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1. Introduction

The main goal of the LHC experiments is the vindication or rejection of the Higgs mech-

anism as the underlying cause of fermion masses in the Standard Model (SM). Higgs

boson searches are therefore of utmost importance. Understanding the flavor structure

of the SM, including the determination of the number of fermion families, is also a key

goal. The data from LEP-1 strongly favored three families of fermions with light neutrinos

(mν < mZ/2) [1]. Thus, there are no experimental or phenomenological evidence exclud-

ing the existence of a fourth fermion family with a heavy neutrino. Indeed, the recent

electroweak precision data are equally consistent with the presence of three or four fermion

families [2, 3], whereas the four family scenario is favored if the Higgs is heavier than

200 GeV [4]. These compelling reasons form a primary argument to search for a fourth

SM family with heavy fermions. A secondary impetus arises from the as yet unexplained

hierarchy observed in fermion masses. If there were four SM families and their Yukawa

couplings were identical, then the diagonalization of the 4×4 mass matrix in which all

elements are unity, would yield a single non-zero element (M44) [5 – 7]. In this case, the

observed masses of fermions in the first three families can be obtained from perturbations

on uniform 4×4 mass matrices [8 – 10]. This idea is referred to in the literature as “flavour

democracy”: see the review in [11] and references therein. A third and more recent moti-

vation for the fourth family arises from the proposed charge-spin unification [12]. Finally,
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Figure 1: Possible ν4 pair production via Z (left) or Higgs boson (right) at the LHC.

recent measurements from the B factories and the Tevatron have shown deviations from the

SM, which have been attributed to the possible existence of a fourth generation [13 – 15].

From an experimentalist’s point of view, a heavy quark and a heavy neutrino are both

very interesting particles to search for at the LHC. Searches for heavy quarks of the fourth

SM family have been considered elsewhere [16 – 19]. Heavy neutrinos can be produced in

pairs at the LHC and are expected to decay to a W boson and a charged lepton with flavor

dependent on the particular Maki-Nakagawa-Sakata (MNS) matrix [10]. The Majorana or

Dirac nature of the fermions will have an important impact on the observed outcome: those

final states, in which both leptons have the same sign, are expected to be free of direct

backgrounds and therefore offer a distinct signature. The use of such signatures for Higgs

boson discovery via a so-called “silver mode” was recently proposed [20]. While inclusive

final states with single fourth family members might be enhanced by lower production-

energy threshold, their production cross-sections have a sine-squared dependence on mixing

angle and thus, are heavily suppressed.

In this paper, the impact of fourth family quarks on the Higgs boson production and

subsequent decay of the Higgs boson into fourth family neutrinos are considered in detail.

The Z boson mediated production of the heavy neutrinos and their decay are also studied

for Higgsless scenarios.

2. Fourth family neutrinos at the LHC

The 3-family SM is extended with an additional set of quarks and leptons denoted as: u4

and d4 for quarks, e4 for the charged lepton and ν4 for the heavy neutrino. The fermion-

boson interaction vertices of the fourth family fermions are similar to the first three families.

Although the masses and the mixings of the new fermions are not fixed, the lower bound on

the mass of the fourth family quarks from Tevatron experiments is 250 GeV [21]. Following

the flavour democracy approach, the masses of u4 and d4 are taken to be degenerate and

represented as mq4
.

The tree-level diagrams for the pair production of the fourth SM family heavy neutrinos

are shown in figure 1. The pair production cross section of the virtual Z boson mediated

channel depends on the mass of the ν4 while that of Higgs mediated channel depends on

the Higgs and ν4 masses as well as the q4 mass, which contributes to the quark loop in

figure 1.

2.1 Impact of fourth family quarks on Higgs boson production

The enhancement of the Higgs production cross section at the LHC due to the fourth
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Figure 2: Higgs boson production cross section as a function of Higgs mass, for SM (circles),

SM + fourth family for mq4
= 1000GeV (upwards triangles) and similarly for mq4

= 250GeV

(downwards triangles) (left). Higgs boson production cross section as a function of the new quark

mass, for different Higgs boson mass values: 120, 300, 500 and 1000GeV (right).

family quarks via the gluon loop was previously calculated with the infinite mass quark

approximation [22]. For a more realistic cross section calculation, we modified the Higgs

production cross section software, Higlu [23], to include the effects of the fourth family

quarks with definite masses. On the left-hand side of figure 2, the Higgs production cross

section of 3-family SM is compared with that of 4-family SM, for mq4
= 250 GeV and

mq4
= 1000 GeV. It is seen that, by comparison to the results in [22], mq4

= 1000 GeV

is a good approximation to the infinite mass approximation. To further investigate the

validity of this approximation, the same cross section is also plotted in figure 2 (right), as

a function of the fourth family quark mass (mq4
) for Higgs boson mass values of 120, 300,

500 and 1000 GeV. It is seen that for a Higgs boson of mh ≤ 300GeV the production cross

section is independent of the mq4
, however for mh ≥ 500 GeV, the deviation in the cross

section is substantial if mq4
= 400 GeV. Therefore, for the rest of this note, for the Higgs

production cross section values, we use the leading order (LO) results obtained with Higlu

in the presence of a fourth family with mq4
= 500 GeV.

2.2 Heavy neutrino discovery channels

The Higgs boson branching fractions (Br) in the presence of the fourth SM family depend

on their masses. Figure 3 shows the Higgs branching fraction to the fourth family neutrinos

in the mh vs mν4
plane with mq4

= me4
= 500GeV. It is observed that the highest Br(h →

ν4ν̄4) = 10% is obtained for the values of mh = 250 GeV and mν4
= 90 GeV. The branching

fractions of the Higgs boson decaying into its main channels such as W+W−, ZZ, tt are

presented in figure 4 as a function of the ν4 mass, for mh = 300 GeV and mh = 500 GeV.

The width of the Higgs boson at these two mass values is around 9 and 67 GeV respectively.

In the absence of the Higgs boson, the virtual Z boson mediated channel will, in fact,

be the only ν4 pair production mechanism. The cross section of the ν4 pair production

is calculated for three cases: Higgsless scenario (i.e. the Z-boson channel), Higgs with
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Figure 3: Branching fraction of the Higgs boson decaying into ν4 pairs in the 2D plane of Higgs

and ν4 masses.
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Figure 4: Branching fractions of the Higgs boson decaying into W, Z, ν4 or top-quark pairs, in

the presence of a fourth family with mq4
= me4

= 500GeV. The dashed (solid) line corresponds to

the branching fraction at mh = 300(500)GeV.

mass mh = 300 GeV and mh = 500 GeV.1 The results of this calculation, as a function

of ν4 mass are shown in figure 5. For the detailed study of implications at the LHC, one

benchmark point for each case is selected, hereafter represented by S1, S2 and S3. The

properties of these benchmark points and corresponding effective cross sections are given

1Electroweak precision data, in the presence of some new physics, favors high masses for the Higgs

boson [24].

– 4 –



J
H
E
P
1
0
(
2
0
0
8
)
0
7
4

σpp→Z→ν4ν̄4
(fb)mh (GeV)σgg→h (pb)mν4

(GeV) BR(h → ν4ν̄4 )σpp→ν4ν̄4→WWµµ (fb)

S1 782 N/A N/A 100 N/A 362

S2 782 300 30 100 0.088 1583

S3 144 500 10 160 0.055 321

Table 1: Benchmark points for the ν4 discovery with mq4
= 500GeV. S1 point is for the Z boson

mediated case, S2 mh = 300GeV, S3 mh = 500GeV. The cross sections of S2 and S3 include the

contribution from the Z boson.
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Figure 5: ν4ν4 pair production cross section as a function of ν4 mass for three scenarios: Higgsless

case and cases with Z+h (mh = 300GeV and mh = 500GeV). The enhancement from gluon fusion

is calculated for q4 = u4 , d4 mass of 500GeV.

in table 1 for mq4
=500 GeV. The effective cross sections in the last column of table 1,

with WWµµ final state, are calculated using the branching fractions given in [10]. In that

study, the four-dimensional CKM matrix has been parameterized as a modification of 4×4

unit matrix, and the values for the three degrees of freedom in this parameterization have

been extracted from the available experimental data. The parameterization is common

between the quark and lepton sectors and predicts Br(ν4 → Wµ) = 0.68 for different

values of the assumed unified Yukawa coupling coefficent and the corresponding values of

the aforementioned parameters.

It is worth noting that a similar study of Higgs-mediated production of heavy neutrinos

was performed for the Superconducting Super Collider, but with significantly less emphasis

on the background estimations [25].

3. Analysis strategy

The final experimental signature depends on the nature of ν4. If ν4 is of Majorana type,
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Figure 6: Feynman diagram for the ggh effective coupling vertex also showing final states with W

and µ.

the decay products would be two same-sign (SS) leptons and bosons half of the time and

opposite-sign (OS) leptons and bosons for the rest of the time. The case with SS leptons has

no direct SM model processes to contribute to its background. If ν4 is a Dirac particle, the

signature will be with two OS leptons all the time. In brief, either same-sign or opposite-

sign high pT dileptons are produced in association with two W bosons. The leptons in the

event can be used for triggering. The W bosons can be reconstructed from their hadronic

decays and/or using leptonic decay of one W boson to reduce the combinatoric background

due to high jet multiplicity. A full reconstruction of an event make the measurement of

the mass and the width of the both Higgs boson and ν4 possible. In this paper, only the

hadronic decay channels of both W bosons (thus their reconstruction) are considered.

3.1 Signal properties

A tree level signal generator, CompHEP 4.4.3 has been used to implement the 4-family

SM [26]. We have implemented the loop level process gg → h through an effective ggh

vertex coupling into CompHEP. The coupling strength was adjusted to match the LO Higlu

results. The production of the Higgs boson via the ggh vertex and its decay via the fourth

family neutrinos is shown in figure 6 for OS final states.

We have generated signal events using CompHEP and background events using MadGraph

4.2.0 [27]. The compatibility between these two tree-level Monte Carlo generators has

been previously discussed [28]. The generated events are further processed in PYTHIA

6.4.14 [29] for hadronization, addition of multiple interactions and underlying event as well

as initial and final state radiation. Finally, a fast simulation of the detector effects, such as

acceptance and resolution, is performed with PGS [31] using the parameterization for the

ATLAS detector [16].2

3.2 Background processes

The main background to ν4 pair production is massive diboson associated dimuon produc-

tion: 2V +2µ where V = W,Z. In the case of a Majorana ν4, there are no direct SM model

processes to contribute to the background, making this channel experimentally appealing.

In the case of a Dirac ν4, we calculated the total direct SM backgrounds in 2µ + 2V state

with MadGraph where the renormalization and regularization scale was set to the mass

2Since PGS does not simulate any muon mischarge, this feature was manually added with the mischarge

rate parameterized as a function of the muon transverse momentum ( ǫmischarge = 10−4+PT /200GeV ) [32].
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of the Z boson and CTEQ6L1 was selected as the PDF set [33]. The breakdown of the

most dominant SM background processes and their cross sections can be found in table 2

left side. A minimum pT requirement of 15 GeV was imposed at the generator level in

MadGraph. It is evident from the table that the direct SM backgrounds even for the Dirac

case are essentially negligible. The most generic formulation of the background processes

is in fact 2µ4j final state. However, the computational power at hand was not sufficient to

compute the cross section and generate events with MadGraph. Since the main contribution

to the 2µ 4j final state would come from γ/Z + 4j events, a dedicated software, AlpGen

2.1.3 [30] was used to calculate their tree-level cross section. With the previously men-

tioned generator level selection criteria, the cross section is found to be 56.7± 0.4 pb. For

the event generation, a shorter conservative alternative method is applied:3 all processes

yielding the γ/ZWjj final states4 are studied with MadGraph to calculate the cross section

(as listed in table 2 right side) and to generate events which are then scaled up to the full

cross section obtained from AlpGen (same table, last line). The conservativeness of the

approach comes from the fact that, in the worst case scenario, the jets in the final state

would truly come from the decay of a W boson, otherwise from an underlying event or

from QCD radiation. The last two are easier to eliminate by reconstructing the W boson

invariant mass. Therefore the sole consideration of the W bosons, as the source of the

jets in the final state, is a conservative approach. These events are considered as direct

background for the rest of this note.

For the indirect SM background, we consider the tt̄ pair production as the overwhelm-

ing candidate with a total cross section of 754.7± 1.0 pb, calculated with MadGraph. The

top quark pair production will produce a 2W + 2bj final state, which makes it a candidate

for indirect background through misidentification and additional false jet combinatorics for

the W boson reconstruction. A possible way for such a case to fake the signal final state

would be to have W bosons decay leptonically with small neutrino energy in the presence

of additional jet activity (e.g. initial or final state radiation). If both bosons decay lepton-

ically with small neutrino energy then the combination of a high energy lepton and a light

jet or a b-jet can mimic the signal. Therefore the tt̄ pair production is considered as the

indirect background for the remainder of this note.

3.3 Event selection and reconstruction

ROOT framework [34] is used to analyze the final physics objects (such as muons and

jets) provided by the simulation software. The signal and background event samples are

treated in the same analysis code used to isolate the ν4 and h candidates. The events are

first tagged by the existence of at least two muons with a minimum pT of 15 GeV. When

there are more than two such muons, the two with the highest transverse momentum are

considered. As the “silver mode” analysis concentrates on the hadronic decays of the W

bosons originating from the heavy neutrinos, the remaining events are required to have

at least 4 jets with a minimum pT of 15 GeV on each jet. All available jets are combined

3We prefer MadGraph because of the ease in running it on our computational sources. With a small

sample of AlpGen-generated events, we have validated that our results are indeed pessimistic.
4Both on-shell and off-shell γ and Z are considered.
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Process cross section (fb)

W+W−µ+µ− 2.56 ± 0.02

ZZµ+µ− 0.70 ± 0.06

W+Zµ+µ− 0.97 ± 0.01

W−Zµ+µ− 0.48 ± 0.06

Direct Total 4.71 ±0.09

Process cross section (fb)

γ→µ+µ−W jj 80.2 ± 1.7

Z
→µ+µ−

W jj 630.1 ± 7.1

Total 710.3 ± 7.3

γ/Z→µ+µ− 4j 56645.4 ± 373

Table 2: SM diboson and 2ℓ + 4j backgrounds with corresponding cross sections. All values are

MadGraph results except the γ/Z→µ+µ− 4j which is obtained from AlpGen.
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Figure 7: Kinematic distributions for the backgrounds and the signal (benchmark point S2). In

all plots, the black solid lines represent the signal events.

to find the best two W boson candidates by taking the pair with the smallest difference

from the true value of mW [1]. A further selection is applied to restrict the reconstructed

invariant masses of the dijet candidates to be within 20 GeV of the W boson mass. To reject

muons from the decays of the b quarks, an isolation criterion is applied: if ∆R between a

muon and the closest jet of PT > 20 GeV is less than 0.4, the event is rejected. The ∆Rµj

distribution for signal and two background event types are shown on the lower left side

of figure 7 for the benchmark point S2. As the signal events do not contain any missing

energy nor any b-tagged jets, these properties are used to suppress the tt̄ background. The

Emiss
T distribution for signal and two background event types are shown on the lower side of

figure 7 for the benchmark point S2. The efficiencies of all the selection criteria are listed

in table 3. The last row shows the common reconstruction efficiency, ǫcommon
reco , the product

of all individual efficiencies for all benchmark points and for the two background types.

3.4 Dirac vs Majorana neutrinos

The presented event selection and reconstruction should be extended depending on the
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selection criterion S1 S2 S3 2µ 4j background tt̄ background

at least 2µ 63.6 77.9 84.1 93.3 8.1

pT (µ) > 15 GeV 50.7 55.1 95.1 88.8 29.5

at least 4j 73.6 82.3 82.6 86.0 88.7

pT (j) >15GeV 53.3 65.6 72.2 70.4 76.0

|mjj − mW | < 20 GeV 63.1 60.5 60.3 45.9 52.8

∆Rµj > 0.4 64.5 65.9 77.4 83.0 17.4

no jb 93.6 92.0 91.5 93.6 53.4

Emiss
T < 30 GeV 74.4 64.9 68.7 79.4 15.4

ǫcommon
reco 3.7 5.7 13.4 24.2 1.2 × 10−2

Table 3: Selection criteria efficiencies (%) for the background and signal benchmark points. The

efficiency of each criterion is listed after all the previous ones have been applied.

selection criterion S1 S2 S3 2µ 4j background tt̄ background

Sign(µ1)×Sign(µ2) =1 46.6 45.5 51.2 6.8 × 10−2 15.5

∆mreco
ν4

/mreco
ν4

< 0.25 88.2 85.0 74.3 52.0 58.8

ǫMAJORANA
total 1.5 2.1 5.3 8.6 × 10−3 1.1 × 10−3

Table 4: Efficiencies (%) of the additional selection criteria for Majorana type fourth family

neutrinos.

Dirac or Majorana nature of the fourth family neutrinos. In the Dirac case, the fourth

family neutrinos and their anti-particles are distinct; therefore the muons in the final state

are expected to be of opposite sign. In the Majorana case, however, 50% of the time the

muons in the final state is of the same sign. The following analysis deals with Dirac and

Majorana cases separately.

3.4.1 Majorana case

The requirement of having same sign muons largely eliminates the SM backgrounds as seen

in table 4. To further eliminate the background events, the ratio of the mass difference

between the two ν4 candidates and their average is required to be less than 0.25. Although

the last requirement ensures a consistent reconstruction of both ν4 candidates, only their

average is shown in the final invariant mass histograms in figure 8 (upper row) for 1 fb−1

of integrated luminosity. The lower two plots in the same figure show the invariant mass

distribution in the s-channel for the two benchmark points with mh = 300 and mh =

500 GeV. In all plots, the signal is observed to be well above the background.

3.4.2 Dirac case

The charge requirement on the muons does not reduce the background as heavily as in the

Majorana case as shown in the first line of table 5. To further eliminate the background

events, the di-muon invariant mass (shown on the upper right-hand of in figure 7) is required

– 9 –
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Figure 8: Majorana case: Expected event yields for the three benchmark points S1, S2 and S3

(from left to right). Histograms on the upper row show the average of the invariant masses of the two

ν4 candidates from each event, and the lower row shows the invariant masses of the reconstructed

Higgs boson candidates. In all plots, the signal and background events are shown by solid black

and solid gray lines, respectively. The tt̄ component of the background is represented by the dashed

histogram.

to be at least 25 GeV away from the nominal mass of the Z boson. Furthermore, to reject

the muon pairs from the γ∗
µµ + 4j events and from the cascade decays of b quarks, an

angular separation ∆Rµµ > 2.0 is required. The ∆R ≡
√

(∆η)2 + (∆φ)2 distributions for

the signal and two types of background are shown in the upper left-hand plot in figure 7.

Regardless of the considerable reduction obtained from these cuts, the 2µ 4j back-

ground is still quite significant. Therefore a two dimensional selection window of m±20GeV

is considered in the mreco
ν41

− mreco
ν42

plane (figure 9). With the actual data, the centre point

of this “sliding” window can be moved to search for an excess of events. For this fea-

sibility study, the sliding selection box is centered around the true value of the ν4 mass

(m = mtrue
ν4

). The selection efficiency for this two dimensional selection criteria as well

as the final total efficiencies for all benchmark points are listed in table 5. The invariant

mass of one of the two ν4 candidates, when the other is within the sliding window, and

the reconstructed Higgs boson invariant mass, when both ν4 candidates are in the sliding

window, can be found in figure 10 in the upper and lower rows, respectively.

4. Results and discussion

The number of expected signal (s) and background (b) events are obtained by integrating

the contents of the 4 bins around the signal peak for each of the histograms shown in

figures 8 and 10. For the ν4 histograms in the Dirac case, this exactly corresponds to

counting the number of events in the sliding window. The statistical significance of the
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Figure 9: The invariant masses of the two reconstructed ν4 candidates for the S2 signal (left) and

the sum of all backgrounds (right).

selection criterion S1 S2 2µ 4j background tt̄ background S3 2µ 4j background tt̄ background

Sign(µ1)×Sign(µ2) =-1 97.3 96.5 99.9 84.5 99.2 99.9 84.5

|mµµ − mZ | > 25GeV 79.1 74.1 10.0 67.7 77.6 10.0 67.7

∆Rµµ > 2.0 72.9 65.6 34.3 59.5 74.7 34.3 59.5

|mreco
ν4

− mtrue
ν4

| < 20GeV 67.9 60.4 5.5 6.1 39.6 6.06 13.6

ǫDIRAC
total 1.4 1.6 4.5 × 10−2 2.5 × 10−4 3.1 5.0 × 10−2 5.7 × 10−4

Table 5: Efficiencies (%) of the additional selection criteria for Dirac type fourth family neutrinos.

expected signal was calculated using the definition: S =
√

2 × [(s + b) ln(1 + s
b
) − s] [35].

The table 6, contains the number of signal and background events, and the significance

for the three benchmark points. The signal significance as a function of the integrated

luminosity is given in figure 11 for both ν4 and h signals. For non-zero significance, a

minimum of 3 signal events were required. It is seen that, depending on their masses, an

early double discovery of both the Higgs boson and the fourth family neutrino is possible in

the first year of the LHC operation, i.e., with one fb−1 of data. Furthermore, the integrated

luminosity necessary to claim a 3σ observation and a 5σ discovery is given in table 7 for

all the considered scenarios.

5. Conclusions

While hadron colliders are not considered to be the best place to search for heavy charged

and neutral leptons due to small production cross section, the existence of the Higgs particle

might drastically change this picture. For example, if the Higgs mechanism is the one that

Nature chose to give masses to the fermions, the LHC has the chance to simultaneously

discover both the Higgs boson itself and the fourth family neutrino using the pp → h → ν4v̄4

channel. The main reason for this possibility is the enhancement of the gluon fusion process

due to fourth family quarks yielding a high Higgs boson production rate. If mh = 300 GeV
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Figure 10: Dirac case: Expected event yields for the three benchmark points S1, S2 and S3 (from

left to right). Histograms on the upper row show the invariant mass of one of the two ν4 candidates

from each event, when the other candidate is required to be within 20GeV of the true mass. The

lower row shows the invariant masses of the reconstructed Higgs boson candidates when both ν4

candidates satisfy the sliding window cuts. In all plots, the signal and background events are shown

by solid black and solid gray lines, respectively. The tt̄ component of the background is represented

by the dashed histogram.

Benchmark ν4 h

Point signal backgrd significance signal backgrd significance

S1Dirac 5.1 26.3 1.0 N/A N/A N/A

S2Dirac 25.6 26.3 4.4 23.6 17.5 4.8

S3Dirac 9.8 30.5 1.7 6.9 11.9 1.8

S1Majorana 4.2 1.4 2.7 N/A N/A N/A

S2Majorana 23.2 1.4 9.7 28.7 5.0 8.4

S3Majorana 12.4 4.7 4.4 10.6 4.0 4.1

Table 6: For the three benchmark points, the statistical significance for the discovery of the heavy

neutrino ν4 and of the Higgs boson estimated at 1fb−1 of integrated luminosity.

Benchmark ν4 h

Point Dirac Majorana Dirac Majorana

S1 9800 (27000) 1300 (3500) N/A N/A

S2 470 (1300) 100 (270) 390 (1100) 130 (350)

S3 3200 (8800) 470 (1300) 2700 (7400) 540 (1500)

Table 7: Required integrated luminosity in pb−1 for 3 (5) σ statistical significance for the discovery

of the heavy neutrino ν4 and of the Higgs boson, for the three benchmark points.
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Figure 11: Expected signal significance for the Higgs boson and fourth family neutrino searches.

For each point on the curves, at least 3 signal events are required to have satisfied all the selection

criteria.

and mν4
= 100 GeV, LHC would discover both of them with 5σ significance even with an

integrated luminosity of around 350 pb−1 , provided the fourth family neutrinos are of

Majorana nature. Alternatively, if they are of Dirac nature, the double discovery of ν4 and

h is again possible with less than 1.5fb−1 of data. For heavier particles (mh = 500 GeV and

mν4
= 160 GeV), the signals from Majorana (Dirac) type neutrinos and the Higgs boson

can also be observed with about 1.5 (9) fb−1 of data. A similar result has been obtained

for another process (pp → W+ → ℓ+N → ℓ+ℓ+jj) in a recent paper [36].

Finally, if the Higgs boson does not exist, the Z boson provides the only tree-level

channel for the pair production of fourth family neutrinos. This study shows that the 5σ

significance can be attained with about 3.5 fb−1 for the Majorana type and about 30 fb−1

for Dirac type neutrinos. However, a more detailed search, also involving the semi-leptonic

di-W boson decays would reduce the amount of data-taking time needed. Such a study is

in progress.
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T.C.D. and V.E.Ö. acknowledge support from the UK Science and Technology Facilities

Council (STFC).

References

[1] Particle Data Group collaboration, W.M. Yao et al., Review of particle physics, J. Phys.

G 33 (2006) 1.

[2] H.-J. He, N. Polonsky and S.-f. Su, Extra families, Higgs spectrum and oblique corrections,

Phys. Rev. D 64 (2001) 053004 [hep-ph/0102144].

– 13 –

http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB%2CG33%2C1
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB%2CG33%2C1
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD64%2C053004
http://arxiv.org/abs/hep-ph/0102144


J
H
E
P
1
0
(
2
0
0
8
)
0
7
4

[3] V.A. Novikov, L.B. Okun, A.N. Rozanov and M.I. Vysotsky, Extra generations and

discrepancies of electroweak precision data, Phys. Lett. B 529 (2002) 111 [hep-ph/0111028].

[4] G.D. Kribs, T. Plehn, M. Spannowsky and T.M.P. Tait, Four generations and Higgs physics,

Phys. Rev. D 76 (2007) 075016 [arXiv:0706.3718].

[5] H. Fritzsch, Light neutrinos, nonuniversality of the leptonic weak interaction and a fourth

massive generation, Phys. Lett. B 289 (1992) 92.

[6] A. Datta, Flavor democracy calls for the fourth generation, Pramana 40 (1993) L503

[hep-ph/9207248].

[7] A. Celikel, A.K. Ciftci and S. Sultansoy, A search for fourth SM family, Phys. Lett. B 342

(1995) 257.

[8] A. Datta and S. Raychaudhuri, Quark masses and mixing angles in a four generation model

with a naturally heavy neutrino, Phys. Rev. D 49 (1994) 4762.

[9] S. Atag et al., The fourth SM family, breaking of mass democracy and the CKM mixings,

Phys. Rev. D 54 (1996) 5745.

[10] A.K. Ciftci, R. Ciftci and S. Sultansoy, The fourth SM family neutrino at future linear

colliders, Phys. Rev. D 72 (2005) 053006 [hep-ph/0505120].

[11] S. Sultansoy, Flavor democracy in particle physics, AIP Conf. Proc. 899 (2007) 49

[hep-ph/0610279].

[12] G. Bregar, M. Breskvar, D. Lukman and N.S. Mankoc Borstnik, On the origin of families of

quarks and leptons-predictions for four families, New J. Phys. 10 (2008) 093002

[arXiv:0708.2846].

[13] W.-S. Hou, M. Nagashima, G. Raz and A. Soddu, Four generation CP-violation in B → φ

K0, π0 K0, η′ K0 and hadronic uncertainties, JHEP 09 (2006) 012 [hep-ph/0603097].

[14] W.-S. Hou, M. Nagashima and A. Soddu, Large time-dependent CP-violation in B0
s system

and finite D0-D̄0 mass difference in four generation standard mode, Phys. Rev. D 76 (2007)

016004 [hep-ph/0610385].

[15] A. Soni, A.K. Alok, A. Giri, R. Mohanta and S. Nandi, The fourth family: a natural

explanation for the observed pattern of anomalies in B-CP asymmetries, arXiv:0807.1971.

[16] ATLAS collaboration, ATLAS detector and physics performance technical design report,

CERN-LHCC-99-14/15 (1999), see section 18.2.

[17] E. Arik et al., Search for the fourth family up quarks at CERN LHC, Phys. Rev. D 58 (1998)

117701.

[18] B. Holdom, The discovery of the fourth family at the LHC: what if?, JHEP 08 (2006) 076

[hep-ph/0606146]; t′ at the LHC: the physics of discovery, JHEP 03 (2007) 063

[hep-ph/0702037]; The heavy quark search at the LHC, JHEP 08 (2007) 069

[arXiv:0705.1736].
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