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Recent results from the DELPHI Collaboration led us to review the present bounds bh guark mass.
We use all available experimental data fog,>96 GeV to constrain the’ quark mass as a function of the
Cabibbo-Kobayashi-Maskawa elements in a sequential four generation model. We find that there is still room
for ab’ with a mass larger than 96 GeV.
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[. INTRODUCTION two standard deviatiorfsMoreover, it is clear that any new
physics will also influence these results.

It has long been known that a sequential fourth generation It was shown in Refs[2,4] that the mass rangém,
within the standard modéSM) needs both quarks and lep- —m,,|<60 GeV, where’ andb’ are the fourth generation
tons. Half a generation would imply that the gauge anomaguarks, is consistent with all available precision electroweak
lies associated with triangle diagrams would not cancel. It islata. This range enables us to say that evem,it>m;, , the
also known 1] that the SLAC linear collider and then CERN decayb’ —t’W is forbidden. The decaly’ —t’W* although
e*e” collider LEP have set a bound on the number of lightallowed is phase space suppresfgldand consequently ex-
neutrinos (n,<M,/2), which is indisputably equal to 3. tremely small in the mass range under stifftpm now on
This bound applies to all new fermions that couple to Zhe we considerm,,<m,,). Experimental data allow us to go
and one has to be extremely open minded to accept a fourttnly up tom,, close to 180 GeV. Hence, tieé cannot decay
neutrino with a mass larger than around 45 GeV. Thus, therg a top quark. Furthermore, while some recent stufbed
seems to be no strong motivation for the search of a sequeitrave constrained the Cabibbo-Kobayashi-Maska@&M)
tial fourth generatiortfor a review se¢2]). So why look for  elements of the fourth generation, they do not influence our
it? results. Nevertheless we will take into account tletbund

Despite the strength of the previous arguments one should;,, 12+ 0.75V,,,|?<1.14 [6] coming from Z—bb to con-
try to experimentally exclude the existence of a fourth genrain the CKM elemeny.,, as a function of théo’ mass.
eration. In fact such evidence does not yet exist. The most pagent experimental bounds on the mass above 96
recent precision electroweak resul@] allow a sequential Gy suffer from the drawback of assuming a 100% branch-
fourth generation if the quark masses are not too far dparting ratio for a specific decay channel. As stated before the

The same results also disfavor a degenerate fourth family @trongest bound on tHe’ mass comes from LE[8] and is
both the leptonic and hadronic sectors are degenerate. Thisriﬁb,>46 GeV. Here allb’ decays were considered. There

in agreement with the conclusions of Erler and Langackeyq presently three bounds on tHg mass for m,

[1]. However, as discussed in R¢2], there are several rea- - g6 GeV. The first ond9] m,,>199 GeV assumes that
sons to keep investigating this subject, starting with the facBy (' —bhz)=100%. We will drop this condition and use
that precision results vary with time. In Rd2] it can be instead their plot ofr(pp—b'b’ + X)X Bré(b'—b2) as a
seen that even if one takes a degenerate fourth family nction of the b’ mass. The second ongl0] my,

quarks with 150 GeV masses, it is enough to choose a nons 159 Gev is based on the data collected in the top quark

degenerate family of leptons with masses of 100 GeV andearch, Because the DO Collaboration looked fetbW, the
200 GeV and a Higgs boson mass of 180 GeV for the dis-

. h analysis can be used to set a limit or(pﬁﬂb’H’vLX)
crepancy with experimental data to fall from roughly three tOXBrZ(b’—>cW). By doing so we assume that theand

¢ quark masses are negligible and tha(pgﬂb’g’)
*Email address: smo@cii.fc.ul.pt ~o(pp—tt). The obtained limitm,,>128 GeV assumes
TEmail address: rsantos@cii.fc.ul.pt
This result is a strong bound on the mass difference of a possible

fourth generation. Nevertheless, it should be noticed that the au-Notice that we make no assumptions on the values of the masses
thors assume no mixing of the extra families with the SM ones. and couplings of the leptonic sector of the model.
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Br(b’—cW)=100%. The third bound is from CDA.1]and  sometimes referred to as SM4. The resulting CKM matrix
is based on the decdy —bZ followed by the search for has a very similar structure to the SM one. It is x4
—e"e” with displaced vertices. Their excluded region is unitary matrix and it is assumed to be approximately sym-
inside a rectangle in the lifetimec¢), m,, plane with 9  metric. Besides the four new masses, there are nine addi-
X103 cm<cr<12cm and my+M,<m, <148 GeV tional parameters compared to the SM: six mixing angles
sides. Hence, the excluded region depends heavily ob'the instead of three and three complex phases instead of one.
lifetime. But, contrary to the top quark which has a lifetime Because we are not concerned w@l violation we take all

of around 10%* s, the lifetime of a sequentid’ quark is CKM values to be real. In the SM4, the CKM elements that
expected to be extremely large, especially knowing that w&re not determined experimentally have more freedom due to
are considering a heauy . In fact, depending on the CKM the extra parameters introduced. This model has been the
values and on the’ andt’ masses, the decay length can pesubject of wide study in the literature. Production cross sec-
as large as 10* cm or even 102 cm in extreme cases. Nev- tions for lepton and hadron colliders abd branching frac-
ertheless, in this model, it is very hard to go beyond thations were calculated long ago.

value. It is worth mentioning that even with this huge life- At LEP, a pair of heavy quarks is produced through the
time, theb’ always decays inside the detector and hadroniteactione™e™—qq. For consistency with the experimental
zation occurs before it decays. Thus, the limit obtained ingnalysis, the process*e —b’b’ was calculated using

[11] which on top of what was said assumes BrH-bZ)  pytHa [13], with initial state radiation, final state radiation
=100% cannot be used in our analysis. (FSR and QCD corrections turned on. We have cross-

Hence, we think it is worthwhile to reexamine the limits checked the results using a simple program with the formulas
on theb’ mass. We will use the CDF and the DO data which,of Refs.[14,15, which also include QCD corrections and
together with the new DELPHI dafd 2], is all that is avail-  |SR. Since the larger contribution to the cross section comes
able form,,>96 GeV. We will draw exclusion plots in the from ISR we have double checked by making use of the
plane Rcym -My), whereRem=|Vey /Vip Vip|, from 96 formulas presented ifiL6]. The results agree very well with
GeV to 180 GeV without assuming a definite value for thethe pyTHIA results. It should be noticed that near the thresh-
branching ratios of specific channels. In some regions it i$id bound states would surely be formed. Without a detailed
possible to combine all experimental data allowing a large@nalysis of such bound states it is impossible to evaluate
exclusion area. Notice that the use of tRgyy variable  whether their contribution to the cross section would be rel-
provides a new way to look at the experimental results. Thigvant or not. So, if bound states do exist above the threshold,
variable enables us to actually use and combine all the availve are assuming that they give a negligible contribution to
able data. Moreover, the new form in which the results arehe cross section. Far away from the threshold the problem
presented will serve as a guide to future experiments since geases to exist and the results we will show for hadron col-
is possible to know how far one has to go to exclude theiders are not affected by this approximation.

regions that are still allowed. _ The equivalent production reaction at the Tevatrop s
To end this section we note that there is, at present, no

'\ H .

bound on a sequential 2/3 charged quark in the PDG but i?b E +X, with the rglevant proc_esses beingg(qq) )
we assume a 100% decayd® the bound is again 128 GeV —>b’.b’. Even t.hough this cross section cannot be_found in
[10]. thg IlteratureT itis generally recognized that .aII massive quark

The paper is organized as follows. In Sec. Il we define thd?@r production cross sections are very similar due to its had-
model and discuss the production and the decayd’of onic nature. The same is true fpr_ the subsequent decays into
quarks. In Sec. 1ll we combine the theoretical and the experil®Ptons and f30r the detector efficiency. Thus we can use the
mental results to produce exclusion plots in the parametefXact orderws corrected cross section for the production of

space. Section IV summarizes our results and conclusions fop quarkg 17]. This approximation is used both by the CDF
and the DO Collaborations in their studies lohproduction

b’ and decay. 1110] it is also assumed that the final states are
Il. b PRODUCTION AND DECAY exactly the same as the top quark ones. Notice that the error

There are several ways of extending the SM to accommaln calculating the hadronic cross section is much larger than
date a fourth family of quarks and/or leptons. A review of thethe corresponding error in the leptonic one. For,

different models in the literature is available []. Obvi- =100 GeV the error is about 38% falling to 12% for,
ously, the most natural and straightforward way to introduce=200 GeV. This will be reflected in the exclusion plots.
a fourth family in the SM is just to add a'(b’) family with All b" decays were exhaustively studied by Hou and Stu-

the same quantum numbers and similar couplings to all othed't in [18—21 and by Haeri, Eilam, and Sofi22]. Hou and
known quarks. The same can be done for the lepton séctorStuart have shown that th& is peculiar in the sense that
This is called a sequential fourth generation model and i®ne-loop flavor change decaylavor change neutral cur-
ren) can dominate over charged currg@C) decays. De-
pending on the values of the CKM matrix elements and as
3Now that it is finally accepted that neutrinos have mass, the SMONg as the Higgs boson channel remains closed, there are
has to be changed to accommodate this new feature. We do ngdainly two processes in competitiorb’—bZ and b’
restrict ourselves to any specific mechanism that generates the very CW. As soon as the Higgs boson channel opens the decay
high neutrino mass needed in SM4. b’ —bH can be as large as'—bZ. Other decays such as
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b’—bg and b’ —by and three body decays give smaller !
contributions but can sometimes be relevant. ST

The three body decays’ —be"e™, b’—bvv, andb’ 08 ' :

—bqq, including box diagrams, were calculated[R0]. At E
that time, the top mass was still unknown and thewas
taken to be much larger than the top mass. Under these cor
ditions and for the range of tH® mass in study, the sum of
all three body decays could be as largebas-bg. It could

be even larger for a “smallt mass and a very largé mass

[20]. But it turned out that the top mass 48175 GeV and , N k
electroweak precision measurements fargeto be close to 02 N BT
my, for the range ob’ mass under consideration. In our case N , T

we estimate all three body decays plus the ddzay by to o b’ ->bg —
be smaller tharb’ —bg. Nevertheless, because we want to 9 100 120 1o 160 180
tr)n,ak(T3 a conservative estimate we will take it to be as large as mp (GeV)

— .

Usigg the unitarity of the CKM matrix, its approximate FIG. 1. Branching ratios as a function of thé mass. The Higgs
symmetry V,p Vip~— ViV, and taking Vi, V=<0 boson channel is closeRcky=0.001 andm,=mjy +50 GeV.
and Vo~ 10~2 we can write all branching fractions as a '!'he _dashed line i’ —bZz; the full line isb’—bg and the dotted
function of three quantities alondcxy, My, andm,, . lineisb’—cW.

role in the final result. Using a very large value as for in-m, ,~125 Gev, that is,m,—m,=0. Then the NC rises

stanceVp Vy,~10"* gives a contribution much less than again and the CC falls crossing at 140 GeV. Wiy

1% to theb’—bZ decay width. The same is true when we grows so doe®’—cW and the crossing point is shifted to
relax the conditionV/,/Virp=~ — Vi Vi, Near to a Glashow-  the left. As the mass difference tends to zero the GIM effect
lliopoulos-Maiani (GIM) cancellation region. Relaxing this is shifted tom,,~m;.

condition leads to an increase by several orders of magnitude In Fig. 2 we show the branching ratios as a function of
of the values of the neutral curreIC) decay widths but Rcky with m,, =110 GeV andm;; —my,, =1 GeV. As we
they are always much smaller than the CC decays in thatlready knew, the NC’s are favored by small value®gky
region. becauseRcky is a direct measure of the charged currents.

One-loop calculations of the N®' decays were per- Again, whenmy,, grows so doed’—bZ and the crossing
formed using the FeynArts and FeynC&RS] packages for point is shifted to the left. The same happens wimen
generating and computing the complete set of diagrams and My decreases as explained above.
the LoopTools/FH24] packages for the numerical analysis.

We have carried out several checks in the four generation lll. RESULTS AND DISCUSSION
model following[4,18-2] and in the SM againgi25,26. We are now in a position to draw exclusion plots on the
We have found full agreement in both cases. plane Rcxm.My:) With my, as a parameter. Using the latest

The branching ratios depend on three quantities alone and
96 Ge\=m,,»=<180 GeV. So, we just have to decide on
what values oRcky andm;, to use. Since we know that,, | b ->bZ
is limited by precision data we will study two extreme cases osf b oseW
m,=my,, +50 GeV and the almost degenerate casg -
=my +1 GeV. In the exclusion plotRcky is a free param-
eter and so no assumptions on its variation range were mad
However, there is a hint on its most significant values com-
ing from the fact that the competing NC and CC cross at
10 3<Rcky=10 2. We will come back to this point later.

In Fig. 1 we present the branching ratios as a function of
the b’ mass withRcky=0.001 andm;,—m;, =50 GeV. 02} .
The closer tom,, =96 GeV we are the largdy’ —bg gets
due to phase space suppression of the competingbNC b —>bg
—bZ. In fact, for an almost degenerate fourth family and 0 o= 0,002 0004 0,008 0.008
small values oRckym, b’ —bg can be the dominant NC for
my, =96 GeV. As soon as one moves away from this value,
b’ —bZ becomes the dominant NC. If the Higgs boson chan-  FiG. 2. Branching ratios as a function of thR 1 With my,
nel is closed , fom,, =97 GeV, the competition is always =110 GeV andn,,=m, +1 GeV. The dashed line I —bZ; the
betweerb’ —cW andb’ —bZ. As my rises so does the NC full line is b’—bg and the dotted line ib’ —cW. The Higgs boson
except if the GIM mechanism gets in the way. It can bechannel is closed.
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_FIG. 3. 95% C.L. excluded region in the planBdkm M) FIG. 5. 95% C.L. excluded region in the planBdxy ,My)
with my—m,, =1 GeV, obtained from limits on Br_,z and  ih m, —m,,=1 GeV, obtained from limits on Br_,, by the
Bry _cw (top). CDF Collaborationbottom) and By, _, .\ by the DO Collaboration

. . (top). Upper, central, and lower curves correspond to the values
experimental data from the DELPHI Collaboration and thegeq for thep’ production cross section.

data from the CDF and DO Collaborations together with the
theoretical values of the cross sections and the branchinlga,[es oveb’
ratios we have drawn the exclusion plots shown in the fig-

ures below. The upper regions are excluded by the limits org _.bZ becomes the dominant neutral current, B, falls

Br, _cw and the lower regions by the limits on Br,;,». .
The results based on the DELPHI data are shown in Figé.eSS ;harply wittmy, th_an the other neutral currents and that
éxplains why there is a lower bound for, e.g., @,

3 and 4. The only difference between the two plots is in the™ g g
value of my,. It can be seen that as, —m,, grows, the =100 GeV in Fig. 4 but not in Fig. 3. After 102 GeV almost

allowed region gets smaller. This is becausg. By, de- 2:;\‘/’:'?06;322 ?n"g;vsesa?fgsuse the experiments are not sen-
creases withm,, due to a GIM suppression as longrag is . Co .
smaller thanm, and (m,—m)—0. On the contrary, In Figs. 5 and 6 we show similar plots bu't using the CD_F

¢ vt ] ' and the DO data. The DO data are responsible for excluding
Bry, _,cw does not depend on theé mass. Hence, amy,

ows. B becomes dominant and the upper excludedthe upper regions because they deal with CC’s as the CDF
grows, B/ _.cw PP excludes the lower regions due to the bounds on NC’s. The
region increases.

The reason why there is not a lower bound close to 9 hree curves marked upper, central, and lower are related to

GeV in both figures is because of the competing neutral Cur_he theoretical error bars in tHg production cross section.

rents. Close to th&b threshold &96 GeV),b’—bg domi-

—bZ and the experimental bound onBr, >
ecomes useless. As one moves away fronZthéhreshold,

0.003

0.0025

0.002 0.002

” 0.0015 E
&
0.001
0.001
0.0005
0
100 120 140 160 180
mp’ (GeV)
mp’ (GeV) FIG. 6. 95% C.L. excluded region in the planBdikm ,my)

with my; —m,,=50 GeV, obtained from limits on Br_,; by the
FIG. 4. 95% C.L. excluded region in the planBdip ,My) CDF Collbaboration(bottom) and By, _. by the DO Collabora-
with m,,—m,,=50 GeV, obtained from limits on Br_,, (bot-  tion. (top). Upper, central and lower curves correspond to the values
tom) and By, _, . (top). used for theb’ production cross section.
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0.01

tial model. Using all available experimental data fog,
>96 GeV we have shown that there is still plenty of room
Excluded my —mp =50 GeV for ab’ with a mass larger than 96 GeV. We have also shown
oco7s | by DO my =115 GeV 1 that the allowed region decreasesgs increases. In fact, as
the gap between the fourth generation quark masses in-
creases the allowed region shrinks. Notice that this is in full
agreement with the tendency of a small mass gap, if not
completely degenerated, favored by the electroweak preci-
sion measurements.

All plots show thatRc is for sure smaller thar-10"2

without Higgs and it can be as small as10™ 4. This is not surprising
because this region is exactly where we expected it to be. In
Excludedby CDF ~  with Higgs fact, the CKM values we know so far suggest thég,

0.005 -

RC KM

0.0025

0
120 140 160 180 ~10 4-103. If V,,~10"* then a value oRcxy between
mp’ (GeV) 10 2 and 10 “ is absolutely natural. Moreover, the limit we
have obtained fo¥/ ., in the last section makes it even more

FIG. 7. 95% C.L. excluded region in the planBdkp, My)
with m,, —m,, =50 GeV, obtained from limits on Br_,, by the natural. . . . .
CDF Collaboration(bottom) and By, _,.w by the DO Collobration We know that the DELPHI analysifl2] is being im-
(top). The darker region is the excluded region with a Higgs bosorProved. In the near future we hope to reduce very much the
of 115 GeV. Central values were taken for thieproduction cross ~ allowed region in Figs. 3 and 4. As far as we know there are
section. no new results from the CDF and the DO Collaborations

improving their bounds. For largey, —my, and for some

Again and for the same reason the excluded region growsalues ofm,,, the CDF/DO limits almost shrink the allowed
with m, —my, . This means that like the constraints from region to zero. Hence, a small improvement in the analysis
precision electroweak data, the experimental data also disfaould disallow a large region of the parameter space.
vor a fourth family with a large mass difference between the  As for the future, searches in hadron colliders will have to

two quarks. wait for the Runll of the Tevatron and for the Large Hadron

In some cases the allowed regions in the CDF/D0O an . e . L
DELPHI plots overlap and the excluded region grows. Fog:olllder(LHC). Theb'b’ production cross section increases

instance, considering m, =100 GeV and m, — my, by roughly two orders of magnitude qt the LHC compgred to
—50 Ge{/ we get for DELPHI 4510 *<Rcyy<8.4 thg Te\_/atron. Thus LHC will be a copious sogrcd_aéfp_alrs.
x10~* and for CDF/DO (lowen 6.7x 10 *<Rexy<1.1 With hlgh values for cross s_ec'uon and luminosity, if back-
X 1072, Hence, the resulting excluded region is 810 * gr_ound is suppressed exclusion plots can be drawn for a very
<Reyy<8.4x107%. wide range 01b_’ masses. However, we have to worry aboqt
With the bound Vyp|2+0.75V,p|2<1.14[6] and assum- two_problems in future s_earches. From the theor_etlcal_pomt
ing |Vy|~1 it is possible to limit the value of the matrix of view we have to take into account all the possible hierar-

elementV,, . For the same value of thb’ mass,m,, chies in mass, for instance one could haye<m,<my, or

=100 GeV, we know thaRcxy<8.4x 10 * and so me<m,<my, . A careful study, including also the possibility
of finding a Higgs boson, has to be done. From the experi-
Vepr <8.4x10°4,/0.14/0.75=3.6x 10 4 mental point of view we have to know how the detectors will
perform.

with m;,=my,+50=150 GeV. The bound gets weaker for
smallerm,, [7].

Finally we show an exclusion plot with the Higgs boson
channel opened and a Higgs boson mass of 115 G&V 7).

As we expected, the inclusion of the Higgs boson makes th . . o
excluded region to shrink. By itself, the inclusion of one pending on the available luminosity, and because a small

more channel always diminishes the branching ratios angackground is expected, we believe that the excluded region
consequently less values will be excluded. Like—bz, ~ Would be very large, probably allowing the exclusion of
b’ —bh is larger for smallRey and largem,, . Hence in  SOme values ofnb,_regar(_jless of the _values of the mixing
this region of parameter space it competes with-bZ and angles. However, if a Higgs boson is found the excluded
b’ —cW making the allowed region larger. For a detailed egion will surely be smaller and will depend on the mass

Nobody knows yet if there is going to be a Next Linear
Collider (NLC) with energies of \s=500 GeV or \/s
=1 TeV. NLC would allow us to go umn,, =250 GeV or
gwb,=500 GeV which is close to the perturbative limit. De-

analysis of the so-called cocktail solution $dg: and type of Higgs boson found. For a detailed discussion on
future searches s¢&].
IV. CONCLUSION In summary we believe that there is still experimental and

theoretical work to be done to find or definitely to exclude a
In this work we have found the alloweld’ mass as a sequential fourth generation of quarks at the electroweak
function of the CKM elements of a four generation sequen-scale.
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