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There is a unique SU(4) ® SU(2);, ® SU(2)y gauge model which allows
quarks and leptons to be unified at the TeV scale — thereby making the
model testable and avoiding the gauge hierarchy problem. In its minimal
form, this model could quite naturally accommodate simultaneous solutions
to the solar and LSND neutrino oscillation data. The atmospheric neutrino
anomaly can be easily accommodated by mirror-symmetrising the minimal
model. The model also contains three right-handed neutrinos, with masses
in the range 1 keV to ~ 1 GeV. We investigate the implications of these
right-handed neutrinos for early Universe cosmology. It is shown that the
minimal model is inconsistent with some of the standard assumptions of the
Big Bang model. This motivates an examination of non-standard Big Bang
cosmology, such as a low reheating temperature scenario with Try ~ MeV.
In such a Universe, peaceful co-existence between low-scale quark—lepton
gauge unification and early Universe cosmology is possible.

PACS numbers: 95.30.Cq

1. Introduction

The similarities between the quarks and leptons does hint at the possi-
bility of a symmetry between them. The first example of such a theory is
the Pati-Salam model [1], which is based on the SU(4) ® SU(2); ® SU(2)g
gauge group. While a very good idea, this particular model has a number
of serious drawbacks. One problem is that experiments constrain the high
symmetry breaking scale to be greater than 20 TeV [2], making direct tests
of the model impossible, at least within the next quarter century. More-
over, the presence of a high symmetry breaking scale, significantly greater
than aTeV, becomes theoretically problematic since it leads to the gauge
hierarchy problem. This is quite unlike the situation in the standard model
where there is no “hierarchy problem”’ as such because there is only one
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scale in the Higgs potential'. However, in extensions of the standard model
involving two (or more) symmetry breaking scales, there can be a signifi-
cant fine-tuning problem if the scales are widely separated and appear in
the Higgs potential. In that case, the fine-tuning problem can be alleviated
if one also assumes that low energy supersymmetry exists. Unfortunately,
this does not completely solve the problem, though, since one still needs to
arrange the hierarchy at tree level. Also, low energy supersymmetry gener-
ates ahost of new problems such as sparticle mediated FCNC, rapid proton
decay, p-problem, etc., so that it ends up creating more problems than it
solves — clearly an unsatisfactory situation.

Perhaps an interesting question is the following one: Is it possible to
build a simple gauge model which unifies quarks and leptons at low scales
(< few TeV) so that the gauge hierarchy problem is avoided? The first such
model was written down some time ago [5], whereby a leptonic SU(3), gauge
group was introduced allowing for a discrete quark—lepton (spontaneously
broken) symmetry to exist. The main problem with the discrete symmetry
approach comes from neutrino masses. The lightness of the neutrino masses
in that model (as with the usual Pati-Salam model) suggests a high symme-
try breaking scale (> TeV) if the usual see-saw mechanism is employed, and
while there are alternatives [6], they are somewhat complicated. Searches
for new ideas led to the alternative SU(4) ® SU(2); ® SU(2)y gauge model [7]
which allows for TeV scale quark—lepton unification without any problems for
existing experiments with necessarily tiny neutrino masses. This “alterna-
tive 422 model” predicts a multitude of new phenomenology including: rare
B, K decays, baryon number violation as well as non-zero neutrino masses,
all of which are within current bounds, despite the low symmetry breaking
scale of a few TeV (see Refs. [8,9] for more details of the phenomenological
implications of the model).

In Ref. [9] the extent to which the minimal alternative 422 model could
accommodate solutions to the neutrino physics anomalies was investigated.
While it did not seem possible to simultaneously accommodate solutions
toall three classes of neutrino physics anomalies (i.e. LSND [10], solar
[11-13] and atmospheric [14,15] neutrino anomalies), it was shown that the
minimal alternative 422 model can quite naturally accommodate the LSND
and atmospheric neutrino anomalies. The solar neutrino problem could be

! Tt is sometimes asserted in the literature that a hierarchy problem also exists between
the weak scale and the “Planck” scale; however, in this case things are much less clear.
Firstly, the physics of the Planck scale is really not understood at the moment so
it is not yet clear whether this (as yet unknown) physics will lead to a fine-tuning
problem. Another line of argument asserts that there exists a fine-tuning problem
between the weak scale and a momentum “cut-off”. However, that argument depends
on the regulator scheme used [3], (see also Ref. [4]) and should not be taken too
seriously.
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explained if the model was extended with a mirror sector [9,16]. Since that
time, there has been an important new development. SNO has now measured
both neutral- and charged-current solar neutrino fluxes, providing strong ev-
idence that large angle active—active oscillations are occurring [13]. In view
of this new development, the available information suggests an essentially
unique picture [17]

Ve — v; large angle oscillations explain the solar neutrino problem,
v, — Vg large angle oscillations explain the atmospheric neutrino anomaly,

Ve — 1, small angle oscillations explain LSND data, (1)

where 14 is a hypothetical effectively sterile neutrino. While the atmospheric
neutrino data prefer the v, — v, channel, it is also true that the v, — v
possibility is only mildly disfavoured, at the ~ 1.56-3¢ level, depending on
how the data are analysed [18,19]. The overall goodness of fit (g.o.f) of the
above scheme has recently been explicitly calculated in Ref. [20], where it
was found to be 0.26. That is, there is a 26% probability of obtaining a
worse global fit to the neutrino data. This shows that the above scheme still
provides a reasonable fit to the totality of the neutrino oscillation data?.
Although this scheme is not particularly popular, it at least has the virtue
that it will be tested in the near future: MiniBooNE will test the oscillation
explanation of the LSND anomaly, while the forthcoming long baseline ex-
periments (MINOS and CNGS) will discriminate between the v, — Usterile
and v, — v, channels used to resolve the atmospheric neutrino anomaly.
The oscillation scheme (Eq. (1)) is essentially unique in the sense that
it is the simplest scheme involving only two-flavour oscillations explaining
the totality of the data and also specific features such as SNO’s neutral
current /charge current solar flux measurement [13|. Of course, other, but
more complicated schemes involving multi-flavour oscillations, are possible
because they can also provide an acceptable fit to the data for a range of
parameters. For example, one can have an additional parameter, sin®w,
where sin?w = 0 corresponds to the scheme, Eq. (1), sin?w = 1 is similar
to Eq. (1) with v, interchanged with 15 and intermediate values of sin®w
corresponds to mixed active + sterile oscillations [22]. Such schemes are
called 2 + 2 models because they feature two pairs of almost degenerate
states separated by the LSND mass gap. While the scheme of Eq. (1) could
be viewed as a particular 2 + 2 scheme with sin? w = 0, it could alternatively

? Recently, Ref. [21] has argued that all 4-neutrino models of the (2 + 2) variety are
“ruled out” by the totality of neutrino oscillation data (solar, atmospheric and LSND).
However, the g.o.f. obtained by Ref. [21] (g.o.f. = 107%) is not really the g.o.f but
some other quantity. Indeed, as shown in Ref. [20], it disagrees with the actual g.o.f
by more than 5 orders of magnitude. For more discussion on this issue, see Ref. [20].
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be viewed as motivating the following hypothesis [17]: The fundamental
theory of neutrino mizing, whatever it is, features (i) large (or even mazimal)
v, — Vs mazing, (i) small-angle active-active mizing except for the v, — v,
channel which is large.

This hypothesis is the one which we adopt in this paper. We shall show
that the minimal alternative 422 model is a candidate for the new physics
required to explain the active—active oscillations suggested by the LSND and
solar neutrino data within the above hypothesis. The atmospheric neutrino
anomaly, as explained above, will be assumed to be due to v, — vs oscilla-
tions. The 422 model does not have any suitable candidates for the needed
light sterile neutrino (it does have effectively sterile right-handed neutrinos,
but it turns out that they are too heavy [9]).

It is known [16] that three light effectively sterile neutrinos (vg, v, ;)
maximally mixed with their active partners is predicted to exist if mirror
symmetry is an exact fundamental symmetry. Thus, if we mirror symmetrise
the model, we can easily accommodate the atmospheric neutrino anomaly,
via v, — v}, oscillations. If the oscillation lengths of the v, ; — v, oscilla-
tions are longer than the Earth—Sun distance for solar neutrinos, then this
3 active + 3 mirror neutrino model effectively reduces to the required four-
neutrino scheme, Eq. (1). Tt is also possible to have the oscillation lengths of
the ve; — v, , oscillations shorter than the Earth-Sun distance. This would
mean a large sterile component (~ 50%) in the solar neutrino flux, which is
still allowed by the data [23]. (It would also require some modifications to
the solar model, such as larger boron flux etc.).

It turns out that the consistency between the low symmetry breaking
scale and the solutions to these neutrino anomalies imposes some constraints
on the possible forms that could be assumed by the Majorana mass matrix
of the right-handed neutrinos (which form part of the particle content of
the model). As a result the masses of the right-handed neutrinos in the
alternative 422 model are constrained to be in the ranges of 1 keV-10 keV
and 4 MeV to ~ 1 GeV (see the forthcoming Eq. (32) discussed in Sec. 2).

These particles can potentially contribute significantly to the matter den-
sity of the Universe. Within the framework of the standard Big Bang model
of cosmology, an important constraint is that a given particle species X must
satisfy the cosmological energy density bound

Ox =2 <1, 2)

Pc

where (2x is the contribution of their present density pxy normalised to
the critical density, p. = 10*h% eVem = (h = Hy/100kms~' Mpc~! is the
normalised Hubble constant). It has been a routine practice to check if
new particle species contained in a given extension of the standard model
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are compatible with standard cosmology and other astrophysical bounds.
This “consistency check” will form the content of the first half of the present
paper. It is found that even the lightest right-handed neutrinos contained
in this model are not consistent with standard Big Bang cosmology.

Despite the claims that cosmology has ushered into an era of unprece-
dented precision, there are still many unsettled issues at the interface of par-
ticle physics and cosmology (see, for example, Ref. [24] for a general account
of pending issues facing particle cosmology). The inconsistency of a parti-
cle physics model with standard cosmology does not necessarily mean that
a given particle physics model is not realistic. The standard Big Bang cos-
mology is generally not robust against plausible modifications (either by new
observations or theoretical input) to a set of standard assumptions. Hence
it requires some cautious attitude when one is to use standard cosmology
to “rule out” or support a given extension of the standard model of particle
physics. For example, the standard cosmological model contains an implicit
but not observationally justified assumption that the reheating temperature
(corresponding to the highest temperature during the radiation-dominated
epoch) of the early Universe is much higher than the characteristic tem-
peratures of cosmological processes under investigation (e.g. the freeze-out
temperature pertinent to a given particle species). However, Refs. [25, 26]
show that the reheating temperature that is consistent with the observa-
tional light element abundances could be as low as 0.7 MeV. The possibility
of a low reheating temperature scenario has prompted many works since
then (see for example Refs. [27-30]). For instance, Refs. [27,28] have shown
that in a low reheating cosmology the relationship between the relic den-
sity of an exotic particle species normalised to the present energy density
of the Universe deviates from that of the standard case. As a result, well-
known constraints (such as the Cowsik-McClelland bound [31]) previously
imposed on the masses of the ordinary neutrinos can be greatly relaxed in
such ascenario.

In the low reheating temperature scenario, we shall re-analyse the cosmo-
logical constraints imposed on the right-handed neutrinos contained in the
alternative 422 model. We find that a low reheating temperature cosmology
is consistent with the alternative 422 model, as there is some parameter space
in which the right-handed neutrinos can accommodate the cosmological and
other astrophysical bounds. We also point out that the lightest right-handed
neutrinos of the model provide an interesting dark matter candidate.

The plan of this paper is as follows. In Sec. 2 we first briefly explain how
the minimal version of the alternative 422 model accommodates the solutions
to the LSND and solar neutrino data, which consistency requires the mass
spectrum of the right-handed neutrinos to fall in a specific range. Then,
in Sec. 3 we examine the cosmological implications of these right-handed
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neutrinos in the framework of standard cosmology. Having shown that the
right-handed neutrinos are inconsistent with standard cosmology, we proceed
(in Sec. 4) to examine the right-handed neutrinos in the non-standard low
reheating temperature scenario with Try ~ a few MeV. Taking the reheating
temperature Try as a free parameter with a rough lower bound of Try 2
0.7 MeV, we show that the right-handed neutrinos could circumvent the
cosmological energy density bound for some parameter range. In Sec. 5 we
conclude.

2. The masses of the right-handed neutrinos
in the alternative 422 model

We first revise the details of the model and explain how it can accommo-
date the large angle v, — v; and small angle v, — v, oscillations suggested
by the solar and LSND anomalies. We refer the reader to Ref. [9] for further
details.

The gauge symmetry of the alternative 422 model is SU(4) ® SU(2); ®
SU(2)g. Under this gauge symmetry the fermions of each generation trans-
form in the anomaly-free representations:

QLN(472a1)a QRN(47]-’2)’ fLN(]-aQ’Q) (3)

The minimal choice of scalar multiplets which can both break the gauge
symmetry correctly and give all of the charged fermions mass is

XL ~ (4a271)7 XR ~ (471a2)a ¢N (172’2) (4)
These scalars couple to the fermions as follows:

L= MTr[ Qu(fr)moxr] + XTr [ QrAfl moxr] + AsTr [ QrémQr]
+ M Tr [ QuétrQr] +hc., (5)
where the generation index has been suppressed and ¢ = m¢*1. The

model reduces to the standard model following the spontaneous symmetry
breaking pattern:

SU(4) ® SU(2)r. ® SU(2),
4 {xr)
SU(3), ®SU(2); ® U(1)y
$ (@), (xv)
SUB),eU(l), - (6)

Note that the SU(4) group has a maximal SU(3).® U(1)r subgroup with the

4 representation having the branching rule 4 = 3(3) 4+ 1(—1). The vacuum
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expectation values (VEVs) can be conveniently expressed in terms of the
T, Isgr, Is1, charges as

(xr(T =-1,r =1/2)) = wr, xu(T=-1,1I3 =1/2)) =wL,
(p(I3 = —I3p = —1/2)) = w1, (pI31 = —I3r = 1/2)) = uz. (7)

Note that Y = T + 2I3r is the linear combination of T' and I3g which
annihilates (xgr) (i.e. Y(xr) = 0) and Q = I3, + Y/2 is the generator of the
unbroken electromagnetic gauge symmetry. Observe that in the limit where
WR > WL, U1, U, the model reduces to the standard model at low energies.

The identity of the particles in the fermion multiplets, Eq. (3), can now
be made explicit. We have the known quarks and leptons, along with some
exotic heavy leptons {£°, E~} and a right-handed neutrino, og:

o-(5 85 ), (1)

In the above representation, @ = £1, 8 = £1 index the SU(2);, and SU(2)g
components, respectively. The SU(4) decomposition into the SU(3).@U(1)r
maximal subgroup is indexed by v = 7'(3) ®4(—1), where v/ =y, g, b is the
usual colour index for SU(3). and +' = 4 refers to the fourth colour. The
number in the bracket refers to the 7' charge of the subgroup U(1)7. In the
above matrices the first row of Qr and f, (Qr) is the I3y, (Isr) = a (B) = %
component while the second row is the I3y, (Isr) = a (8) = —% component.
The columns of Qr,, Qr are the 4/(5) and 4(—1) components of SU(4), and
the columns of f1, are the Is5g = 8 = :l:% components. Each field in the
multiplets Eq. (8) represents 3 x 1 column vector of three generations. The
tilde in the fermion fields signify that they are the weak eigenstates, which
are generally not aligned with the corresponding mass eigenstates.

A set of theoretically arbitrary CKM-type unitary matrices are intro-
duced into the theory to relate the weak eigenstates with their corresponding
mass eigenstates. The basis is chosen such that

[o |

Er = VIER, E, =U'E;,
Ur = Y|Ur, U, = YU,
D = K'Dg, (9)

and Dy, = Dy,li, = Ip,lg = Ig. The matrix ¥;| = K, is the usual CKM
matrix (as in the standard model), whereas YgK’Jr = KRy is the analogue of
the CKM-type matrix for the right-handed charged quarks in the SU(2)gr
sector. The matrix K’ is the analogue of the CKM-type matrix in the SU(4)
sector pertaining to lepto-quark interactions.
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The model contains new gauge bosons: W', Wlﬁf and Z’. The masses
of these new bosons and the exotic leptons {EY, E~} are constrained to be
within the range:

0.5(1.0) TeV
45 GeV

S Mwg, Mz (Mw) <10 TeV,
S Mg, S10 TeV. (10)
Note that the lower limit on the mass of the F leptons arises from LEP
measurements of the Z° width, whereas the lower bound on the masses of Z’,
Wr is obtained from the consistency of the model with LEP data [7]. The
upper bound is a rough theoretical limit — the scale of symmetry breaking
cannot be much greater than a few TeV, otherwise we would have a gauge
hierarchy problem. By this we mean a real fine-tuning problem in the Higgs
potential, not a hypothetical problem with the Plank scale or artificial cut-off
parameter.

At tree level, mixing between rg with EﬂR in the Lagrangian density of
Eq. (5) generates the 3 x 3 Majorana mass matrix My for the right-handed
neutrinos after spontaneous symmetry breaking (SSB)

T
My ~ (MIVM;UTYLMuY}{) + (MZVM,glU‘“YLMuYI{) , (1)

where M;, M,,, Mg are the 3 x 3 diagonal mass matrices for the standard
charged leptons, up-type quarks and the exotic E leptons. We know that
the CKM matrix is approximately diagonal, Y7, & I's, whereas the rest of the
CKM-type matrices (which are not present in the standard model) are poorly
constrained by experiments (except for the matrix K’ which is constrained
to only a few specific forms by limits on rare K° and B° decays mediated
by the W' bosons, see Ref. [8]). In the special case of decoupled generations
(e.9. Y, =Yr =U =V =1I), My reduces to a diagonal matrix

My = diag{ 2myme 2memy, 2mygm }

Mg, ° Mg, ' Mg,

At the one-loop level the gauge interactions from the charged SU(2)y,
gauge bosons Wi and SU(2)gr gauge bosons W}jf give rise to oy, (71,)¢ Majo-
rana mass mu, 1, Ug Dirac mass mp and I/L(EO) mass mixing term m, ;>
The Majorana mass myy is generically very small in comparison to mp and

myg, and can be ignored in the subsequent discussion. The Dirac mass

3 There is also radiative neutrino masses arising from the scalar sector of the model.
But because of the larger arbitrariness in the scalar interactions we do not consider
them in depth.



Cosmological Implications of Low Scale Quark—Lepton Unification 2823

matrix mp is generated (Fig. 1) via the diagonal (i.e. no cross generation
mixing) gauge interactions

gL =— + Jgr —= +
— L +=—%=7r lg + h.c, 12
Noke Wil NG rR WR IR (12)

where g1, is the usual SU(2)1, coupling constant, and gr is the SU(2)gr cou-
pling constant. As discussed in Ref. [7], gr (Mw~) =~ g1 (M) /V/3.

~o

~ lR m, ZL VL

TS §
ka\ih Jf W,

Fig. 1. Dirac mass generated by gauge interactions leading to the mass term iy ig.
u? = grgLuius is the Wi, — Wg mixing mass squared.

The mass matrix mp is diagonal, and is parametrised by 0 < n < 1 such
that

mp = MinS, (13)
where
§=5(My) = TIL 1x/§M3VL UL ™ (MEVR) ~1077 <ﬂ)2 (14)
gn? 2V MZ, m,  \ M3, My

The mass mixing term m,, g (Fig. 2) arises at one-loop level via the gauge
interactions

% EO W B + % (Eg) VI Wiin + hee. (15)

~ -
VL ~ e e

WR\\ 2 F WL

U
Fig.2. 71, (E?)¢ neutrino mixing term generated by gauge interactions leading to
the mass term m,g.
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In contrast to the mass matrix mp, the involvement of the matrix V in
the interactions Eq. (15) may mediate cross generational mixing so that
the matrix m,g is non-diagonal in general. However, in the special case of
decoupled generations (i.e. V' — I), the mass matrix m,g reduces to the
diagonal form

li =nMEgS. 16
pmmye = nME (16)

Hence, we obtain an effective Lagrangian density for the mass matrix of the
neutrinos (which are approximately decoupled from the heavy E leptons),

1 ( =— 7=z (7r)°
ﬁeff = 3 ( v, (VR)C ) MV ﬁR + h.C., (17)
where the matrix M, is given by
0 mp,
o= (3 ) 1
with
mb :mD—i-mVEMElVTMl, (19)

and My is given in Eq. (11).

In the see-saw limit where the eigenvalues of My are much larger than
the eigenvalues of my, (which is generally valid), the right and left neutrino
states are effectively decoupled:

Esee—saw =~

~ % 148 mL(ﬁL)C + (ﬁR)c MgUr + h.c., (20)

D=

where
mi, ~ —mp Mg (mp)'. (21)

Knowledge of the mass matrix for the light neutrinos, mr,, allows us to work
out the oscillation parameters (i.e. the mixing angles and ém?) among the
light neutrinos vr,, and thereby make contact with the neutrino data. For
the sake of simplicity, we will drop the tilde in the neutrino fields in the
subsequent discussion whenever no confusion could arise. Unless otherwise
stated, the symbols v, vg are all (approximately) flavour eigenstates.

One way to obtain large v.1, = v,1, oscillations as suggested by the SNO
data and other solar neutrino experiments and small mixing angle v,1, — v,r,
oscillations for the LSND data is for the mass matrix my, in Eq. (21) to have
the approximate form

0 0 mi
mi, ~ 0 mo9 0 s (22)
mi 0 0
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where the “0” elements are not strictly zero, but much smaller than the m;.
Clearly the mass matrix my, has 3 eigenvalues, \] &~ A\ = mq, Ay = ma.
If this mass matrix is to be consistent with the solar and LSND neutrino
data, then it is required that

A X, and X; have to be split in such a way that |X? — 3| is identified

with 5m§01ar,
2 2
|>‘Il - >‘I3| = 5m§01ar' (23)
B For the sake of naturalness, the absolute mass scale of m? has to be
much larger than 5mgolar,
m% > 6mgolar' (24)
C We require that
2 2
dmignp = |N7 — N3l = [mi —mj, (25)

where 0.2 V2 < dm?qxp S 10 eV2.

Our strategy now is to find the forms of the CKM matrices (and the corres-
ponding Yukawa matrices A\; — A4) which lead to a neutrino mass matrix mr,
of the form Eq. (22), and also satisfy the requirements A, B and C. It turns
out that the above conditions do not lead to a unique solution. However, if
we impose an additional condition on the CKM-type unitary matrices that

D There is a left-right similarity between the CKM matrix Kj, and the
corresponding CKM-type matrix Ky for the SU(2)r interactions of
the right-handed quarks, i.e.

KL~ Kr(=Y K~ T, (26)

then apparently a unique picture emerges. That is, it is found that there
is a simple set of CKM-type matrices where the theory is consistent with
a SU(4) ® SU(2);, ® SU(2), symmetry breaking scale of less than a few
TeV and reproduces the form of mp, as in Eq. (22) with the conditions
Eqs. (23)-(26) satisfied*:

* The form of these matrices could be derived following a similar procedure as was
done in Ref. [9]. Recall that in Ref. [9] it was assumed that the atmospheric neutrino
anomaly is solved by v,1, = v-1 oscillations, the LSND data is solved by v, — ver,
oscillations with the solar neutrino anomaly solved by ver, — Vsterite Oscillations.
While in the present (post SNO) paper the solar neutrino anomaly is solved by
Ver, — V-, oscillations, the LSND data is solved by v, — ver, oscillations and the
atmospheric neutrino anomaly is solved by v,1, — Usterile 0scillations. The difference
is essentially a transformation of ver, <> v L.
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V%Ig, U~

O = O

0 1 1 0 0
!

0 0], K=xvix=[0o01]. (@7

1 0 010

Eq. (26) amounts to suggesting that the non-diagonal K’ (required for low
symmetry breaking scale, see [8]) and non-diagonal Y;{ (required to obtain
large mixing angle v, — v, oscillations) may have a common origin.

The set of CKM-type matrices (Eq. (27)) would arise in the theory if
we make the following ansatz for the Yukawa matrices A1, Az, Aq:

0 0 x x 0 0 x 0 0
Mr|x 0 0],2=|0 0 x|, =0 0 x|, (28
0 x O 0 x O 0 x 0
with the matrix Ao approximately diagonal. In other words, if Ay,..., g

have the above form then a low symmetry breaking scale (< few TeV) is
phenomenologically viable, and additionally, the model can accommodate
the large mixing angle v,;, — v;1, solution to the solar neutrino problem
as well as small angle v,1;, — v, oscillations as suggested by the LSND
experiment. In this solution scheme, the absolute scales of the mass squared
of the left-handed neutrinos turns out to be®

me \ Mg, \?
m? 167]45'4M1%3 <m—e> ~ 1071y <F€;’> eV?,
u

2 2
2 g dgdag2 (T —6 4 ME. 2
my = 4n" S Mp, <—m’:) ~ 107"y <—Te\;) ev<. (29)

The matrices in Eqgs. (26), (27) are translated (via the matrix Mg in
Eq. (11)) into the following mass spectrum for the right-handed neutrinos:

MrMy  MeMe  MrMy,

MyR1 = MyR3 = ~ >
Mg, Mg, Mg,
2m,m
plivg
myRr2 — T (30)
E>

Among Mp,, Mgs is constrained by the requirement to accommodate the
solution to the LSND result (Eq. (25) and Eq. (29)) which implies the lower
bound

Mg, 2 TeV. (31)

® For numerical definiteness, we have assumed S to take on a value near its allowed
upper bound, S ~ 107%, see Eq. (14).
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This bound on the mass of Mg, in turn constrains the mass spectrum of
myy, to the ranges:

1 keV 5 MyR1 = MyR3 ,S 10 keV,
4 MeV < mype S1GeV. (32)

In other words, in the present solution scheme there are two approximately
degenerate light right-handed neutrinos vgy,vgrs (with masses in the range
keV-10 keV) and a heavy vro with mass in the range of ~ MeV to ~ 1 GeV.

The mixing between the left and right neutrino sectors, though sup-
pressed, could be detected in a tell-tale kink (slope discontinuity) in the
otherwise continuous spectrum of a low @-value nuclear beta decay (such as
the tritium beta decay) [32]. For ordinary-sterile neutrino two-state mixing,
the weak eigenstates {1, (7g )¢} will be linear combinations of the two mass
eigenstates {vr, (vr)‘}:

1, = cosYur, + sintp(vr)®, (Pr)¢ = —sinyuy, + cosp(vr)", (33)

where the mixing angle between the ¢ left-handed state and j right-handed
state is given by

. 9 m;
sin” ;5 ~ , 34
i~ | (34
which is of significant interest only for ij = {13}, {31}, i.e.,
keV \?
sin? 413 ~ sin? 431 ~ 107 3n? <e—> . (35)
VR1

The mixing between 7,1, — (Pr2)¢ is much smaller and we can ignore it (as
with the other 75 # {13}, {31} channels). We will take the convention
2 2 2

dmg; = my, . —m; (36)
so that 5m?j is positive. Due to the mixing, the spectrum of a weak decay
that includes ver, in the final state will consist of two components corre-
sponding to m; and m,g,. In the limit m,,, > m, the observed beta
spectrum can be expressed as the product of the massless neutrino spec-
trum and amassive neutrino shape factor S(£),

AN  dN(E,m; =0)

with
9 1/2
1 + tan2 [1 _ h] for E < Q — my,.,
S(E) = an” 13 (Q—FE)? or B < Q — myyg, (38)

1 for E > Q — myg,,
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where F is the beta decay’s energy and @) is the total decay energy. The
mixed spectrum will display a kink at £ = @ — m,,, corresponding to the
mass My, and mixing angle of Eq. (35), which is a signature predicted
by the 422 model. At present, the sensitivity of the experimental searches
for such kink in nuclear beta decays, which only sets an upper bound of
sin?¢p13 < few 1073 for m,,, in the range of a few keV [33], is on the
verge of detecting the presence of the keV component predicted by the 422
model. If the sensitivity of the experiments could increase by two orders of
magnitude in the future, we will be able to verify (or falsify) the model by
detecting (or not detecting) this signature.

Having addressed the significance of the laboratory signature from the
mixing between the left- and right-handed neutrinos, we now turn to inves-
tigate the cosmological implications of these right-handed neutrinos which
are potentially in conflict with the standard cosmological energy density
bound®.

3. The right-handed neutrinos in the framework
of standard cosmology

In this section we would like to determine if standard Big Bang cosmology
is consistent with the minimal 422 model. Within the context of the standard
Big Bang model, the present energy density of a given particle species X,
px must not be much larger than the critical density of the Universe p,, see
Eq. (2). The first check of the implications of the minimal alternative 422
model on the standard cosmological picture is therefore, to estimate the
present energy density of the right-handed neutrinos in this model. In the
following we will estimate the present day relic density of vr1, vrs with the
assumption that they are “hot” (i.e. particle species that freeze-out from the
thermal plasma while still relativistic) and approximately stable in the stan-
dard early Universe scenario. The heavier vro neutrinos will be discussed
separately in Sec. 4.2.

In the alternative 422 model, the dominant decay mode of vry1, vR3 is the
Z%-mediated tree-level process,

A _
VR1,R3 — Vre + Vala (a =6, U, T)a (39)

with a lifetime of the order

5 29 3
T m 10 keV
Tvri,rs ™ > < = ) ~ < ) 5, (40)

22
sin® 413 \ Mg, n Myg,

6 Note that the exotic leptons {E®, E~} do not lead to a cosmological energy density
problem. This is because their masses are heavy enough to allow them to rapidly
decay into quarks and leptons via the gauge interactions.
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(where 7, &~ 1075 s is the muon decay lifetime) which is much larger that
the age of the Universe, ty ~ 1017 s. Therefore, g, vrs could be taken as
approximately stable as far as their contribution to the energy density of
the Universe is concerned” .

The relic density is a function of the masses of the right-handed neutri-
nos. Obviously, a heavier relativistic particle has a larger contribution to the
relic density. Because various observations limit the relic density to be less
than the critical density of the Universe, this will in turn suggest an upper
limit on the masses of these particles which can be compared with the mass
range of Eq. (32). It is fairly straightforward to estimate the constraint im-
posed on the masses of the right-handed neutrinos from 2,,h? < 1 within
the standard cosmological framework (see for example Sec. 5 in Ref. [35]).

In order to find out the relic abundance of the lightest right-handed
neutrino we need to estimate its production rate. Production of right-handed
neutrinos can occur via two distinct mechanisms. First there is a direct
production by Z’- and Wg-mediated interactions, such as®

€RER (LI} URUVR- (41)

Second, right-handed neutrinos can be produced via oscillations of v, <

(vr)¢. However, for the purpose of this section, we will ignore the second

production mechanism because it will not modify our general conclusions.
To estimate the relic abundance of the vry, vr3 from direction produc-

tion, we have to sum over the averaged direct production rates, i.e.
r= Z<FM—>EVR> for ¢ = er, er, var , (42)
)
(see Fig. 3).

" In addition to the tree-level decay of Eq. (39), there also exists a sub-dominant radia-
tive decay mode vr — v1y at one-loop level. Since the transition moment is generated
at one-loop level, its decay rate is suppressed. From Ref. [34] it can be estimated to
be Iy /T ~ 22 sin® Oumix (Mg /my)° (mr /My ) sin® ¢ ~ 107*%n” sin” ¢(muy, /keV)?,

2

where | sin Omix| = 2’%%2—1’ < 107* is the Wy, — Wr mixing angle and sin ¢ is
the relevant leptonic Kr mixing angle. The radiative lifetime of vg — v1,y should be
larger than 10** s, which is required by the astrophysical constraint from the diffuse
photon background for a radiatively decaying species X in the mass range of mx~
keV [35]. Not surprisingly, we find that this is in fact the case for the light right-
handed neutrinos for all parameter space of interest, and thus this decay mode can
be safely ignored.

In addition to the process in Eq. (41), there are also other channels that contribute
to the production of the right-handed neutrinos, including Wgr mediated processes.
The contribution from Wgr mediated exchange will be at most the same order to that
of the Z' exchange channel. For simplicity sake, in the following calculation we shall
only take the Z' exchange channel into account for estimating the production of vr.
Ignoring the Wr channel would not effect the conclusions of the present paper.

oo
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W Vi

Fig. 3. Direct production of the right-handed neutrinos via scatterings of Y1) <Trvr
mediated by Z', where ) = ey, er, v, (@ =€, u,7).

As the Universe expands, the temperature (denoted by T') decreases,
and so does the rate of direct right-handed neutrino production. When the
temperature drops below a certain value Ty (the freeze-out temperature) the
production rate would not be large enough to thermalise the right-handed
neutrinos with the thermal background. The right-handed neutrino is said
to freeze-out from the thermal background, leaving behind its abundance
frozen at the value it had when last in thermal equilibrium. The freeze-
out temperature is approximately determined from the condition that the
scattering rate I' has decreased to that of the Hubble expansion rate H,

I(T) ~ H(T), (43)

where the Hubble expansion rate is given by

T2
Pl

and the scattering rate is given by

(1) = Dy o) & FGRT. (45)
P

In Eq. (44), Mp; is the Planck mass and g, counts the relativistic degrees of
freedom that contribute to the energy density of the Universe, as defined in
the usual way, by pr = (7/30)g.T*. In Eq. (45), G% is a Fermi constant-like
quantity that characterises the strength of the Z’ neutral current interaction,

;= (MWL)QGF, (46)

where G ~ 107° GeV~2 is the Fermi constant. The freeze-out temperature
Tr can be estimated by solving Eq. (43), which gives

Ty ~ 50 MeV for My ~ TeV. (47)
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Comparing Eq. (47) with the mass spectrum Eq. (32) we see that the light
right-handed neutrinos are indeed relativistic at T" & Ty, which is what we
have assumed.

The right-handed neutrinos, after freezing out from the thermal back-
ground, would still maintain their equilibrium distribution at temperature
T,y which eventually becomes smaller than the background photon temper-
ature T by a factor of

T, after \ 1/3

before ~ )
T *S

when the entropy from the e* annihilation is transferred to the photons
at T =~ me. In Eq. (48), gfgfore counts the total number of relativistic
degrees of freedom that contribute to the entropy density s of the Universe
(as defined by s = (272/45) g.sT?) just a moment before T = m,, while
gjg“er counts the number of relativistic degrees of freedom at some later
time. Standard calculation for the present energy density of the vri, vrs

right-handed neutrinos (normalised to the critical density) leads to

T T B2 3 gafter T B2
0 hQ — "VR''VR1 - *S Y VR1 49
VR1+VR3 De 4 gfgfore Pe ’ ( )

where

3 (2
Ny 4 gsgfore
is the ratio of the number density of the vg’s to that of the photons in the

cosmic microwave background (CMBR). At present, n, = 422 cm 3. The
constraint 2,n, 1ursh? S 1 restricts my,, to the range

before

Mg, <30 25 oV, (50)

after
*S

which is clearly not consistent with the mass spectrum of the right-handed
neutrinos in Eq. (32), as the factor (gP&r/g2er) is constrained to be around
16/5.82 = 2.75 for Mz~ few TeV. Therefore, we are led to the conclusion
that, in the framework of standard cosmology, even the lightest right-handed
neutrinos are not consistent with the cosmological energy density bound of
Eq. (2). They will over-close the Universe.

Confronted with the inconsistency with the cosmological energy density
bound, one could attempt to modify the particle physics to get around the
conflict with standard cosmology. A popular way to do this is by introduc-
ing a massless Majoron J that arises from the spontaneous breaking of an
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imposed global symmetry. Things could be arranged in such a way that the
coupling of J with vg opens up an invisible decay channel of vg into the
undetected Majoron (and vy,) that is rapid enough to alleviate the cosmo-
logical bounds. However, in our opinion, such a remedy is rather desperate,
and we would not pursue it further to avoid spoiling the elegance of the 422
model. Instead of modifying the model we prefer to explore an alternative
cosmology scenario to find a way out of the conflict. This will be done in
the next section.

4. Right-handed neutrinos in the framework of non-standard
cosmology with low reheating temperature

It is usually assumed that the radiation-dominated era commences af-
ter a period of inflation, and that the cold Universe at the end of infla-
tion becomes the hot Universe of the radiation-dominated era in a process
known as reheating. During reheating, a thermal bath of relativistic particles
(e.g. electrons and photons) is slowly formed as the coherent oscillations of
a condensate of zero-momentum massive scalar field ¢ decays [35]. The com-
pletion of the ¢ decay marks the commencement of radiation-dominated era
at an initiation temperature Try. From a phenomenological point of view,
the reheating temperature Try, which is given in terms of Iy, the lifetime
of the massive scalar field ¢ [35],

Tru =/ Mp1 1y [

could be treated as a free parameter that is model-dependent (i.e. via the
dynamics of the ¢ physics in an expanding cosmic background). It is an
a priori assumption in standard big bang cosmology that at the initiation
of the radiation-dominated era, thermal and chemical equilibrium prevail
as an initial condition, which is equivalent to the hypothesis that Try is
higher than the freeze-out temperature of the cosmological process under
consideration (in our case here the pertinent process is the production of
the right-handed neutrinos, with the freeze-out temperature Tr ~ 50 MeV).
However, there is no empirical evidence of the radiation-dominated era be-
fore the epoch of BBN, i.e. temperature above ~ 1 MeV. The only real
constraint on Ty is that suggested by BBN which implies that Try could
be as low as 0.7 MeV [25,26].

If the reheating temperature is indeed only of order ~ MeV, interest-
ing modifications to some standard cosmological bounds on particle physics
would be necessitated. For example, with such a low reheating temperature
scenario a given dark matter species X may never achieve chemical equilib-
rium with the thermal radiation background, resulting in a relic abundance

1/4
90 )] ’ (51)

8739« (Tru
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that is much lower than that predicted by standard cosmology. It may,
therefore, be possible that the 422 model might be reconciled with cosmol-
ogy if Try is low enough (the calculation of the previous section only holds
in the limit of high Try). We now study this possibility.

4.1. Relic abundance of the light vg in the low reheating Universe

In this subsection we would like to answer the question of whether the
alternative 422 model is consistent with the low reheating Universe by first
estimating the relic density of the vr1, vr3 neutrinos produced via collisional
processes in the non-standard cosmological scenario. In such a low reheating
scenario

Tru < Ty ~ 50 MeV, (52)

which implies that chemical equilibrium of vy is not attained. This means
that n,, < nys (where n,g, nos are the actual and equilibrium densities).
The heavier vgs right-handed neutrino will be treated separately in Sec. 4.2.

There are two distinct types of collisional processes. First, we have the
direct production, as already considered in Sec. 3. Second, we have the effect
of collisions on the oscillating neutrino ensemble. Our purpose is to obtain
the present day abundance of the right-handed neutrinos by integrating the
corresponding Boltzmann equation that governs the time evolution of these
production mechanisms.

Assuming n,, = npg, the Boltzmann equation pertinent to the produc-
tion of the right-handed neutrinos via collisional processes in an expanding
cosmic background is given by [35]

dn,g

dt

+ 8Hny, = —(olol) 02, — (n52)?] (53)

VR VR

where (o|v|) is the total thermal averaged cross section times velocity for the
relevant collisional process that produces the vg state. It is useful to scale
out the effect of the expansion of the Universe by considering the evolution
of the number of particles in a comoving volume Y, = n,, /s, where s is
the entropy density. Introducing an independent parameter that explicitly
depends on the temperature T, x = m,, /T, Eq. (53) can be expressed in

the form
z dY,, I'[{Y\°
VR _ | [ZR) _q 4
Ve H[<y;g) ’ (54)

where I' = ny} (o|v|). If the reheating temperature is lower than Tp ~
50 MeV (or equivalently, I' < H), then the interactions are too weak for
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chemical equilibrium to be attained. In this case, the Y, term in the right-
handed side of Eq. (54) could be dropped (to a good approximation) and
the equation recast into the form

4z dY,, T

~ = 55
3Y, dv H (55)

In arriving at Eq. (55) we have made use of the ratio of fermion (vg) and
boson (photon) at thermal equilibrium, Y,/Y, = n'}/n, = 3/4, where
the possible factor of (Tyr/T)? = gter/9tetore (Which is not significantly
different than 1) is ignored.

In principle, to evaluate the present density of the right-handed neutri-
nos we have to integrate Eq. (55) for both reheating era plus radiation-
dominated era, i.e. [dY,r = freheating dYyR + [.odiation 4Yvr- However,

freheating dYyr is governed by model-dependent physics of reheating and
its contribution to the production of the right-handed neutrinos is not de-
termined with definiteness. We, therefore, consider only the right-handed

neutrinos produced in the radiation-dominated era (i.e. for T < Tgry) and
approximate [dY,r = f,;;SH dY,r, in which the Hubble expansion rate H
scales with temperature as in Eq. (44).

Hence the present day relic abundance of the vr1, vr3 neutrinos is taken
as Y, = Y, (T = myy, ), obtained by integrating Eq. (55) from T' = Try to
T = m,,, by employing the appropriate relativistic form of the “effectiveness
of production” term, I'/H®. The collisional production rate, I' = I'°! is the
sum of the direct production term and a decoherence term (which arises for
the effects of collisions on the oscillating neutrino ensemble)

Fcol — de + Fcolfos . (56)
As was considered in Sec. 3, the relativistic form of I'P for the direct
production mechanism is given by Eq. (45). The production rate, 1=,
is given by [36]
Tosc
G151
~ Y ; 3 sin® 29, (57)
where [37]
DVa = 5‘[’”& = §yVaGFT (58)

9 The contribution to Y, from the non-relativistic regime T' = m,y, — T = Tj is very
tiny compared to that from the relativistic regime, and hence can be ignored.
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is the thermally averaged collision frequencies between the left-handed
a-neutrinos with the background plasma, and y =y, +y,. = 4.0+2.9 =6.9
[38]. The time scales characterising the period of oscillation of vy, — (vg)¢,
Tosc, and that of the collisions between the v1,’s with the thermal background,
Teoll, are given by

A(E) uf keV N’/ T
j— ~ 1 o
(Tosc) 5m?j 0 Mo, MeV 5,

1 MeV \°
<7'c011> ~ D,,a ~few< T ) S. (59)

Clearly, the oscillation period is very short compared to the average interval
between collisions, i.e. (Tosc) < (Teon) for all of the temperature range of
interest, so that many oscillations occur between successive collisions. As
a result, the collisions will not significantly destroy the coherence of the
ensemble and we have (sin?(7Teop1/Tosc)) = % in Eq. (57).

Because the right-handed neutrinos are much heavier than the left-handed
states (so that the sign of 5m?j = m%Rj —m? —i—m,%Rj as defined via Eq. (36)
is positive), no oscillation neutrino asymmetry amplification can occur via
the oscillations [39,40]. Furthermore, since dm3; 2 10° éV? (given the mass
range of m,,, Eq. (32)), it turns out that we can neglect matter effects for
the temperature range of interest'?. This justifies the use of Eq. (57).

We can now plug in the collision rates for both collisional mechanisms,
Eq. (45) and Eq. (57) into Eq. (55) for I' and integrate it to obtain the

present number densities of the vr1, vrs right-handed neutrinos,

d 4 3
nygo - 1076 TeV TRH
Ny MZI MeV ’
0 Tn general, due to interactions that discriminate between the active and sterile neu-
trinos by the thermal background (i.e. the matter effect) [41,42], an effective poten-
tial [43] will be induced and felt by the a-flavour active neutrinos, thus changing the

dynamics of the coherent oscillations. The effective potential can be put into the
convenient form [40]

Vo= (za+b3mTy

where the dimensionless variables a and b are given by

4 6
. keV?\ [ T o T eV
=-25x107°L - - _10~%( ——__ Xev_ .
@= 2510 <5m$j) (Me\/) =0 ey ) \ ol

Here L(®) is related to the lepton number asymmetry associated with the a-flavour
active neutrino. If L™ is not too big then |a|, |b| < 1 for the temperature range of
interest, and hence the matter effect is very tiny and can be neglected.
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ncolfosc keV 2 TRH 3
VRO ~ 1 —4, 2 )
S () () 2

Clearly the number density of the right-handed neutrinos is very low, which
is of course expected given that Ty < Tr. The total contribution of the
right-handed neutrinos produced via the collisional mechanisms normalised
to the critical energy density of the Universe is easily computed to be

d _
itomal® = gy s h* + O 0 h? (61)
where
a m TeV\* [ Trm \*
n4p h? ~ 1 -5 VR1 9
VR1+VR3 0 keV M, MeV (6 )
and
Tra \* [ keV
1— 2 —2 o L1RH
‘Qggl—fys;‘gh ~ ]_0 n <M—eV> <muR1> . (63)
We see that (22;11 +uRs h? is consistent with a value of < unity for a significant
range of parameters'!
1
m TeV)* keV \1 @
Tru S 50| | —2L 10°n* | —— MeV . 64
i~ |:<kev)<MZ’> " 7 Myr, ‘ ( )

We thus conclude that the relic abundance of the vr1, vr3 neutrinos is con-
sistent with the cosmological energy density bound in the low reheating
scenario.

Let us summarise what we have done so far for the vg1,vr3 neutrinos.
In the alternative 422 model developed to accommodate the LSND and

1 Technically, Eq. (61) is not complete. In addition to the collisional processes, there
is the effect of “oscillations between collisions”. Because (Tosc) < (Tcon), the number
density of vg from oscillation of vr, is simply given by

1.5
noy RNy 7 sin 29,

where n, is the number density of the relic v1, neutrino background, which is related
to ny via n, /n, = 3/11 at present. Thus, the energy density of the light right-handed
neutrinos produced via the “pure oscillation” channel is given by

2 2
ose B2~ %muth sm22¢ N 102”2( keV )

vr1+VR3 11 pe Mg,

Clearly this pure oscillation contribution is within the cosmological bound for all
parameter space of interest.
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solar neutrino anomalies, the masses m,,, =~ m,,, lie in the range given by
Eq. (32), that is 1 keV < myp, s Myp, S 10 keV. In the limit of high reheating
temperature, Try — 00, the right-handed neutrinos are fully populated and,
as shown in Sec. 3, would be inconsistent with the cosmological energy
density bound. However, in a low reheating scenario, n,, is suppressed and
these right-handed neutrino will be consistent with the cosmological energy
density bound provided that Eq. (64) holds.

Note that since their existence is not excluded by the cosmological energy
density bound in a low reheating Universe, the light right-handed neutrinos
VR1, VR3, being effectively stable, could be a viable dark matter candidate.
Specifically, the right-handed neutrinos in the range of keV could play a role
as warm dark matter [44]. We will leave the details of this possibility for
future study.

4.2. Heavy right-handed neutrino decay mediated via the Wg gauge boson

Having shown that the two lightest right-handed neutrinos, vri,rs,
could exist in a low reheating Universe without violating the cosmological
energy density bound, we are still left with the heavy right-handed neutrino,
VR2, to worry about. However, because vgry has a large mass (4 MeV <
Myg, S 1 GeV), it can decay much more rapidly than vr;, vr3. Furthermore,
its production rate is highly suppressed if Try < m,y,. For simplicity, we
first consider vgs in the standard case of high reheating temperature. Of
course, we should keep in mind that in the case of low reheating temperature
the constraints will be much weaker.

If vro decays rapidly enough, then it will not lead to any cosmological
problems. If kinematically allowed (i.e. myp, > m, + me + Mmyy,), the
dominant decay channel of vgro is

Wr
VR —> i et ugs. (65)

This Feynman diagram is shown in Fig. 4.

Vi Ok H

Wk

VRS

Fig.4. vro—pu~ et vrs decay channel dominated by Wr.
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The decay of vgro L - etvgrs is similar to that of ;41— decaying into
e vy, + Ue, With vry playing the role of . In the limit where the masses
of the decay products vanish in comparison to m,,,, the lifetime of the

VR2 Wr, p—etvrs decay can be roughly expressed in terms of the muon
lifetime, 7, ~ 1076 s,

o (N (M T (M Y ()
Tors = Ty =0. s
gR My, Myg, TeV Myg,

Z mu + Me + mURg 9 (66)

for myg,

which is short enough to be consistent with all cosmological and astrophys-
ical bounds.

If myg, S my, then the decay of vgro into muon is not allowed. In this case
vRe decays via cross generational mixing into e~ e vr3 which is suppressed
by a cross generational mixing angle | sin ¢15| < 107!, Explicitly, the lifetime
of vro — e et Rz is

2 2 4 5
VRo—e—etu = Tu .
R2 R3 gf{ sin ¢ My, Mgy

1071\ [ My \* [ MeV \°
3% 10" ( = We ) s (67)
sin 19 TeV Myg,
Because the annihilation of the ete™ pair from this decay mode could pro-
duce photons that potentially distort the CMBR, the vrs — e~ e vr3 decay
channel is subjected to the stringent CMBR constraint 7, , ;- e+yps S 10°

seconds (see Fig. 5.6 in Ref. [35]). Using Eq. (67), this constraint implies
that

Q

10MeV \ /2 / My, \ 2
sinqsuzm—l( — © ) <Tg;‘> . (68)
VR2

In summary, for m,,, 2 m, the decay of vro is rapid enough to be
consistent with standard cosmology (irrespective of the value of the reheating
temperature). For m,,, < m, the decay is rapid enough provided that
Eq. (68) holds. Recall that this is only valid in the limit where Tgry is
high. In the case of low Tgry, the astrophysical constraint is much weaker

(depending on Try).



Cosmological Implications of Low Scale Quark—Lepton Unification 2839

5. Conclusion

The alternative 422 model is an interesting extension to the standard
model for many reasons, which include addressing the problem of neutrino
masses and their mixings. In its minimal form the model quite naturally
accommodates a set of simultaneous solutions (with active—active neutrino
oscillations) to the LSND and solar neutrino data without involving any mass
scale higher than a few TeV — thereby avoiding the hierarchy problem. It
turns out that the masses of the 3 right-handed neutrinos vg; (j = 1,2,3)
are constrained to lie between 1-10 keV (for vry,vr3) and 4 MeV-1 GeV
(for vRa) (see Eq. (32)).

On the other hand, standard hot Big Bang cosmology imposes stringent
bounds on the masses of these right-handed neutrinos. We show that in
the framework of standard cosmology their predicted abundance would vio-
late the cosmological energy density bound. This inconsistency between the
alternative 422 model and the standard cosmology implicitly assumes that
the reheating temperature is much higher than the freeze-out temperature
of the right-handed neutrinos, so that the right-handed neutrinos are fully
populated during the radiation-dominated era. However, if the reheating
temperature is low, ~ MeV (not excluded by BBN or any other observa-
tions), then the right-handed neutrino production is highly suppressed. As
a result there is a significant range of parameters where the model can be
reconciled with cosmology. We conclude that low-scale quark—lepton unifi-
cation is a viable candidate for at least part of the new physics suggested by
the neutrino physics anomalies.

T.L. Yoon acknowledges the support from OPRS and MRS. He also likes
to thank Chun Liu of Institute of Theoretical Physics, Beijing, for bringing
the idea of the low reheating temperature scenario to his attention.
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