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Heavy 7 neutrino as the late decaying particle in the cold dark matter scenario
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The 7 neutrino with a mass of about 10 MeV can be the ““late decaying particle” in the cold dark matter
scenario for the formation of structure in the Universe. We show how this may be realized specifically in the

recently proposed doublet Majoron model.
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Study of the mass and interaction of neutrinos is a long-
standing subject in particle physics and offers one of the key
clues to possible new phenomena beyond the standard
model. Majoron models have been attracting a lot of interest
in this respect. They provide the neutrinos with Majorana
masses and a new type of interaction not present in the stan-
dard model. The interaction is due to the coupling of the
neutrinos and other matter to the Majoron, a Nambu-
Goldstone boson associated with the violation of the lepton
number symmetry. This extra interaction was originally used
to facilitate the decay of a massive neutrino which would
otherwise be ruled out due to the cosmological constraint on
the neutrino mass [1]. In a different application, it allows a
stable massive neutrino to be suitable as a dark matter can-
didate [2]. In this paper, we examine another possibility that
this interaction may bring about: the 7 neutrino (v,) as a
candidate for the late decaying particle in the cold dark mat-
ter (CDM) scenario for the formation of structure in the Uni-
verse [3-5].

The idea of the late decaying particle was proposed to
reconcile a setback of the CDM model in explaining the
formation of large-scale structure in the Universe [3,4]. This
setback became more evident by the recent Cosmic Back-
ground Explorer (COBE) detection of anisotropy in the tem-
perature of the cosmic background radiation: The theoretical
prediction for an =1 inflationary universe on the power
spectrum of the density fluctuation gives a larger power than
the observation at small scales A<104~! Mpc (the Hubble
constant Hy= 100/ km/s Mpc) once it is normalized at large
scales A\~103k"! Mpc using the COBE detection [6]. A
remedy is to delay the time of matter-radiation equality, at
which subhorizon-sized fluctuations begin to grow. The de-
lay reduces the power on the small scales.

A massive particle species that decays into relativistic par-
ticles can do this trick. Since the decreasing rate of the relic
energy density of massive matter is smaller than that of ra-
diation, its energy necessarily dominates the Universe if it is
sufficiently long lived. Its subsequent decay into relativistic
particles gets the Universe into the radiation-dominant era
again with more energy, and delays the time of forthcoming
matter-radiation equality.

In the late decaying particle scenario, we have two matter-
radiation equality epochs: first the relic v, dominates the
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Universe and then the cold dark matter does. They are sepa-
rated by a radiation-dominated era after v, decay. We distin-
guish values of cosmological variables at these epochs with
subscripts EQ1 for the former and EQ2 for the latter, e.g., the
age of the Universe fgq;, the temperature Tgq;, the horizon
size Ngqp, €tc.

Recently, Dodelson ef al. examined a scenario in which a
massive 7 neutrino, with its mass in a range m,,T~1—10

MeV, may be the late decaying particle [5]. (See also Ref. [7]
for other candidates in particle physics models.) An impor-
tant constraint for this scenario is the one from primordial
nucleosynthesis: the equivalent number of massless neutrino
species N, should be less than 3.3 [8] or 3.04 [9] but a 7
neutrino of this mass range may possibly contribute more
than this bound [10].

This difficulty is rather easily evaded in a Majoron model,
thanks to the new interaction between v, and the Majoron
¢y - In the standard model, the relic abundance Y, of v, the
ratio of its number density to the entropy density (see [11]
for the definition), is determined by the speed of the annihi-
lation process via Z° exchange compared to the Universe
expansion [11,12]. In Majoron models the process

ViV =@ (1)

also works to decrease the relic abundance. The v -¢; cou-
pling is proportional to m, /vy, where vy is a scale for the

lepton number violation. Thus the process (1) can be still
active even after the Z° exchange process shuts off if this
m, to vy ratio is sufficiently large. Then the relic density

can be much smaller than the one in the standard model. This
can make v, invisible with respect to the dynamical evolu-
tion of the Universe at the time of primordial nucleosynthesis
and avoid the resulting constraint. In other words, the life-
time upper bound of 100 s estimated for a heavy v, to be the
late decaying particle in Ref. [5] is no longer a constraint in
this case.

The doublet Majoron (DM) model which we have pro-
posed recently [13] is very suitable for the late decaying
particle scenario. An advantage of this model, compared with
the singlet Majoron model, is that it allows us to use a
smaller scale v; for the lepton number violation and thus a
large v,-¢; coupling without conflicting with the basic con-
cept of the seesaw mechanism [14]. We estimate Tgqo; for
various values of v; and m, , and show that it indeed pro-

vides a possibility that v, can be the late decaying particle.
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Let us first estimate how long the temperature Tgp,
should be in order to satisfy the constraint from pri-
mordial nucleosynthesis. The precise definition for T'gq
is the temperature at which the 7 neutrino energy
Py =(2 7r2/45)m,,7ng* sT? becomes the same as the radia-

tion energy pr=(7>/30)g, T*:

60 8 xS
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where g, and g, are the statistical weights of the light
degrees of freedom for the energy and entropy density, re-
spectively. They are functions of temperature; specific values
of g, and g, at a given temperature depend on the details
of the thermal history of the Universe. In the standard model
with three massless neutrino species, all the light degrees of
freedom, photon (y), electron (e), positron (e ™), and three
neutrinos v,, v,, and v,, keep thermal contact before the
freezing out of the Z° exchange process, which takes place
when the Universe cools down to 7~1 MeV. The statistical
weights are then g,=g,s=10.75. These values stay the
same until e and e* become nonrelativisitc and annihilate in
pairs at the temperature of a few tenths of MeV. After this
annihilation, they decrease to g, =3.36 and g,s=3.91. In
the late decaying particle scenario of v, based on the DM
model, these values change because of the existence of the
Majoron and the assumption that v, is heavy. The values we
specifically use correspond to the following situation: v, was
so heavy, m, is greater than a few MeV, that it was nonrel-

ativistic when the Z° exchange process for its annihilation
shuts off; its abundance is frozen before e and e ™ annihilate
in pairs; i.e., let T, denote the freezing temperature then 7 is
greater than a few tenths of MeV. Thus we use
g+=84+s=10 (a sum of contributions from v, e, e*, v,,
v,, and ¢;) for evaluating Ty and Y, . After the pair anni-
hilation of e and e*, they reduce to g,=3.17 and
g.s=3.64. If v,_is relativistic at the termination of the Z°
process, these values change. Also there may occur a devia-
tion in the temperatures of 7y and ¢; . We, however, neglect
these subtleties in this paper. For a lighter neutrino, m, ~1

MeV, this may cause an error; but the numerical error in the
final results of T, expected by this neglect is at most 30—
40 % and does not affect the discussions we make in this
paper.

The temperature at which primordial nucleosynthesis
commences is about 1 MeV [11]. At this temperature, we
need to satisfy the condition g, <11.3 or 10.82, which cor-
responds to the bounds N,<3.3 [8] or 3.04 [9], respectively.
Since g, =10 at T~1 MeV, the v, fraction in the energy
density must satisfy

Py

T

=<0.13 or 0.08, ©)]
PR

respectively. On the other hand, the fraction in terms of
Tgo is given by

Pv, 8xs(1 MeV) g,(Tpor) Tear _ Tran
PR g*(l MeV) g*S(TEQl) 1 MeV 1 MeV

(4)
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as long as T is higher than 1 MeV. Thus Tgq, needs to be
less than 0.08 MeV.

To evaluate Y, , we use formulas given by Kolb and
Turner [11]:

3.79(n+1)x}"!

o= 172 ’
(g*S/g* )mle VTO-O

©)

and

x;=1n[0.038(n +1)(g/g 2 ympm,, o]

*

—(n+In{In[0.038(n+1)(g/g)mpm, a1}, (6)

where mp=1.2X10" GeV is the Planck mass, g=2 for
v,, n and o, are read off from the form of the thermally
averaged cross section for the process

<0-Urel>:0-0(T/mvT)n- (7)

The freezing temperature is given by Tf=mvTx,71 .
The evaluation of the cross section is straightforward. The
appropriate interaction terms are given by

*op (0 @ )(d,91)
F= T v+ — +si
RZ% 30, (vio,v,) 20, (cosad_+sinad,)
m, , .
+ (cosa¢p_+sinad ) {(viio*v,)—(viia?v¥)},

2UL
()

where ¢. are neutral scalar fields, @« and B are mixing
angles, which are the same as those defined in Ref. [13]. The
corresponding cross section in the singlet Majoron model has
been evaluated in Ref. [15]. We calculate the same Feynman
diagrams as those in [15]: two diagrams with the v,-¢; ver-
tices and two scalar-exchange diagrams. The freezing of the
abundance mostly takes place when the initial two v,’s are
nonrelativistic and their energy is much smaller than the
mass of ¢. . In this energy region, the ¢.-exchange dia-
grams are negligible and we obtain the same result as the one
in Ref. [15],

2
1 ™y |p|
7= 967 of E ° ©)

in terms of the energy E and the momentum p of one of the
initial neutrinos in the center of mass frame. A characteristic
behavior of o, i.c., it vanishes at vanishing |p|, comes from
a combined effect of the statistics of identical particles and
the conservation of both angular momentum and CP; the
latter can be defined as a discrete symmetry of the v ¢,
interaction and forbids the s-wave contribution. The ther-
mally averaged cross section is given by the integration over
the distribution function for the relative velocity v =
2[pl/E!

INote that the initial neutrinos in the process (1) are identical
Majorana particles. Thus the event rate of the process per unit co-



RAPID COMMUNICATIONS

R298

30

U, (GeV)
\&\\\
{t} © ~ [}

10
<)

\

i

10 30

my, (MeV)

FIG. 1. Contour plot of log;o[ Tgqi/1 GeV]. The contours corre-
spond to logio[ Tgqi/1 GeV]=-5, —6, —7, —8, —9, and —10
from top to bottom.

3 mv" ” —m, v> /4T
<0-Urel)E d Urel 47T e Vo 1l OV e

1 m,T

This result gives o= (1/327)(m? /v}) and n=1 in (7).
We plot the values of Tgq; obtained by Egs. (2), (5), and
(6) for various values of v, and m,_as contours in Fig. 1.

The thermal history of the Universe we have assumed based
on the DM model is correct for most of the range of values
of m, and v; shown in Fig. 1. In order to satisfy the con-

straint from the primordial nucleosynthesis, a parameter re-
gion with Tgq; less than 0.01 MeV is safe: This stringent
value, when compared with Egs. (3) and (4), is extracted by
an observation that the formulas (5) and (6) are not good for
v, in a region around m,,T~4 MeV and v;~30 GeV; it is

dangerous to determine if v, in this region can be a late
decaying particle without an detailed numerical analysis on
the abundance. For definiteness, we will use this stringent
constraint hereafter. Obviously Tgo; needs to be higher than
Tgqo» Which is about 1 €V, in order that v, plays the role of
the late decaying particle. (Note that v, with Tgq, less than 1
eV can be a candidate of dark matter [2].) Thus the param-
eter region in Fig. 1 for accommodating the late decaying
particle is

TEQI

moving volume is % of (ov,,) defined this way. In the Boltzman
equation, which is the basis to derive the formulas (5) and (6) [11],
this factor 3 is canceled by another factor 2 that represents the fact
that two neutrinos annihilate in the process.

2Tf is lower than 1 MeV for v, with some values of the param-
eters allowed by this inequality, and Eq. (4) does not apply for its
energy fraction. But the fraction evaluated by using the equilibrium
distribution satisfies the constraint (3) at 7~1 MeV.
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In the DM model, v; smaller than 10 GeV predicts a light
scalar boson ¢_, which can be a rare decay product in
Z°— ¢_+ (a fermion pair), and contradicts the known lower
mass bound, about 60 GeV, for the standard Higgs boson
[13].3 Thus a region v; =10 GeV is left for the 7 neutrino to
be the late decaying particle. The temperature T'gq, is, then,
1-10 keV.

The lifetime of the 7 neutrino, Ty should be adjusted so

that it generates an appropriate amount of radiation energy in
its decay. Let us estimate the required lifetime. We use the
sudden-decay approximation and assume v, decays all at
once at the age tp= Ty, and temperate 7p . The total radia-
tion energy density after the decay, including the decay prod-
uct R', is

2
o TEQl
PR+R'=3—08*T4(1+K : (12)

To fit the predicted power spectrum of the density fluctuation
to the observation, this needs to be about 3 times bigger than
the radiation energy in the standard prediction [5]. Thus
Tgo1/Tp=2. Taking into account the relation 7 o« ¢~ %3 in
the v,-dominated era, we get T,,T:3t501. Until the age

tgo1, the Universe was radiation dominated. Thus it is esti-
mated by fpo;=3H Qg "*(Rgo1/Ro)? in terms of the den-
sity parameter {Jz, the ratio of the radiation energy density
to the critical one, and the cosmic scale factors R, at the
present and Rgqg; at Tgqq. Since the photon temperature is
inversely proportional to the scale parameter after e and e™*
annihilate in pairs, it is written as

2
TT" ) s, (13)

EQ1

t501= 2.4X 1019

where T(,=2.735 K is the present (photon) temperature of
the Universe. 7, is then estimated as 10*~10° s. The life-

time in the DM model is given by [13]

3
1 N
v, 647T|RV7—"al U% > (14)

where R, , is the flavor-changing matrix element between

v, and lighter neutrinos (v,=wv;3,v,). If we take v;==20
GeV and m, = 10 MeV to get an idea of the magnitude of

|R|, it resides in a range |R|~107°-1071°. The smallness of
these values can be regarded as a result of the seesaw mecha-
nism: |R| can be parametrized as [(m v, /M)sin6] with M the
mass scale of the gauge singlet neutrino and # a mixing
angle; the values we used for m, and vy imply M~ 10 TeV
and |R|~107%4.

In a late-decaying-particle scenario for structure forma-
tion, we necessarily have an extra small scale corresponding

3Since ¢_—Z°—Z° coupling is proportional to (—cos Bsin a
+sin B cos a), we can fix this problem by tuning the two mixing
parameters in the model, i.e., &= B; but we will not pursue it in this
paper.
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to the horizon at fgqg;. Its size Ngq; at Tgqy, after being
scaled up to the present taking into account the expansion of
the Universe, is

T
xEmz4.8><105( 0) Mpc. (15)

Teq

Thus Agg;==10-100 kpc for the allowed parameters in the
DM model. The consequence of the existence of this scale
for structures in the Universe needs to be clarified by further
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investigations. It may be related to the dwarf galaxies [3].

In summary, we have shown that the DM model repre-
sents an appropriate particle physics model for realizing a
possibility that the 7 neutrino, with a mass of about 10 MeV
and a lifetime in the range 10* to 10° s, is the late decaying
particle in the CDM scenario for the formation of structure in
the Universe.

This work was supported in part by the U.S. Department
of Energy under Grant No. DE-FG03-94ER40837.

[1] Y. Chikashige, R. Mohapatra, and R. Peccei, Phys. Lett. 98B,
265 (1981); Phys. Rev. Lett. 45, 1926 (1980).

[2] E. Carlson and L. Hall, Phys. Rev. D 40, 3187 (1989).

[3] J. Bardeen, J. Bond, and G. Efstathiou, Astrophys. J. 321, 28
(1987); J. Bond and G. Efstathiou, Phys. Lett. B 265, 245
(1991).

[4] M. Davis et al., Nature (London) 356, 489 (1992).

[5] S. Dodelson, G. Gyuk, and M. Turner, Phys. Rev. Lett. 72,
3754 (1994).

[6] G. Smoot et al., Astrophys. J. Lett. 396, L1 (1992); E. Wright
et al., ibid. 396, L13 (1992).

[7] H. B. Kim and J. E. Kim, Seoul National University Report
No. SNUTP-94-48, 1994; R. N. Mohapatra and S. Nussinov,
Univ. of Maryland Report No. UMD-PP-95-21, 1994.

[8] T. Walker et al., Astrophys. J. 376, 51 (1991).

[9] P. Kernan and L. Krauss, Phys. Rev. Lett. 72, 3309 (1994).

[10] E. Kolb et al., Phys. Rev. Lett. 67, 533 (1991), and references
therein.

[11] E. Kolb and M. Turner, The Early Universe (Addison-Wesley,
New York, 1990).

[12] E. Kolb and K. Olive, Phys. Rev. D 33, 1202 (1986); 34,
2531(E) (1986).

[13] H. Kikuchi and E. Ma, Phys. Lett. B 335, 444 (1994).

[14] T. Yanagida, in Proceedings of Workshop on the Unified
Theory and the Baryon Number in the Universe, Tsukuba, Ja-
pan, 1979, edited by A. Sawada and A. Sugamoto (KEK Re-
port No. 79-18, Tsukuba, 1979); M. Gell-Mann, P. Ramond,
and R. Slansky, in Supergravity, Proceedings of the Workshop,
Stony Brook, New York, 1979, edited by D. Freedman and
P. van Nieuwenhuizen (North-Holland, Amsterdam, 1980).

[15] K. Choi and A. Santamaria, Phys. Rev. D 42, 293 (1990);
S. Bertolini and G. Steigman, Nucl. Phys. B387, 193 (1992).



