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Fourth generation Majorana neutrinos
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We investigate the possibility of a fourth sequential generation in the lepton sector. Assuming neutrinos

to be Majorana particles and starting from a recent—albeit weak—hint for a nonzero admixture of a fourth

generation neutrino from fits to weak lepton and meson decays, we discuss constraints from neutrinoless
double beta decay, radiative lepton decay, and like-sign dilepton production at hadron colliders. Also, an
idea for fourth generation neutrino mass model building is briefly outlined. Here we soften the large
hierarchy of the neutrino masses within an extradimensional model that locates each generation on

different lepton number violating branes without large hierarchies.
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I. INTRODUCTION

Adding another family of fermions to the three known
generations has become a popular extension of the standard
model (SM3); see e.g. [1,2] for reviews. It is now common
knowledge that a fourth family is not excluded by electro-
weak precision constraints [3—11] or by flavor constraints
[12—17]. Moreover, this extension (SM4) of the standard
model also offers several desired features:

(1) The SM4 can weaken the tension between direct and

indirect bounds on the Higgs mass [7,8,18-20].

(i1)) The SM4 can lead to a sizable enhancement of the
measure of CP violation [21,22] and therefore help
to solve the problem of baryogenesis. In addition,
the strength of the phase transition might also be
increased [23-25].

(iii) If problems with arising Landau poles can be cured,
the SM4 might also help to achieve a unification of

couplings [26].

(iv) Large Yukawa couplings might lead to new, inter-
esting, strong dynamic effects [27,28] including
dynamical symmetry breaking [29-41].

(v) Despite the enormous success of the Cabibbo-
Kobayashi-Maskawa picture [42,43], the assump-
tion that both B; and B, mixing are described by
the SM3 alone is excluded by 3.8 standard devia-
tions [44]. Some of these problems in flavor physics
might be cured by the SM4; see [45-50] for some
recent work and e.g. [51,52] for some early work on
fourth generation effects on flavor physics. This
topic gained a lot of interest recently due to the
measurement of the dimuon asymmetry from the
DO Collaboration [53,54] which was a factor of 42
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larger than the SM3 result [55,56]—with a statistical
significance of 3.2 standard deviations. The SM4
can also enhance the dimuon asymmetry consider-
ably, albeit not by a factor of 42.

Besides all these promising facts there is one property of
the SM4 which is typically considered to be very unes-
thetic: the masses of the neutrinos of the first three families
are below O(1 eV), while the mass of the fourth neutrino
has to be above O(100 GeV). In this work we try to shed
some light on this gap of at least 11 orders of magnitude.

The particle content of the SM4 model is as follows:

1st family: (Z) ug, dp, (:f) ,€Rs Ve R
L

2nd family: ) CRs SR» ) MR Vs

(x
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4th family: (

Recent work in the leptonic sector can be found in
[57-65].

The Dirac mass of the ith generation neutrino is denoted
by mp;, while the Majorana mass is denoted by My,;. The
light neutrino mass eigenstate is m;, and the heavy mass
eigenstate is M,;. We use the following experimental
bounds from direct searches [66]:

my > 80.5...101.5 GeV, (1)

my, > 100.8 GeV. )

These mass bounds depend on the type of neutrino (Dirac
or Majorana) and whether one considers a coupling of the
heavy neutrino to e, u~, or 7. An investigation [10] of
the oblique electroweak parameters [67,68] gives
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lmy, — my| < 140 GeV. 3)

As the light neutrino mass eigenvalues are bounded from
above by the Dirac masses—at least in a typical seesaw
model—this provides a bound on the Dirac-type mass mip,
as well. Assuming perturbativity of the fourth generation
neutrino Yukawa couplings, the Dirac-type neutrino mass
is approximately constrained to the interval

45 GeV = mp, = 1000 GeV, 4)

where the lower bound arises from the invisible Z decay
width that fixes the number of neutrino generations to
three for neutrino masses less than half the mass of the Z
boson [69].

Finally, a recent partial Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) fit to a set of experimental data in the
SM4 framework has provided a hint for a nonzero admix-
ture of a fourth generation neutrino (20 limits), resulting in
a PMNS matrix [70]. Note that these bounds have changed
due to new experimental data since the original publication
[70]. In particular, the matrix element U,, is now compat-
ible with zero at the 20 level [71]. The central value is at
U,s = 0.044 with 0.015 < U, <0.060 at the 1o level.
This article studies implications of a nonvanishing matrix
element in terms of order of magnitude estimations. As
these new bounds are not published, we use the results of
[70] as given in Eq. (5). The assumptions remain well
motivated, and the resulting estimations and analyses do
not vary significantly with the precise values of U 4.

« 0 S Yt
U NG
<0.115 <0.115 <0.115 99%

In principle, a fourth generation neutrino can induce radia-
tive contributions to the light neutrino mass eigenstates
which may exceed the neutrino mass bounds obtained from
cosmology, Tritium beta decay, and neutrinoless double
beta decay. At present, the cosmological bound on the two-
loop contributions gives a more stringent bound than the
bound from neutrinoless double beta decay discussed here.
However, as cosmological bounds suffer from large sys-
tematic uncertainties, we restrict ourselves here to the
discussion of neutrinoless double beta decay. For a dis-
cussion of fourth generation induced loop effects on light
neutrinos, we refer to [72,73] and the recent papers [65,74].
However, the findings of this article in the context of
neutrinoless double beta decay remain valid on their own.

II. NEUTRINOLESS DOUBLE BETA DECAY

The most sensitive probe for neutrino Majorana masses
is generally neutrinoless double beta decay (Ov33). 0v B
decay can be realized by the exchange of a Majorana
neutrino (see Fig. 1). In the presence of additional heavy
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FIG. 1. Feynman diagram of Ov 3 induced by the exchange
of a heavy fourth generation Majorana neutrino.

neutrino states the usual effective Majorana mass (m,,) has
to be complemented by an effective heavy neutrino mass

(my"):

(m,) =Y U2m,  (my)™! =§U§B<m% -L©
o
where m?, (m%) are neutrino mass eigenstates lighter

(heavier) than O(100 MeV). The half-life of the decay is
then given by [75]

_ (mv)\2 mp \?
T2y = (o) et + (o)
e

G o

where the C,,, factors include phase space factors and
nuclear matrix elements [76,77] and m,, (m,) is the proton
(electron) mass. Considering only the heavy neutrino con-
tribution and using the PMNS matrix given in Eq. (5), one
obtains stringent bounds on the allowed mass range from
the current experimental lower half-life bound TIG/‘*2 >
1.57 X 10% years [78]. The allowed region is shown in
Fig. 2. This leads to the following mass bounds for a single
fourth generation Majorana neutrino,

100 ¥
1026 L /

0
§ 102§ 1
S 108y 1
10" 1
10]() il 1 1
10° 10" 10" 10"
my (eV)

FIG. 2. Contribution of heavy neutrinos on a O3 half-life
(thin lines) within the mixing region given by Eq. (5) and IGEX
lower bound (thick line). The gray area indicates the allowed
region.
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Umx = 0.089 = my = 6.8 X 10° GeV, (8)

Umin = 0.021 = my = 3.8 X 10* GeV, 9

which are far above the perturbativity constraint of Eq. (4).
Relative phases between light and heavy contributions,
introduced by

(m,) = e'*(m,), (10)

(my)~! = eP(my)~, Y

may cancel each other and thus loosen this bound. The
most effective cancellation is possible if the light neutrinos
are quasidegenerate with masses at the upper bound con-
sistent with the large scale structure of the Universe [79],

D m, <0.66 eV. (12)

With this assumption and using mass splittings obtained
from neutrino oscillation analyses [80], the mass region of
the heavy neutrino can be lowered compared to Egs. (8)
and (9),

my = 2.50 X 10* GeV (4.49 X 10° GeV) (13)

for Umin (U™™), respectively, which remains several orders
of magnitude above the desired range (4).

In principle, there are three different ways to save the
possibility of a heavy fourth generation neutrino:

(1) neutrinos are Dirac particles and therefore Ov 883 is
forbidden, which would come at the cost of seesaw
neutrino mass suppression and leptogenesis as a
successful way to generate the baryon asymmetry
of the Universe;

(2) some other physics beyond the standard model is
involved and cancels the heavy neutrino contribu-
tion, which would require fine-tuning;

(3) the fourth generation neutrinos are pseudo-Dirac
particles.

In the following, we will focus on the latter alternative,
which may provide useful guidance for future model
building.

Pseudo-Dirac neutrinos arise when the Majorana mass is
small compared to the Dirac mass. The two resulting mass
eigenstates (my, M,) are nearly degenerate with tiny mass
splitting 6m, and the active and sterile components exhibit
practically maximal mixing:

_2mps (14)

tan26 = .
my — M4

Because of their opposite creation phases, the contributions
of the two individual fourth generation neutrinos to Ov 3
cancel each other and only the arbitrary small mass differ-
ence contributes to the effective mass. This has already
been introduced as a mechanism to hide light neutrinos in
OvBB [81]. We use this idea to hide a fourth generation
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Majorana neutrino with a mass of the order of the electro-
weak scale.

The OvB B half-life of a heavy pseudo-Dirac neutrino
reads

I/m m, \2
T07BB1-1 — _( p _ "p ) CNN. 15
[ 1/2 ] 4 <m4> <M4> mm ( )
Hence the maximal allowed mass splitting
om =M, — my (16)

has to be small enough to compensate the large contribu-
tion of each individual neutrino.

The required maximal mass splittings are shown in
Fig. 3.

The limits for US™ imply 6m = 107 MeV (56 GeV) for
my = 45 GeV (1000 GeV), respectively.

The ratio of the mass difference and absolute mass scale
&dm/my is thus of the order of 1073-1072.

II1. RADIATIVE LEPTON DECAYS

The analysis on neutrino mixing carried out in [70] is
dominated by the radiative lepton flavor violating decays
of charged leptons.

The processes (see Fig. 4) and their experimental bounds
[82,83] are

BR (u — ey) <2.4 X 10712, a7
BR(r— uy) <44 x1078, (18)
BR (71— ey) <3.3 X 1078 (19)
In general, the amplitudes are given by [84]
my
T = UnaUraF( o). 0)
My
1012 T T T T T T T T — T T T T T T
1011 b .
10]0 L -
E 10° E
10° ¢ 1
107 L .
106 L L L L
0 2.x 10" 4.x 10" 6.x 10" 8.x 10" 1.x10"
my [eV]

FIG. 3. Maximal mass splitting for heavy pseudo-Dirac neu-
trinos. The upper (lower) curve corresponds to the lower (upper)
bound on U,, according to Eq. (5). The shaded area represents
the allowed parameter space.
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5
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FIG. 4. Feynman diagram of the radiative decay of a lepton.

2 .
where, defining x, = ¢, F(x,) is
lV

F(xa) = 2(xa + 2)1(3)()(0() - 2(2xa - 1)1(2)(xa)
+ 2x,01V(x,) + 1 (21)

with

}’l

z+ (1= 2)x, 22)

1" (x, )—f dz

Thus the decay width can be written as

1 G%me

F_,/ =
=0y 5 (3272)?

awZIUga UpalPF(x,)  (23)
with Feg(x,) = F(x,) — F(0) due to the unitarity cancel-
lation U, Uy, of the constant term.

Here we shortly reconsider the bound for the case of
pseudo-Dirac neutrinos with masses in the 100 GeV range.

It is easy to see that the analysis holds for a pseudo-Dirac
neutrino as well. As the fourth generation active and sterile
states mix maximally and the masses are close to degen-
erate, F(x) does not change considerably compared to the
pure Dirac case. As can be seen from Fig. 5, the decay rate
is suppressed by the tiny masses for the first three gener-
ations, while the contribution of a fourth heavy generation
has to be suppressed due to small mixing.

In the analysis of [70] the neutrino mass was fixed to
45 GeV. While a mass dependent study is encouraged, the
conclusions of this work will remain unchanged, as the size
of the allowed region is anticipated to vary only slightly for
different neutrino masses. As it is obvious from (21), only
the product |Ug,Up,|?> is constrained, not one of the

0.1 1 10 100 1000
e (GeV)

FIG. 5. Fgff as a function of the mass of the exchanged
neutrino.
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individual quantities alone. Since no lower bound on U 4
exists, larger masses my corresponding to larger rates for
pm — ey do not result in a more stringent bound on U 4
(see Figs. 5 and 6).

The decays of the 7 lepton do not provide further infor-
mation, as the experimental constraints in this channel are
much weaker.

IV. LIKE-SIGN DILEPTON PRODUCTION

Finally, a process very similar to Ov 83 is the production
of two charged leptons of the same charge at hadron
colliders:

pp— X, (24)

As shown in Fig. 7, a heavy Majorana neutrino exchange
drives the process whose cross section is [85]

G4tmb, 1
g 5 (1 ‘554162)
X |UgaUalPF(E, my), (25)

O-Single(pp - €1+€;X)

where F(E, my,) is a function of beam energy and neutrino
mass. To describe the exchange of a pseudo-Dirac neu-
trino, the cross section has to be modified to include the
contributions of the two almost degenerate mass eigen-
states in the neutrino propagator. In contrast to OvBS
where the typical momentum of the neutrino is given by
the average nuclear momentum which is smaller than m,,
resulting in the inverse mass dependence of Eq. (15), the

0.025
0.020
§ 0.015
0.010
100 GeV
0.005 -
500 GeV
1000 GeV
0.000 1 1 1 1 1 1
0.03 0.04 0.05 0.06 0.07 0.08

Uc4

FIG. 6. Constraint on the U4 — U,4 parameter space obtained
from the bound on the branching ratio for & — e7y. The lower
left is the allowed region. The boundaries of the intervals plotted
are given by the allowed values U4 — U,4 with my = 45 GeV
according to Eq. (5).
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momentum at hadron colliders exceeds m,, leading to a
neutrino propagator proportional to the neutrino mass. This
was also shown in the relevant subprocess WHW* —
€7 €' [86] that is included in Eq. (25). To obtain the cross
section o for a pseudo-Dirac neutrino, we now have to
introduce the correction factor A, defined by

g = ApD : (Tsingle(pp - €T€3—X) (26)

Obviously, by comparison of the propagators, this factor is
given by
11 1 (6m\2
Ap =g mr =301 e

Here the mass splitting ém follows from the Ov 83 con-
straint and results in a suppression of the mass dependent
cross section. For example, the unsuppressed dielectron
production cross section shown in Fig. 8 is several orders
of magnitude larger than the suppressed cross section of a
pseudo-Dirac neutrino fulfilling the O»B(3 constraints
shown in Fig. 9.

The cross section depends on the flavors of the €; leptons
via the factor

(1 = 38¢,e)U¢aUgul* (28)

The unsuppressed cross section shown in Fig. 10 is reduced
by this factor. The upper bounds of this factor for different
final flavor states calculated from Eq. (5) are listed in
Table 1. The cross section (25) neglects charged lepton
mass effects, but as \/s =7 TeV > m,, it is also appli-
cable to fourth generation charged lepton production, pro-
viding a reasonable upper bound of the cross section.

It is obvious that the fourth generation neutrino will
decay predominantly into the fourth generation charged
leptons. As the fourth generation neutrino mixing to the
muon has the smallest upper bound, this channel has the
smallest upper bound on the cross section. However, all
resulting cross sections are far too small to be observed at
the expected LHC luminosities.

U d
o
w+ —
N
_ Wt ——
d g2+

FIG. 7. Feynman diagrams of like-sign dilepton production.
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0.001 ///\
_ 1074k 4
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1077 L L L L L L
100 150 200 300 500 700 1000
my (GeV)
FIG. 8. Cross section for like-sign dielectron production by an

electroweak scale Majorana neutrino without O» 83 constraints.
The shaded area corresponds to the allowed values of U,
according to Eq. (5).

V. MASS MODEL

An argument often given against a fourth fermion gen-
eration is the large mass hierarchy between the first three
generations and the fourth generation, in particular, in the
neutrino sector. The large scale structure of the Universe
implies sub-eV masses for the known light neutrinos,
whereas the electroweak observables call for a fourth
generation neutrino mass eigenstate of several hundreds
GeV, thus creating a tension of about 12 orders of
magnitude.

The simplest way to account for small neutrino masses
arises from the Lagrangian,

a0 mp\[ VS
=30 w0y i) @

where mp is the Dirac mass matrix and My the Majorana
mass matrix.

1x107° F
5%10710 |

1x10710F
2 5x107!1F

I1x107'" F
5%x10712 F

I1x1072 k& L I L L L L 4
100 150 200 300 500 700 1000

my [GeV]

FIG. 9. Upper bound on the cross section for like-sign dielec-
tron production triggered by an electroweak scale pseudo-Dirac
neutrino fulfilling Ov B8 constraints.
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1072 F 1
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my [GeV]

FIG. 10. Cross section for like-sign dilepton production trig-
gered by an electroweak scale pseudo-Dirac neutrino fulfilling
the Ov 83 constraint (25). To obtain the cross section for specific
flavors of the final state leptons, the curve has to be scaled
according to the factors given in Table I. The lines show the
upper bound on the two extreme channels 4/, and uu.

For a single generation i the resulting mass eigenstates
are
1
m; = §<V4m%)i + Mp; — MRi)r (30)
_1 / 2 2
Ml'—E 4mDi+MRi+MRi . (31)

The Dirac mass is given by the Yukawa coupling y; as
Mp; = YiV

with v = 246 GeV the vacuum expectation value of the
Higgs field.
The type-I seesaw model generates small neutrino

masses by introducing large Majorana masses
(Mg; > mp,), leading to the mass eigenstates
2
mp;
m; = M—RZ-’ M; = Mp,. (32)

TABLE I. Flavor dependent scaling factor (25) of the like-sign
dilepton production cross section shown in Fig. 10. The states are
sorted by their flavor factor.

Final state Flavor factor [1077]
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Then, again, for the fourth generation pseudo-Dirac
neutrino the Majorana mass My, is constrained to roughly
the MeV scale (see Fig. 3):

om = M4 — my = MR4' (33)

Thus, to satisfy all neutrino generations one has to
introduce large hierarchies of either the Yukawa couplings
or the Majorana masses. As the Majorana masses are not
affected by electroweak symmetry breaking, it is more
natural to assume the generation of the hierarchy in this
sector rather than in the Yukawa sector.

The hierarchy reaches from MeV scale of the fourth
generation up to grand unification scale (~ 10'® GeV)
needed for the light neutrinos when assuming similar
Yukawa couplings for all generations.

This hierarchy can be considerably softened in the con-
text of extra spatial dimensions. It is known that approxi-
mate symmetries on our SM brane can be broken at a
different brane located at some distance in the extra di-
mension y [87]. Also, lepton number violation (LNV) can
be maximally broken at a scale Ajyy on a LNV brane in
the extra dimension. Following the scenario as described in
[88], the information of this breaking is transmitted by a
bulk field y that decreases exponentially as the distance to
the LNV brane rises:

() e, (34)

where m is the mass of the messenger field and r its
distance to the LNV brane.

We now locate the right-handed neutrino of each gen-
eration on a different brane along the extra dimension. The
overlap of the neutrino wave function and the messenger
field is different for each generation such that each gen-
eration sees a different amount of LNV. This setup is
sketched in Fig. 11.

The information of LNV is given by the Majorana mass
terms of the four neutrino generations, and thus an expo-
nential ansatz for the Majorana masses along the extra
dimension is chosen:

neutrino branes

I4ly 49960

ely 791.78

Tly 722.21

jan 84.07 Majorana mass

er 5.72 k

ee 3.14 LNV SM

TT 2.61 extra dimension

e 0.67

wr 0.61 FIG. 11. Evolution of the Majorana mass from the LNV brane
L 0.04 to the SM brane along the extradimensional bulk and the four
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TABLE II. Localizations of the neutrino branes in the extra-
dimensional bulk and corresponding mass eigenvalues for
ALNV = 1019 GeV.

i a, m; (GeV) M, (GeV)

4 ~43.7 246 247

3 9.6 5.0 x 1071 6.7 X 1014

2 8.7 9.1 X 10712 1.7 X 1013

1 =79 =4.1x 10712 =37 X 105
Mg(y) = Apnve ™, (35)

where y is the axis along the extra dimension.
The effective Majorana mass for the neutrino of genera-
tion i is
Mpg; = Apnve™ (36)

We choose the Yukawa couplings y; equally distributed
for each generation,

Ya—y3=y3— Y2 =y, —y; =025 37

with y, = 1.

The Majorana masses are then constrained by neutrino
oscillation data (Am?, and Am?,) for the first three gen-
erations and by Fig. 3 for the fourth generation:

om = M4 - ny = MR4' (38)

The localizations of the neutrino branes are listed in
Table II.

The positions of the neutrino branes soften the hierarchy
of the neutrino masses in a significant way. Thus, in an
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extradimensional framework the huge gap between the first
three and the fourth generation is considerably smaller.

VI. SUMMARY

We have revisited bounds on additional Majorana neu-
trinos with the assumption of finite mixing to the electron
neutrino, in order to provide a useful guide for fourth
generation neutrino model building. We have shown that
a fourth generation Majorana neutrino is not yet excluded
if it has a mass of several hundred GeV and the Majorana
states pair up to form a pseudo-Dirac state. The mixing of
such a neutrino is dominantly constrained by the radiative
decay of the muon. Because of the pseudo-Dirac nature,
Iepton number violating processes like like-sign dilepton
production turn out to be strongly suppressed. Besides
being potentially observable in next generation Ov B ex-
periments, the pseudo-Dirac neutrinos could be directly
produced at the LHC, as discussed in [89]. In this paper a
So discovery reach for heavy neutrino masses up to
100 GeV was advocated with 30 fb~!. While for larger
masses the production cross section would decrease, new
decay channels open up once the heavy neutrino mass
exceeds the Higgs mass, which would require a detailed
simulation. Finally, we have shown that the large mass
hierarchy can be softened within extradimensional models.
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