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Window on the Higgs boson: Fourth generationb’ decays reexamined
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Direct and indirect searches of the Higgs boson suggest that 113<@g¥170 GeV is likely. With the
CERN LEP era over and the Fermilab Tevatron run I searckpﬁa»WH+x arduous, we reexamine a case
whereWH or ZH+ jets could arise via stronlg’g’ pair production. In contrast with ten years ago, the tight
electroweak constraint otri-b’ (hencet’-t) splitting reduces FCN®'—bZ, bH rates, makingp’ —cW
naturally competitive. Such a “cocktail solution” is precisely the mix that could evade the CDF search for
b’—bz, and theb’ may well be lurking below the top quark. In light of the Higgs program, this two-in-one
strategy should be pursued.
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The search for the standard mod&M) Higgs boson is The main new observations we make are as follows. EW
the holy grail of present day high energy physics. The globaprecision data give stringent constraint mg —m,, [8]. For
electroweak (EW) fit, assuming the SM, give$l] my  m,,<m,, thet’-t splitting is considerably smaller than as-
=623 GeV, ormy<170 GeV at 95% confidence level symed in[7], and Glashow-llliopoulos-MaianiGIM) sup-
(C.L.). Together with the d+ire£:t se_arch lim2] of my pression ob’' —bZ, bH decays is more sevefé], hence
>113.3 GeV at the CERNe e collider LEP, the Higgs heph’ . cW channel becomes more prominent. Furthermore,

boson seems “just around the corner.” Surely enough, jusecent direct search by Collider Detector at Fermilgh
before LEP shutdown, there were exciting hifg4| for 10] has ruled outb’ibz decay for m,, <200 (geVFi)f

my=115 GeV, and the shutdown was postponed by ) _ 0 :
month. The extra data collected did not greatly strengthen th ,(int;Z()j”u%gfgszf l;nz:;\y Eﬁtg\{c?li?ibgo_)n?ix\gr(:ﬁuqorg ot

case, but it was argued that a further run with abou / , .
200 pb ! per experiment afs=208.2 GeV might lead to a predominan{11] b —CcW decay could help explain some

50 discovery[4]_ Unfortunate|y, the wish was not granted, irregularities of thett Signal. We argue that the Cabibbo-
fearing it might jeopardize the schedule for the CERN Largeobayashi-Maskaw&CKM) mixing elementVy, ~ 102 is
Hadron Collider (LHC)—the main goal of which is the plausible, and is just the right amount to allow a “cocktail
Higgs boson. As LEP is now closed, we have to wait for runsolution” of b’ —cW, bZ, andbH that can evade the CDF
[l at the Fermilab Tevatron which starts in 2001, or the turnbound. This offers new possibilities for the Higgs search up
on of LHC in 2005. to my<mp,—my.

Not surprisingly, the Higgs boson search in the 110-190 |t is known that, if theb’ quark exists andan, <m,, it
GeV range is now one of the prime objectives for Tevatronmay decay in unusual ways: the charged curt@e) b’
run Il. The main processjg—V* —=VH(V=W, Z) fol- —tW decay is kinematically forbidden, th& —cW decay

lowed by H—bb and leptonicV decays[5] suffer from a is highly Cabibbo suppressed, hence flavor changing neutral
small electroweak cross sectiomt(qa—>WiH)zO.3 to  current (FCNQ b_’—>b transitions Would_ likely do_minate
0.002 pb at run Il energies for 100 GeVn, <200 GeV.A [12]. The suggestion was pursuig] by collider experiments
very recent study6] claims that, with suitable cuts that ex- at KEK TRISTAN, SLAC Linear Collider (SLC), LEP, and
ploit the kinematic differences between signal versus backTevatron, with LEP setting the unequivocal bound o
ground, a statistically significant signal can be extracted if>mz/2 on all new fermions= that couple to theZ. The DO

one hassufficientluminosity. However, with the 2 fb! ex-  Collaboration [13] excluded the rangem,/2<my, <m;
pected by the end of 2002, one can barely rule out the LER-my, by a null search fob’—by andb’—bg. We remark
hint of my~115 GeV at 95% C.L., while, to have as5 that, withN,=3 as measured by SLC and LEP since 1989,
discovery, one would need 10-15 “fb Since this seems to the existence of a sequential fourth generation is not strongly
be the amount of data one may realistically be expected benotivated(for a recent review, see RgR]). However, the
fore the start of LHC physics, the Tevatron path to the Higgsobservation of neutrino oscillations does imply an enlarged

boson search is arduous. neutrino sector. A more important motivation comes from the
Itis clear that a premium should be placed on processegitense competition for the Higgs search as just stated.
with higher cross sectiondut manageable backgrourthat Form,, >mz+m,, the decayp’ —bZ[12] is expected to

could aid the nggS search at the Fermilab Tevatron. In thi&jominate over the other FCNC decay processes, except for
paper we revisit a cade’] where theWH or ZH signatures b’ —bH [7,14] if m,,>my,+m, also. Recently, the CDF
arise from strongpp—b’b’+X production of sequential Collaboration[10] gave an upper limit on the product
fourth  generation b’ pairs, followed by b’ U(pﬁﬁb'H)x[B(b'_,bz)]Z as a function ofm,, , which
—CW, bZ, bH decays that are all of comparable excludes at 95% C.L. the range 100 Gel,, <199 GeV
strength. The effectivpp—WH+X or ZH+X cross sec- if B(b'—bzZ)=100%. ForB(b’'—bH)+#0, so long that
tions could be at a few pid. B(b’—bZ) does not vanish, the CDF bound still largely
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applies since hadronic final states lof—bZ and bH are 07

rather similar, and in fact, theH mode has bettdr-tagging I $E = }ig 2

efficiency. What CDF apparently did not pursue in any detail 0.5%, e = 12‘5’ M

is the b’ —cW possibility. Clearly theb-tagging efficiency an I+, '0.. b

for cW mode would be much worse th&rZ or bH. Sinceb 03 i, %,

tagging is an important part of the COiF —bZ search strat- % T+, '0..

egy, one may evade the CDF searctB{b’ —cW) is siz- 0.1r %o ++++ o0,

able. 0| TR T o TR T T Tio
Precision EW data provide stringent constraints on the my (GeV)

fourth generation: there is a 2r&discrepancy betwee8= _ ) )
—0.07+0.11[8] andS=2/37=0.21 for a heavy degenerate '|:'G' L. IThe rat'(fhfr(t_’ _’bl"glsr(g \sz) vsm for sev-
fourth generation. However, using exact expressions fof & Mo VaiUes an@o=me =My = ev.

gauge boson self-energies fan, =my =150 GeV, Me ., oy ot following[7,12,14, with complete agreement

=200, andmy=100 GeV E, .N are fourth generation found. Further numerical checks agaitstcH, ¢Z [19,20
charged and neutral leptonene findg9] S~0.11 instead of i, the SM again give full agreement. In the following, we

0.21, and the discrepancy drops below. Zsiven the excel- take 115 GeVmu<170 GeV. m=175 GeV. A~=m,,
lent agreement between SM and EW data, a discrepancy aty, <60 GeV gndr E|V’ ,t/V Vip| in ’thg 1Ut3
this level in a few measurables is not tantalizing. Fr rangbe. ' CKMT 1 Febt T b b

=0.2, the 2 upper bound o is approximately 0.2 &p The CKM factors|Vy, V| ~|Vip Vi | actually cancel in
~0.0015). Using the analytic expressiondy [8], we find o (atio R, =I'(b'—bH)/T'(b'—bZ), and it depends on
Aq=|my—my|<60 GeV andA =|mg—my|<104 GeV, My, My, andmy, . In Fig. 1, we showR,,, vs my, for several
which can be weakened if we just take the constraint. At my values withA, fixed at 55 GeV. It is clear that, for light
the 2o |g‘£3|4 and for my=1 TeV, one finds[8] po 1. and relatively largem,, , R,, can be of order 0.5—1,
=0.9998 000;s Or —0.0014 5p<0.0032, hence, Ao which means’ —bH is competitive withb’—bZ so long

<86 GeV andA <148 GeV. , that it is phase space allowéd].
In the following, we shall take the conservative range oy the actual branching ratigg1],

Ag=|my—m,|<60 GeV. Form, <m, this implies that

the t’-t splitting is far lesg9] than assumed ten years ago B(b'—{cW,bZ,bH})=T' (b’ —{cW,bZ,bH})/T,,,

[7], and FCNCb’—bZ, bH decays are more GIM sup-

pressed. Thus, the C®'—cW mode, though highly we assumel',, =T'(b’—cW)+TI'(b'—bZ)+I'(b’—bH).

Cabibbo suppressed, can be more competitive. Notenthat Since TI'(b’—cW)x |V, |?  while I'(b’—{bZ,bH})

~ My ~m, wouldin general imply near maximal mixingr — « |V, /|2, the branching fractions depend critically on

Vipr =Vyp=112. rekm- In Fig. 2, we illustrate B(b’—{cW,bZ,bH}) vs
What is the “natural” strength oV, ? We cannot know  r = |Vp /VipVyp| for m,,, my, Ag=130, 115, 20 GeV

for certain, but we give two plausible arguments here. Sinceind 160, 130, 40 GeV. Fargy>3%x103, B(b'—cW)

each involves two generation jumps, perhag ~V,p, or

one could guess that., ~mg/my, sinceV.,~mg/my [15]. 1
Both cases sugge$t.,, ~ 103, just what is needed to make 8 0.8 000000009
b’ —cW~b’'—bZ in rate, as we will show. Thus, EW pre- & OooooO ,
cision data, while not strongly supporting the existence of a ob 0'6"0. o° E:E‘g i
fourth generation, together with the hierarchical pattern of = 04 009.. b>bZ e
guark masses and mixindsad naturally to the cocktail so- % 02 '0....
lution of b’ —cW~bZ=bH that can evade the CDF search & 0 ..+++++++++++:::ffgg,,,,”“
for b’—bZ. This is in contrast to previous expectations 01 02 03 04 05 0.6
[7,12,14 that b’—cW would be considerably belovn’ TorpX 102
—bZ,bH decays. We remark here that comparisonb6f
—cW andb’—bZ were made recently in Rdi9], but not in 1
conjunction withb’ —bH; the importance of the latter mode 0.8 000000°%°
was emphasized in Ref16] in the context of evading CDF . 00 ©
bound onb’—bZ, but a detailed discussion of the cocktail 0.6 %o, o°°
solution was not given. 041 2,

We perform a one-loop calculation bf —bZ, bH using 0.2000 "0......
the FEYNARTS and FEYNCALC [17] packages, where the full 0 *+++++++++++++++::::::::!'

set of diagramgsee Fig. 1 off7]) are generated and com- 01 02 03 04 05 06

puted, and we use thEF package{18] for our numerical TegmX 102

analysis. We keep both external and internal masses, except

the m, (and mg, m,) which can be neglected to a good  FIG. 2. B(b'—{cW,bZ,bH}) vs reem for my, my, Ag
approximation. Several analytic and numerical checks are-130, 115, 20 Ge\Muppe) and 160, 130, 40 GeViower).
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0.8 %o FIG. 4. Comparison of CDF search fot—bZ and our scenario
0.6 OoO with my=115, A,=50 GeV. The dotted curve is the predicted
0.4 Ooq0000®? o(pp—b’b’) at 1.8 TeV, while the solid curve is the 95% C.L.
0.2 .."++9¢gg+ upper limit on o(pp—b’b’)X[B(b’—bZz)]? [10]. The open
) .::++++ © (blacK circles correspond t8(b’ —bZ) as computed in our model
3
0100135130 160 180 200 for r e =0.001 (0.002).
my (GeV) upper limit of CDF for a broad range of parameter space, as

illustrated by the cxy=0.002 case fom,, =140 GeV. This
is consistent with Figs. 2 and 3. We note that a lighy
around 110 GeV is still allowed, although this case would

>80% which would unlikely survive the standard top not help in the Higgs boson search. L
search. On the other hand, fiagcy~(1-3)x 103, we find We now compare the cross section f@p—b'b’
that = B(b’—~bZ7)~64-20% (65-26%, B(b'—cW)  _ (cw)(bH) or (bZ)(bH) with the direct Higgs production
géigﬁg&gﬁ;fgg ;nndd fv(vba?ebggn:pzza_b?g Z)rfdwr;ay mechanismpBHWH, ZH. For illustration and clarity, we

' ' ' recapitulate our numerical results from Fig. 2 for run Il en-

a”?/\cvetir:ﬁ gérgtléarilr(l ::Oi evéalg((abt,he {Cé [\DNELE EZH }é)esgcr?{ for ergies(2 TeV) at the Fermilab Tevatron in Table I. The cross
. — ' . — — -
' 9 v b sections forpp—WH, ZH and pp—b’b’ are taken from

tw | f ith Ao=50 GeV held fixed. F ! . .
10% gelismg LC1K3M5 V(\gev Qhence i50 ée«/rlr)](e< lggr [22] and[23], respectively. It is clear that the cross sections
’ t/ —

GeV,b’'—bZz, bH are suppressed by smalk splitting, and ~ for WHcb or ZHbb are larger than the corresponding ones
b’ —cW predominance can be seen from the left-hand siddor direct associatedVH or ZH production, unless cuy
of Fig. 3. Away from this range where the GIM mechanism is = |Ven /VioVipr| becomes considerably larger than few
severe, B(b’—cW) decreases as we increasg, while X103, or vv.henb’HbH is kinematically suppressgd. Thus,
B(b’—bZz) and B(b’—bH) grow. It appears from this plot Our suggestion should be welcome news for the Higgs boson
that form,,>150 GeV, the three decays we are considerings@arch program at the Fermilab Tevatron run Il In any case,
have the same order of magnitude with no single mode fulljhe search fob’ below the top should continue by taking
dominating. For example, farcy=0.004 andm,,, my into account théb’ —cW mode. By so doing, one may un-
=170, 115 GeV, the modesW:bZ:bH=2:2:1 inrate. cover the Higgs boson. o .

To illustrate that this scenario can evade the CDF search Curiously, there are some indications that the cocktail so-

for b’ —bZ, we reproduce Fig. 2 of Ref10] in our Fig. 4.  lution of b’—cW, bZ, andbH should be taken seriously

The dotted curve is the predicted cross sectiofpp a_nd hence revisited even for run | data. It is known that the

—.b’b’) at 1.8 TeV, the solid curve corresponds to the g50,it events at the Fermilab Tevatron have some irregularities

C.L. upper limit ona(pp—b'b")X[B(b'—~bZ)]% From TABLE I. Comparison ofa(pp—b’b’—WHcb, ZHbb), and
the crossing of the two curves, CDF rules ount, o(pp—WH, ZH) (in pb) for my,, my, Ag (in GeV) andr ey
<200 GeV ifB(b'—bZ)=100%. Our results are shown as _ i
i [Vep IVipVyp| taken from Fig. 2.

open and black circles farcky=0.001 and 0.002, respec-
tively. For largerrcyy values, they drop out from the plot. m,,  m, Aq reew WH WHod ZH  zHbb
We have held the splittingso=m;;—m,, =50 GeV fixed.
This leads to the valley arounu,,~125 GeV, caused by 130 115 20 0.001 020 065 011 149
my=m,. Very low cross sections in thie' —bZ mode can 130 115 20 0.002 0.20 0.78 0.11 045
evade the search of R¢f.0], but it would likely be ruled out 130 115 20 0.004 0.20 0.39 0.11  0.06
by past top searches sinbé—cW is predominanfl1]. The

reverse situation illustrates the power of the CDF study: thel60 130 40 0.001 0.13 0.60 0.07 214
region GeV14&my, <160 GeV forrcgy=0.001 is ruled 160 130 40 0.002 0.13 1.00 0.07 0.88
out becaus#(b’ —bZz) is predominant. However, it is clear 160 130 40 0.004 0.13 0.68 0.07 0.5
that the theoretical prediction is smaller than the 95% C.L

FIG. 3. B(b'—{cW,bZ,bH}) vs my, with my, Ay=115, 50
GeV for r k= 0.002(uppe), 0.004(lower).
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that are, though not yet statistically significant, somewhain the larger SLT versus SVX tagged cross section. The
tantalizing. First,ooth CDF and DO0[24] report a lowerm,  dilepton and all hadronic cross sections are also somewhat
=167-168 GeV in the dilepton channel, whér¢agging is  larger than theory expectation of order 5 ‘ﬁb However,

not used. Second, for single lepton plus jets channel, DO an@ot much more can be said because of experimental errors at
CDF [25] are in good agreement an,, but the CDF cross the run | level of statistics. One would also need detailed
section extracted from soft lepton t&gLT) is almost twice knowledge of experimental efficiencies. Although one cannot
as high from the displaced verté8VX) tag, with fittedm, draw a definite conclusgn, it may still be worthwhile even to
as low as 142 GeV. Third, the all hadronic study of CDFreinvestigate the run Itt” data, keeping in mind the possi-
[26], which relies heavily onb tagging, gives m, Dbility of the cocktail solution: There may actually be charm
=186 GeV, the highest of all studies. Interestingly, if onejet content intt-like events. At run Il, such a study would be
demands two SVX-taggeh jets for single lepton plus jets imperative, for not only one would have the statistical power
sample, the fit following CDF dilepton procedure also givesto distinguish, a more exciting Higgs boson search program

a high mass ofm,=182 GeV[24]. could be at stake. One could be discovering the Higgs boson
For sake of illustration, we show that the combinationtogether with two new quarks.
m;~175 GeV andm,,, m,~160, 210 GeV, witht,t’ We have shown in this analysis that, once the constraints

—bW [27] and the cocktail solution di’ —cW~bZ>bH, from precision measurements are taken into accoomt,

can account for these curiosities. For dileptons without ~my~m; could be the case. This suppresses ECN’C
tagging, one largely probesbw*W~ for top andt’, and —bZ, bH decays so the C6’—cW decay becomes impor-
e aay— , ” tant. It should be welcome since this is just what is needed to
ccW™W~ for b’. One would get lower fn,” and a some-

. . . ...evade the CDF null search fof —bZ. In a rather plausible
what larger cross section. For single lepton plus jets with

A B i ; parameter space and if the GIM suppression of FCNC modes
SVX b-tag, one is less sensitive tob’, thereby getting an

; ) is not overly strict, one can have the cocktail solutiorbof
average fn;.” However, applying SLT tag but no SVX'tag, _,cw-~bz>hbH, and there could be actual charm jet con-
one is then sensitive to both and ¢ semileptonic decays

with similar efficiencies, and one would be more sensitive totent of observedt events. Such a signal should be consid-

, ) — ) ered for better scrutiny of top-like events, and might uncover
b’—cW decay which has a largér'b’ cross section and @ he Higgs boson handily at the Fermilab Tevatron run Il via
lower fitted “m,.” For all hadronic final states since one

demands an SVX tag to suppress QCD background, one isppHCbWHjo or bbZH+X signatures.

more sensitive ta,t’ —bW hence a higher ih,” is found. This work is supported in part by NSC-89-2112-M-002-
The pattern in cross sections could also be reflecting th863 and 0129, and the MOE CosPA Project. We thank Jaro-

presence of both’ andt’ besides the top, as already statedslav Antos and Paoti Chang for discussions.
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