhysRevD.64.073016 PACS number~s!: 14.80.Bn, 12.15.Ff, 12.15.Lk, 12.60.2i
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The search for the standard model~SM! Higgs boson is
the holy grail of present day high energy physics. The glo
electroweak ~EW! fit, assuming the SM, gives@1# mH
562239

153 GeV, or mH,170 GeV at 95% confidence leve
~C.L.!. Together with the direct search limit@2# of mH
.113.3 GeV at the CERNe1e2 collider LEP, the Higgs
boson seems ‘‘just around the corner.’’ Surely enough,
before LEP shutdown, there were exciting hints@3,4# for
mH.115 GeV, and the shutdown was postponed by
month. The extra data collected did not greatly strengthen
case, but it was argued that a further run with ab
200 pb21 per experiment atAs5208.2 GeV might lead to a
5s discovery@4#. Unfortunately, the wish was not grante
fearing it might jeopardize the schedule for the CERN La
Hadron Collider ~LHC!—the main goal of which is the
Higgs boson. As LEP is now closed, we have to wait for r
II at the Fermilab Tevatron which starts in 2001, or the tu
on of LHC in 2005.

Not surprisingly, the Higgs boson search in the 110–1
GeV range is now one of the prime objectives for Tevatr
run II. The main processqq̄→V* →VH(V5W, Z) fol-
lowed by H→bb̄ and leptonicV decays@5# suffer from a
small electroweak cross section:s(qq̄→W6H).0.3 to
0.002 pb at run II energies for 100 GeV<mH<200 GeV. A
very recent study@6# claims that, with suitable cuts that ex
ploit the kinematic differences between signal versus ba
ground, a statistically significant signal can be extracted
one hassufficientluminosity. However, with the 2 fb21 ex-
pected by the end of 2002, one can barely rule out the L
hint of mH;115 GeV at 95% C.L., while, to have a 5s
discovery, one would need 10–15 fb21. Since this seems to
be the amount of data one may realistically be expected
fore the start of LHC physics, the Tevatron path to the Hig
boson search is arduous.

It is clear that a premium should be placed on proces
with higher cross sections~but manageable background! that
could aid the Higgs search at the Fermilab Tevatron. In
paper we revisit a case@7# where theWH or ZH signatures
arise from strongpp̄→b8b̄81X production of sequentia
fourth generation b8 pairs, followed by b8
→cW, bZ, bH decays that are all of comparab
strength. The effectivepp̄→WH1X or ZH1X cross sec-
tions could be at a few pb21.
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The main new observations we make are as follows. E
precision data give stringent constraint onmt82mb8 @8#. For
mb8,mt , the t8-t splitting is considerably smaller than a
sumed in@7#, and Glashow-Illiopoulos-Maiani~GIM! sup-
pression ofb8→bZ, bH decays is more severe@9#, hence
theb8→cW channel becomes more prominent. Furthermo
recent direct search by Collider Detector at Fermilab~CDF!
@10# has ruled outb8→bZ decay for mb8,200 GeV if
B(b8→bZ)5100%, but may be evaded ifb8→cW ~but not
b8→bH) dilutesB(b8→bZ). Note that a dominant but no
predominant@11# b8→cW decay could help explain som
irregularities of thet t̄ signal. We argue that the Cabibbo
Kobayashi-Maskawa~CKM! mixing elementVcb8;1023 is
plausible, and is just the right amount to allow a ‘‘cockta
solution’’ of b8→cW, bZ, andbH that can evade the CDF
bound. This offers new possibilities for the Higgs search
to mH,mb82mb .

It is known that, if theb8 quark exists andmb8,mt , it
may decay in unusual ways: the charged current~CC! b8
→tW decay is kinematically forbidden, theb8→cW decay
is highly Cabibbo suppressed, hence flavor changing neu
current ~FCNC! b8→b transitions would likely dominate
@12#. The suggestion was pursued@8# by collider experiments
at KEK TRISTAN, SLAC Linear Collider~SLC!, LEP, and
Tevatron, with LEP setting the unequivocal bound ofmF
.mZ/2 on all new fermionsF that couple to theZ. The D0
Collaboration @13# excluded the rangemZ/2,mb8,mZ
1mb by a null search forb8→bg andb8→bg. We remark
that, with Nn>3 as measured by SLC and LEP since 198
the existence of a sequential fourth generation is not stron
motivated~for a recent review, see Ref.@9#!. However, the
observation of neutrino oscillations does imply an enlarg
neutrino sector. A more important motivation comes from t
intense competition for the Higgs search as just stated.

For mb8.mZ1mb , the decayb8→bZ @12# is expected to
dominate over the other FCNC decay processes, excep
b8→bH @7,14# if mb8.mH1mb also. Recently, the CDF
Collaboration @10# gave an upper limit on the produc
s(pp̄→b8b̄8)3@B(b8→bZ)#2 as a function ofmb8 , which
excludes at 95% C.L. the range 100 GeV,mb8,199 GeV
if B(b8→bZ)5100%. For B(b8→bH)5” 0, so long that
B(b8→bZ) does not vanish, the CDF bound still large
©2001 The American Physical Society16-1
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applies since hadronic final states ofb8→bZ and bH are
rather similar, and in fact, thebH mode has betterb-tagging
efficiency. What CDF apparently did not pursue in any de
is the b8→cW possibility. Clearly theb-tagging efficiency
for cW mode would be much worse thanbZ or bH. Sinceb
tagging is an important part of the CDFb8→bZ search strat-
egy, one may evade the CDF search ifB(b8→cW) is siz-
able.

Precision EW data provide stringent constraints on
fourth generation: there is a 2.5s discrepancy betweenS5
20.0760.11 @8# andS52/3p>0.21 for a heavy degenerat
fourth generation. However, using exact expressions
gauge boson self-energies formb85mt85150 GeV, mE

5200, andmN5100 GeV (E, N are fourth generation
charged and neutral leptons!, one finds@9# S'0.11 instead of
0.21, and the discrepancy drops below 2s. Given the excel-
lent agreement between SM and EW data, a discrepanc
this level in a few measurables is not tantalizing. ForS
50.2, the 2s upper bound onT is approximately 0.2 (dr
'0.0015). Using the analytic expression ofdr @8#, we find
DQ5umt82mb8u<60 GeV andDL5umE2mNu<104 GeV,
which can be weakened if we just take thedr constraint. At
the 2s level and for mH&1 TeV, one finds @8# r0

50.999820.0012
10.0034 or 20.0014,dr,0.0032, hence, DQ

<86 GeV andDL<148 GeV.
In the following, we shall take the conservative ran

DQ5umt82mb8u<60 GeV. Formb8,mt , this implies that
the t8-t splitting is far less@9# than assumed ten years ag
@7#, and FCNCb8→bZ, bH decays are more GIM sup
pressed. Thus, the CCb8→cW mode, though highly
Cabibbo suppressed, can be more competitive. Note thamt
;mb8;mt8 would in general imply near maximal mixing, or
Vtb8.Vt8b.1/A2.

What is the ‘‘natural’’ strength ofVcb8? We cannot know
for certain, but we give two plausible arguments here. Si
each involves two generation jumps, perhapsVcb8;Vub , or
one could guess thatVcb8;ms /mb8 sinceVcb;ms /mb @15#.
Both cases suggestVcb8;1023, just what is needed to mak
b8→cW;b8→bZ in rate, as we will show. Thus, EW pre
cision data, while not strongly supporting the existence o
fourth generation, together with the hierarchical pattern
quark masses and mixings,lead naturally to the cocktail so
lution of b8→cW;bZ*bH that can evade the CDF searc
for b8→bZ. This is in contrast to previous expectatio
@7,12,14# that b8→cW would be considerably belowb8
→bZ,bH decays. We remark here that comparison ofb8
→cW andb8→bZ were made recently in Ref.@9#, but not in
conjunction withb8→bH; the importance of the latter mod
was emphasized in Ref.@16# in the context of evading CDF
bound onb8→bZ, but a detailed discussion of the cockta
solution was not given.

We perform a one-loop calculation ofb8→bZ, bH using
the FEYNARTS and FEYNCALC @17# packages, where the fu
set of diagrams~see Fig. 1 of@7#! are generated and com
puted, and we use theFF package@18# for our numerical
analysis. We keep both external and internal masses, ex
the mb ~and mc , mu) which can be neglected to a goo
approximation. Several analytic and numerical checks
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carried out following @7,12,14#, with complete agreemen
found. Further numerical checks againstt→cH, cZ @19,20#
in the SM again give full agreement. In the following, w
take 115 GeV,mH,170 GeV, mt5175 GeV, DQ5mt8
2mb8<60 GeV, and r CKM[uVcb8 /VtbVtb8u in the 1023

range.
The CKM factorsuVt8bVtb8u'uVtbVtb8u actually cancel in

the ratio Rhz5G(b8→bH)/G(b8→bZ), and it depends on
mb8 , mt8 , andmH . In Fig. 1, we showRhz vs mH for several
mb8 values withDQ fixed at 55 GeV. It is clear that, for ligh
mH and relatively largemb8 , Rhz can be of order 0.5–1
which meansb8→bH is competitive withb8→bZ so long
that it is phase space allowed@7#.

For the actual branching ratios@21#,

B~b8→$cW,bZ,bH%!5G~b8→$cW,bZ,bH%!/Gb8 ,

we assumeGb85G(b8→cW)1G(b8→bZ)1G(b8→bH).
Since G(b8→cW)}uVcb8u

2 while G(b8→$bZ,bH%)
}uVtbVtb8u

2, the branching fractions depend critically o
r CKM . In Fig. 2, we illustrateB(b8→$cW,bZ,bH%) vs
r CKM[uVcb8 /VtbVtb8u for mb8 , mH , DQ5130, 115, 20 GeV
and 160, 130, 40 GeV. Forr CKM.331023, B(b8→cW)

FIG. 1. The ratioRhz5G(b8→bH)/G(b8→bZ) vs mH for sev-
eral mb8 values andDQ5mt82mb8555 GeV.

FIG. 2. B(b8→$cW,bZ,bH%) vs r CKM for mb8 , mH , DQ

5130, 115, 20 GeV~upper! and 160, 130, 40 GeV~lower!.
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WINDOW ON THE HIGGS BOSON: FOURTH . . . PHYSICAL REVIEW D64 073016
.80% which would unlikely survive the standard to
search. On the other hand, forr CKM'(1 –3)31023, we find
that B(b8→bZ);64–20 % ~65–26 %!, B(b8→cW)
;28–78 % ~18–67 %!, and B(b8→bH);8.7–2.7 %~16–
6.5 %!, henceb8→bZ and cW are comparable, and ma
allow theb8 quark to evade the CDFb8→bZ search.

We illustrate, in Fig. 3,B(b8→$cW,bZ,bH%) vs mb8 for
two values of r CKM with DQ550 GeV held fixed. For
100 GeV,mb8,135 GeV hence 150 GeV,mt8,185
GeV,b8→bZ, bH are suppressed by smallt8-t splitting, and
b8→cW predominance can be seen from the left-hand s
of Fig. 3. Away from this range where the GIM mechanism
severe,B(b8→cW) decreases as we increasemb8 while
B(b8→bZ) andB(b8→bH) grow. It appears from this plo
that formb8.150 GeV, the three decays we are consider
have the same order of magnitude with no single mode f
dominating. For example, forr CKM.0.004 andmb8 , mH
5170, 115 GeV, the modescW:bZ:bH.2:2:1 in rate.

To illustrate that this scenario can evade the CDF sea
for b8→bZ, we reproduce Fig. 2 of Ref.@10# in our Fig. 4.
The dotted curve is the predicted cross sections(pp̄

→b8b̄8) at 1.8 TeV, the solid curve corresponds to the 95
C.L. upper limit on s(pp̄→b8b̄8)3@B(b8→bZ)#2. From
the crossing of the two curves, CDF rules outmb8
&200 GeV ifB(b8→bZ)5100%. Our results are shown a
open and black circles forr CKM50.001 and 0.002, respec
tively. For largerr CKM values, they drop out from the plo
We have held the splittingDQ5mt82mb8550 GeV fixed.
This leads to the valley aroundmb8;125 GeV, caused by
mt8.mt . Very low cross sections in theb8→bZ mode can
evade the search of Ref.@10#, but it would likely be ruled out
by past top searches sinceb8→cW is predominant@11#. The
reverse situation illustrates the power of the CDF study:
region GeV140,mb8,160 GeV for r CKM50.001 is ruled
out becauseB(b8→bZ) is predominant. However, it is clea
that the theoretical prediction is smaller than the 95% C

FIG. 3. B(b8→$cW,bZ,bH%) vs mb8 with mH , DQ5115, 50
GeV for r CKM50.002~upper!, 0.004~lower!.
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upper limit of CDF for a broad range of parameter space
illustrated by ther CKM50.002 case formb8*140 GeV. This
is consistent with Figs. 2 and 3. We note that a lightmb8
around 110 GeV is still allowed, although this case wou
not help in the Higgs boson search.

We now compare the cross section forpp̄→b8b̄8

→( c̄W)(bH) or (b̄Z)(bH) with the direct Higgs production
mechanismpp̄→WH, ZH. For illustration and clarity, we
recapitulate our numerical results from Fig. 2 for run II e
ergies~2 TeV! at the Fermilab Tevatron in Table I. The cro
sections forpp̄→WH, ZH and pp̄→b8b̄8 are taken from
@22# and @23#, respectively. It is clear that the cross sectio
for WHc̄b or ZHb̄b are larger than the corresponding on
for direct associatedWH or ZH production, unlessr CKM
5uVcb8 /VtbVtb8u becomes considerably larger than fe
31023, or whenb8→bH is kinematically suppressed. Thu
our suggestion should be welcome news for the Higgs bo
search program at the Fermilab Tevatron run II. In any ca
the search forb8 below the top should continue by takin
into account theb8→cW mode. By so doing, one may un
cover the Higgs boson.

Curiously, there are some indications that the cocktail
lution of b8→cW, bZ, and bH should be taken seriousl
and hence revisited even for run I data. It is known that
t t̄ events at the Fermilab Tevatron have some irregulari

FIG. 4. Comparison of CDF search forb8→bZ and our scenario
with mH5115, DQ550 GeV. The dotted curve is the predicte

s(pp̄→b8b̄8) at 1.8 TeV, while the solid curve is the 95% C.L

upper limit on s(pp̄→b8b̄8)3@B(b8→bZ)#2 @10#. The open
~black! circles correspond toB(b8→bZ) as computed in our mode
for r CKM50.001 (0.002).

TABLE I. Comparison ofs(pp̄→b8b̄8→WHc̄b, ZHb̄b), and

s(pp̄→WH, ZH) ~in pb! for mb8 , mH , DQ ~in GeV! and r CKM

[uVcb8 /VtbVtb8u taken from Fig. 2.

mb8 mH DQ r CKM WH WHc̄b ZH ZHb̄b

130 115 20 0.001 0.20 0.65 0.11 1.49
130 115 20 0.002 0.20 0.78 0.11 0.45
130 115 20 0.004 0.20 0.39 0.11 0.06

160 130 40 0.001 0.13 0.60 0.07 2.14
160 130 40 0.002 0.13 1.00 0.07 0.88
160 130 40 0.004 0.13 0.68 0.07 0.15
6-3
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that are, though not yet statistically significant, somew
tantalizing. First,both CDF and D0@24# report a lowermt
.167–168 GeV in the dilepton channel, whereb tagging is
not used. Second, for single lepton plus jets channel, D0
CDF @25# are in good agreement onmt , but the CDF cross
section extracted from soft lepton tag~SLT! is almost twice
as high from the displaced vertex~SVX! tag, with fittedmt
as low as 142 GeV. Third, the all hadronic study of CD
@26#, which relies heavily on b tagging, gives mt
.186 GeV, the highest of all studies. Interestingly, if o
demands two SVX-taggedb jets for single lepton plus jets
sample, the fit following CDF dilepton procedure also giv
a high mass ofmt.182 GeV@24#.

For sake of illustration, we show that the combinati
mt;175 GeV andmb8 , mt8;160, 210 GeV, witht,t8
→bW @27# and the cocktail solution ofb8→cW;bZ.bH,
can account for these curiosities. For dileptons withoub

tagging, one largely probesbb̄W1W2 for top and t8, and
cc̄W1W2 for b8. One would get lower ‘‘mt’’ and a some-
what larger cross section. For single lepton plus jets w
SVX b-tag, one is less sensitive tob8b̄8, thereby getting an
average ‘‘mt . ’’ However, applying SLT tag but no SVX tag
one is then sensitive to bothb and c semileptonic decays
with similar efficiencies, and one would be more sensitive
b8→cW decay which has a largerb8b̄8 cross section and a
lower fitted ‘‘mt . ’’ For all hadronic final states since on
demands an SVXb tag to suppress QCD background, one
more sensitive tot,t8→bW hence a higher ‘‘mt’’ is found.

The pattern in cross sections could also be reflecting
presence of bothb8 and t8 besides the top, as already stat
y
,

:/

p
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in the larger SLT versus SVX tagged cross section. T
dilepton and all hadronic cross sections are also somew
larger than theory expectation of order 5 pb21. However,
not much more can be said because of experimental erro
the run I level of statistics. One would also need detai
knowledge of experimental efficiencies. Although one can
draw a definite conclusion, it may still be worthwhile even
reinvestigate the run I ‘‘t t̄ ’’ data, keeping in mind the possi
bility of the cocktail solution: There may actually be char
jet content int t̄ -like events. At run II, such a study would b
imperative, for not only one would have the statistical pow
to distinguish, a more exciting Higgs boson search progr
could be at stake. One could be discovering the Higgs bo
together with two new quarks.

We have shown in this analysis that, once the constra
from precision measurements are taken into account,mb8
;mt8;mt could be the case. This suppresses FCNCb8
→bZ, bH decays so the CCb8→cW decay becomes impor
tant. It should be welcome since this is just what is neede
evade the CDF null search forb8→bZ. In a rather plausible
parameter space and if the GIM suppression of FCNC mo
is not overly strict, one can have the cocktail solution ofb8
→cW;bZ.bH, and there could be actual charm jet co
tent of observedt t̄ events. Such a signal should be cons
ered for better scrutiny of top-like events, and might unco
the Higgs boson handily at the Fermilab Tevatron run II v
pp̄→ c̄bWH1X or bb̄ZH1X signatures.
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