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Fourth standard model family enhancement to the golden mode at the upgraded Fermilab
Tevatron

O. Çakır
Ankara University, Faculty of Sciences, Department of Physics, 06100, Tandogan, Ankara, Turkey

S. Sultansoy
Gazi University, Faculty of Arts and Sciences, Department of Physics, 06500, Teknikokullar, Ankara, Turkey

and Institute of Physics, Academy of Sciences, H. Cavid Avenue, 370143, Baku, Azerbaijan
~Received 10 July 2001; published 11 December 2001!

We study the observability of a Higgs boson at the upgraded Fermilab Tevatron via the modesgg→h
→ZZ→4l ( l 5e,m). We find that the signal can be observed at an integrated luminosity of 30 fb21 if the
fourth SM family exists.
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In the standard model~SM! one doublet of scalar fields i
assumed, leading to the existence of one neutral scalar
ticle h. The requirements of the stability of the electrowe
vacuum and the perturbative validity of the SM allow us
set upper and lower bounds depending on the cutoff scaL
up to which the SM is assumed to be valid. Experimenta
constraints on the SM Higgs boson are derived directly fr
searches at the CERNe1e2 collider LEP2 which lead to
mh.114.3 GeV @1#. The CERN Large Hardron Collide
~LHC! should be able to cover the full range of theoretic
interest up to about 1000 GeV@2#. A Feynman diagram for
the golden mode of Higgs boson production and dec
through heavy quark triangle loop is shown in Fig. 1.

On the other hand, the SM does not predict the numbe
families of fundamental fermions. In the democratic ma
matrix ~DMM ! approach the SM is extended to include
fourth generation of fundamental fermions with masses ty
cally in the range from 300 GeV to 700 GeV@3,4# ~for a
recent situation see@5#!. The fourth SM family quarks will
be produced copiously at the LHC@2,6#. At the same time a
fourth generation of fermions contributes to the loo
mediated processes in Higgs production (gg→h) and de-
cays. In this note we consider the influence of the fourth S
family on the Higgs boson search at the upgraded Tevat
The simulation is performed using thePYTHIA program@7#
for both signal and background calculations. Top quark m
and the vacuum expectation value of Higgs field aremt
5175 GeV andv5246 GeV for the input parameters. W
set the related switches to choose thePDFLIB proton parton
distribution function library for CTEQ4M@8# instead of the
PYTHIA internal one.

Two relevant regions of Higgs boson masses, nam
125–165 GeV and 175–300 GeV, require special attent
For Higgs boson mass above 135 GeV, the decay modh
→WW becomes dominant. Hadronic final state is ov
whelmed by the QCD background, therefore, one sho
deal withW!W!→ ln j j andW!W!→ ln ln modes@9#. How-
ever, the channelh→ZZ is also important for the final stat
observation in the leptonic channel. The decay width
Higgs boson in the channelh→ZZ and its branching ratio
are given in Fig. 2. The calculations are performed us
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PYTHIA taking into account the 4th SM family. In the mas
range 135–180 GeV, the width of the Higgs boson gro
rapidly with increasingmh .

For Higgs boson masses in the range 175,mh
,300 GeV, theh→ZZ→4l decay mode is the most reli
able channel for the discovery of a SM Higgs boson at
upgraded Tevatron if the fourth SM family exists. The d
covery potential in this channel is primarily determined
the available integrated luminosity.

The leading production mechanism for a SM Higgs bos
at the Tevatron is the gluon-fusion process via heavy qu
triangle loop

pp̄→ggX→hX. ~1!

The lowest order cross section is given by

s~pp̄→hX!5s0thE
th

1 dx

x
g~x,Q2!g~th /x,Q2!, ~2!

whereg(x,Q2) denotes the gluon density of proton andth

5mh
2/s. The natural values are chosen for the factorizat

scaleQ (Q5mh) of the parton densities and the renorma
ization scalem5mh for the running strong coupling constan
as(m). The partonic cross section is given by@10#

s0~gg→h!5
GFas

2~m2!

A2 288p
(
Q

ugQAQu2. ~3!

The expression for the amplitudeAQ can be found in@10#.
The Yukawa coupling is given bygQ5mQ /v, where v

FIG. 1. Feynman diagram for the golden modegg→h→ZZ
→4l at Tevatron.
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5246 GeV is the vacuum expectation value of the Hig
field andmQ denotes the heavy quark mass. In spite of
large value of the fourth SM family quark masses, pertur
tion theory is still applicable formQ,870 GeV sinceaQ

5gQ
2 /4p,1. This restriction should be considered as cons

vative one because as mentioned in@11# the scale of the
corrections to Yukawa interactions of the Higgs boson w
heavy quarks is given bygQ

2 /(4p)2 and these corrections ca
be neglected for heavy quark massesmQ,3 TeV.

There are also contributions toh production from vector
boson fusion processes, which remain at a low le
(2 –10)% compared to the gluon-fusion process. Furth
more, gluon fusion process yields the largest cross sec
typically a factor of four above the associated product
@9,12#.

The two-loop QCD corrections enhance the gluon fus
cross section by about 80%. Therefore, we simply rescale
three-level cross sections by a factorK51.7 to match the
next leading order~NLO! result for the overall rate@13#. The
results are shown in Fig. 3. We have used the CTEQ

FIG. 2. Decay width and branching ratio for the channelh
→ZZ depending on the mass of Higgs boson.

FIG. 3. Total cross sections versus the mass of Higgs boson
three and four family cases. An enhancement factor«4/3 depending
on the Higgs boson mass is also shown.
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parton distribution functions@8# in our calculations. In the
case of three SM families Higgs boson production cross s
tion is roughly 1.0(0.05) pb formh5100(300) GeV. How-
ever, this cross section is enhanced by a factor 10(6) du
the fourth family quarks. Obviously, the same enhancem
takes place for the golden mode and this makes the si
observable over the corresponding background. It is obvi
that in the infinitely heavy quark limit@14,15# the expected
enhancement factor is equal to 9. Indeed, formt ,md4

,mu4

@mh the amplitude forgg→h process becomesAt1Ad4

1Au4
53At . It should be noted that the heavy-quark a

proximation for the matrix elements is rather bad, but in@16#
it is shown that the approximation is rather good if it
applied to the relative correction factor only. In this appro
mation, theK factor changes weakly in the considered Hig
boson mass region. For this reason, chosen value (K51.7)
can be considered as a good approximation for the qua
tive estimations.

In Fig. 4, we present the cross sections for the proc
pp̄→h X→4l X depending on the Higgs boson mass f
three and four SM family cases. The signal is reconstruc
by requiring four charged leptons 4l ( l 5e,m) in the final
state. We use the branching ratioB(Z→ l 1l 2)53.35
31022 for l 5e,m. In Table I, we present the number o
‘‘golden’’ events in the four SM family case at an integrate
luminosity 30 fb21.

TABLE I. The expected number of ‘‘golden’’ events in the fou
SM family case at integrated luminosity 30 fb21.

mh (GeV) G(h→ZZ) B(h→ZZ) s4(fb) N(4l )

100 3.931023 6.831024 2.831022 0.8
110 4.631023 2.631023 7.831022 2.3
120 5.631023 9.531023 2.531021 7.5
130 7.431023 2.531022 5.531021 16.5
140 1.131022 4.931022 8.931021 26.7
150 2.031022 6.831022 1.0 30.0
160 8.331022 4.031022 4.931021 14.7
170 3.631021 2.331022 2.431021 7.2
180 6.131021 5.931022 5.031021 15.0
190 9.931021 2.131021 1.4 42.0
200 1.4 2.531021 1.5 45.0
220 2.3 2.831021 1.1 33.0
240 3.4 2.931021 8.431021 25.2
260 4.7 3.031021 6.331021 18.9
280 6.4 3.031021 4.731021 14.1
300 8.4 3.131021 3.631021 10.8

TABLE II. Observability of the ‘‘golden’’ events for integrated
luminosity 30 fb21 within the mass window 10 GeV.

S B S/AB

mh (GeV) SM-3 SM-4 SM-3 SM-4

200 3.5 33.8 16.4 0.9 8.3
250 2.0 16.0 8.8 0.7 5.4
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The most serious background is the pair production oZ

bosons, pp̄→ZZX(Z→ l 1l 2), which has s'8 fb and
should be taken into account formh.2mZ . This background
can be suppressed by consideration of the four-lepton inv
ant mass distribution. Invariant mass distributions of fo
charged lepton final state are given in Fig. 5 for two valu
of Higgs boson mass. We assume the mass window o
GeV around the Higgs boson mass. In the same figure,
present the main background coming from twoZ production.
In the four SM family case we usem45640 GeV. Taking
the mass valuem45320 GeV leads to negligible differenc
in cross sections. As can be seen from the Table II, we ob
34 signal events against 16 background events within
mass window 10 GeV ifmh5200 GeV. The statistical sig

FIG. 4. The cross section of ‘‘golden’’ events depending on
Higgs boson mass for the cases of three and four SM families
t,
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nificance for 4l signal is 8.3 and 5.4 formh5200 and 250
GeV, respectively.

In conclusion, the golden mode will be observable f
175,mh,300 GeV with more than 3s significance if the
fourth SM family exists. The same statement takes place
for 125,mh,165 GeV, however we do not consider th
region in detail because it is covered by theh→WW mode
@9,12#.

We are grateful to E. Arık and S. C¸ etin for useful discus-
sions.
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FIG. 5. The invariant mass distributions of the signal and ba
ground formh5200 and 250 GeV.
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