PHYSICAL REVIEW D

VOLUME 52, NUMBER 4

15 AUGUST 1995

Bounds on very heavy relic neutrinos by their annihilation in the Galactic halo

Daniele Fargion,»* Maxim Yu. Khlopov,%%T Rostislav V. Konoplich,®# and Roberto Mignani23$
! Dipartimento di Fisica, Universitd di Roma “La Sapienza,” P.le A. Moro, 2-1-00185 Rome, Ttaly
2 Dipartimento di Fisica “E. Amaldi,” III Universita di Roma, Via C. Segre, 2-I-00146 Rome, Italy
3INFN-Sezione di Roma I, ¢/o Dipartimento di Fisica, I Universita di Roma “La Sapienza,” I-00185 Rome, Italy
* Center for Cosmoparticle Physics “Cosmion,” Miusskaya Pl., 125047 Moscow, Russia
S Institute of Applied Mathematics “M. V. Keldysh,” Miusskaya PL., 4, 1250 Moscow, Russia
8 Moscow Engineering Physics Institute, Kashirskoe sh., 81, 114509 Moscow, Russia
(Received 23 September 1994)

Taking into account neutrino condensation in the gravitational field of collapsing matter, we
investigate the annihilation of heavy relic neutrinos in the Galaxy resulting in the generation of
cosmic rays. The main neutrino annihilation processes are considered: i.e., v — ff and v —
W*TW ™. The condensation mechanism allows one to get information on the density distribution in
the Galaxy halo without any recourse in an explicit dynamical halo model, and the resulting cosmic
ray spectrum provides constraints on the heavy neutrino mass. The comparison of the predicted
cosmic ray flux with the observed one excludes the heavy neutrino mass range 60 GeV < m, <
115 GeV. Such a restriction leads to a bound on the present energy density of very heavy neutrinos
which may be comparable to the corresponding baryonic one only in the range 115 GeV < m, <
300 GeV. Our approach is valid for multicomponent dark matter and can be used for species that
give even a negligible contribution to the critical cosmological density.

PACS number(s): 98.70.Sa, 13.15.+g

I. INTRODUCTION

By measuring the width and height of the Z-boson
peak CERN ete™ collider LEP experiments [1] tell us
that there are three neutrino species. However, this
constraint applies only to light neutrinos with a mass
m, < Mz/2, where Mz is the mass of the Z boson, and
therefore does not forbid the existence within the frame-
work of the standard model of very heavy neutrinos, so
that Z-boson decays into them are prohibited by phase
space. In particular, the results of modern experiments
are not inconsistent with the existence of heavy Dirac
neutrinos with m, > 44 GeV [2].

The important additional source of information on
neutrino parameters is cosmology. According to the the-
ory of the hot universe, in the Universe there should exist
a background of relic neutrinos, whose concentration is
related to that of relic photons. The energy density p, of
massive stable neutrinos should be smaller than the total
critical energy density p. of the Universe. Assuming that
the cosmological density does not exceed the critical one,

py = E(m,,/IOO eVYH ?p,. < pe ,

where H is the present Hubble expansion rate in units
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of 100 kms~! Mpc™1, it was found [3] that the allowable
ranges for the neutrino mass are

m, < 30eV and 3 GeV <m, < 3 TeV .

In these calculations a range of large neutrino masses
is available as a result of the rising cross section of neu-
trino annihilation with an increase of the neutrino mass
as 0 ~ m2 for 1 GeV < m, < % This leads to a
decrease of both the residual neutrino concentration as
n, ~ 1/(m,ov) ~ m;3 and of the neutrino energy den-
sity in the Universe. But beyond the Z pole, the annihi-
lation cross section for the process vz — ff (where f is a
fermion) starts decreasing as m 2 as a result of the mo-
mentum dependence of the Z-boson propagator. In this
region the relic number is proportional to m, and the
neutrino energy density increases as mZ, reaching again
the critical value p. for a few TeV.

However, these calculations were carried out without
taking into account the important annihilation channel
v — WHTW ™. As was shown in Ref. [4], in the region
of neutrino masses m, > My this process defines the
fastest rate of the neutrino annihilation with a cross sec-
tion o ~ m2. This leads to a corresponding decrease
in the neutrino energy density p, ~ m 2%, and therefore
there is no longer a cosmological upper bound on the sta-
ble neutrino mass based on the consideration of the total
energy density in the Universe. It should be noticed that
above 10 TeV (possibly within 100 TeV), the unitarity
principle should manifest somehow so that the cross sec-
tion should reach an upper bound and deviate from the
analysis considered below. This extreme region will be
discussed elsewhere [5].

Nevertheless, the nonuniform distribution of massive
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neutrinos in the Universe and the local increase of the
neutrino density in the formation of the galactic halo
lead to considerable sensitivity of astrophysical data to
the existence of heavy neutrinos in the Universe. As
was shown first in Ref. [6], the condensation of neutri-
nos in the Galaxy should speed up their annihilation,
thus resulting in the generation of cosmic rays. Therefore
the comparison of the predicted cosmic ray flux due to
such annihilation with the observed flux allows one to ob-
tain nevertheless some restrictions on the heavy neutrino
mass. The effect of the neutrino condensation caused by
the gravitational binding of heavy neutrinos in the grav-
itational field of collapsing gas at the stage of Galaxy
formation (which was discovered in Ref. [6]) was used in
Ref. [7] for an analysis of the implications of the weak an-
nihilation of supersymmetric relic particles in the Galaxy.

In the present paper we carry out a detailed analysis
of the influence of the effects of the very heavy neutrino
annihilation (m, > 44 GeV) on cosmic ray production in
the Galaxy. To be explicit, we consider the standard elec-
troweak model, including, however, one additional fam-
ily of fermions. Then the heavy neutrino v and heavy
charged lepton L form a standard SU(2); doublet. In
order to ensure the stability of the heavy neutrino v,
we assume that m, < My and that the heavy neutrino
is a Dirac neutrino. The organization of the paper is
the following. In Sec. II we compute the residual relic
concentration of heavy neutrinos taking into account the
main processes of their annihilation, i.e., vo — WTW |
vio — ff. In Sec. III the distribution of collisionless par-
ticles in galaxies is considered. In Sec. IV we present the
computation of the cosmic ray spectra due to neutrino
annihilation and investigate the possible constraints on
the mass of stable heavy neutrinos. In Sec. V we ana-
lyze the role of the Higgs meson in the cosmological con-
straint on the neutrino mass. In Sec. VI we summarize
the main astrophysical and cosmological consequences of
the present paper.

II. RESIDUAL RELIC CONCENTRATION
OF HEAVY NEUTRINOS IN THE UNIVERSE

In the early Universe at high temperatures (T > m,),
heavy neutrinos (if they exist) should be in thermal equi-
librium with other kinds of particles and their concen-
tration should be compatible with that of photons. As
the temperature in the Universe drops, neutrinos become
nonrelativistic at 7' ~ m, and their abundance falls off
rapidly according to n, ~ exp(—m, /T), although they
are still in thermal equilibrium with the other particles.
However, in the further expansion of the Universe, as
the temperature drops below the freeze-out temperature
Ty, the weak interaction processes become too slow to
keep neutrinos in equilibrium with the other particles.
The equilibrium is destroyed when the rate of change of
the equilibrium concentration due to the temperature de-
crease turns out to be comparable to the rate of the equi-
librium reactions. As a consequence, the concentration
of heavy neutrinos fails to follow the equilibrium con-
centration and the exponential drop of the concentration
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becomes much slower.
The residual relic concentration of heavy neutrinos in
the Universe is given, according to Ref. [8], by

n, = (4/9x)(2Trs/m,)n, , (1)

where n, = 0.24T3 is the equilibrium photon concentra-
tion, T = 2.7 K is the present photon temperature, the
factor 4/g. takes into account the increase of the photon
temperature due to the annihilation of the particles after
the quenching of heavy neutrinos, g« = g.(T) = Ny+ %Ny
is the number of effective degrees of freedom (the photon
contribution to g, is 2), the quantity

rs = (9s/4)(Ts/mu) =%/ exp(~m, /Ty) (2)

is the relative equilibrium concentration of heavy neutri-
nos at the moment of quenching, and g, is the number
of particle spin states (for photons and massive fermions,
gs = 2). The freeze-out temperature is defined by

my, /Ty — 2 In(Tf/m,) = 40 + ln(avM;) + In(m, /M,)
+1n(g/92"%) 3)

where M), is the proton mass and v is the neutrino relative
velocity (in units of the velocity of light).

Taking into account Eq. (3), expression (1) for the relic
concentration of heavy neutrinos can be written as

n, =2 x 10_18g:1/2(Mp/m,,)(U'UME)“I[40
+In(ovM?) + In(m, /M) + In(g,/g:'*)ny ,  (4)

where the condition Ty « m, is assumed.

In order to calculate n,, we have to know the total
annihilation cross section of neutrinos at freeze-out. At
that moment the heavy neutrinos are nonrelativistic [8],
and so in the annihilation their total energy is /s &
2m,,. The analysis of the annihilation reactions of heavy
neutrinos shows the following.

(1) In the region of neutrino masses m, > 100 GeV,
the reaction

vo = Z s WIW— (5)

through s-channel Z-boson exchange, starts dominating
the total cross section of the neutrino annihilation [4]
only if the total energy +/s is not in the vicinity of the
resonant Higgs boson peak.

(2) The relative contributions to the process (5) of the
diagrams with heavy lepton exchange and of the inter-
ference diagrams are suppressed in comparison with the
s-channel Z-boson exchange if (2 > 10) or (2 > 1,
M2 > 10M%,), where 7, = m, /My .

(3) In the region 712, > 2, the annihilation cross section
for reaction (5) is given approximately by

0B = 6.8(in; +4) (pb) , (6)

where (3 is the neutrino velocity.
(4) The solution of Eq. (3) by an iterative proce-
dure [4] yields for the freeze-out temperature the value
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T =m, / 30.

We note that in Eq. (4) the expression in square brack-
ets depends very weakly on the neutrino mass m, and
can be replaced by a constant value. As a result of this
approximation, we can write the residual relic concentra-
tion of heavy neutrinos in the form

ny 2 2 x 1072 /[, (2 + 4)] (cm™3) , (7)

if m, > 2. Therefore, in the region of large neutrino
masses, because of the process (5), the residual neutrino
concentration decreases fast enough as n, ~ m;3.

In the region of neutrino masses m, < 100 GeV, the
dominant annihilation process is neutrino annihilation

into a fermion pair
v > Z — ff (8)

through Z-boson exchange in the s channel. Let us write
the total cross section for this process:

2 4 2
= 2 wI% (5, /p) [%@3 +02)(1+6°83/3)

7 T 327 cost Oy s

+2(g2 — g2)ym5(s — 2m32)
+igtamZmi My (sM5? - z)] , ©)

where Oy is the Weinberg angle, G is the Fermi con-
stant, N is a color factor (N = 1 for leptons and NV =3
for quarks), m; is the fermion mass, 8 = (1 —4m2/s)/2,
By =(1- 4m§/s)1/2, g» and g, are the standard vector
and axial vector constant, Dz = [(s — M2)2 +T2MZ]™ !,
and T is the Z-boson width. Here we neglected the
Higgs boson contribution, which is reasonable either at
V8 & 2m,, as a result of the suppression of Higgs bo-
son exchange, or in the region of large Higgs boson mass
myg > \/E

The appearance in expression (9) of the term propor-
tional to m2 is inevitable because of the axial vector
part of the weak neutral current. However, the role of
the additional terms in formula (9) is important only
for heavy fermions, which can be produced in the an-
nihilation of neutrinos with large masses. But in this
case the dominant reaction of annihilation is the process
v — WTW—, so that the contribution of these terms to
the residual neutrino concentration is not sensible. Thus,
in particular, the actual values of the top quark mass and
the masses of new quarks of fourth generation are not
very important in the calculation of n,.

The results of the numerical calculations of the residual
concentration of heavy neutrinos on the basis of Egs. (3),
(4), and (9) [and the formulas of Ref. [4] for reaction (5)]
are presented in Fig. 1. The calculations were carried
out at heavy lepton mass My = 1 TeV (however, the
actual value of My is not very important) and at the
top quark mass m; = 200 GeV. The masses of the other
heavy quarks and the Higgs boson mass were assumed
to be above 1 TeV. The annihilation cross section was
evaluated at
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FIG. 1. Relic concentration of heavy neutrinos.

s = (sy) = 4m2 + 6m, Ty , (10)

since the annihilating neutrinos are nonrelativistic and
constitute a Boltzmann-distributed gas, so that (p?) =
3m, Ty [the results of the numerical calculations depend
very weakly on the value of the second term in Eq. (10)].
Qualitatively, the behavior of n, (as shown in Fig. 1)
is easily understood. In the region m, ~ Mz/2, the
residual relic neutrino concentration is small as a result
of the huge value of the cross section at resonance in
the s channel. With an increase of the neutrino mass,
the cross section for neutrino annihilation into fermions
drops and this leads to an increase of the residual con-
centration. But at m, > My the additional annihilation
channel v — W+W ™ opens and gradually becomes the
dominant one, since its cross section grows like m2 (until
m, < Mp) and the residual concentration drops again.

III. DISTRIBUTION
OF COLLISIONLESS PARTICLES
IN GALAXIES

The very heavy neutrinos decoupled from radiation at
very early epochs (t < 1078 sec), contrary to baryons,
which remain in thermal equilibrium with photons until
the last scattering at redshift z ~ 1500. However, as soon
as the cosmological expansion is dominated by matter
(for instance, by heavy neutrino or baryonic densities at
z ~ 10%-10%), heavy neutrinos may gravitationally clus-
ter into clouds, thus forming a primordial density seed
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where galaxies may later condense. After the recombina-
tion, once baryons become neutral (z ~ 1500), baryonic
matter also plays a role in clustering and baryons “feel”
the already existing primordial gravitational seeds in a
coupled gravitational system [9]. Such a seed role (of cold
dark matter) is able to speed up baryonic clustering and
to reduce the primordial density contrast for baryons up
to the observed bounds (AT/T < 107%-1075). The sub-
sequent baryonic galaxy formation is due to self-gravity
and energy dissipation. The energy dissipation may am-
plify the galactic density contrast (with respect to the
cosmological one) by many orders of magnitude.

At the stage of the formation of the Galaxy, neutrinos
can interact with matter by gravitation only. Therefore
no energy dissipation due to radiation takes place in the
gas of heavy neutrinos as it is in the case of ordinary mat-
ter. Nevertheless, as was shown in Ref. [6], the motion of
neutrinos in the nonstatic gravitational field of ordinary
matter, which contracts as a result of energy dissipation
via radiation, provides an effective mechanism of energy
dissipation for neutrinos too. As a consequence, contract-
ing ordinary matter induces the collapse of the neutrino
gas and leads to the following significant increase in the
neutrino (antineutrino) density in the Galaxy [6]:

NG = Mpc/p , (11)

where pg = 5 x 10724 g/cm? is the average density of
matter in the Galaxy and p & 4 x 103! g/cm?® is the
density of matter in the Universe.

For future applications let us consider the mechanism,
suggested in [6], in more detail.

When ordinary matter (“baryons”) contracts as a re-
sult of energy dissipation via radiation, neutral heavy
leptons (“neutrinos”) move in a potential, which varies
with time. Since the energy of a particle moving in a
time-variable potential is generally not conserved, neutri-
nos can reduce their energy and, consequently, increase
their density.

To illustrate this mechanism, let us treat, following [6],
the simplest case of particle motion along radial orbits in
the central part of the contracting baryon system, where
the density is independent of radius. If p,(t) and pp(t)
are, respectively, the central densities of neutrinos and
baryons, the motion of neutrinos is determined by the
equation

d*r/dt? = —wi(t)r (12)

where

w(t) = {(47/3)Glp, (&) + pp(®)]}2 .

Let baryons increase slowly their density. For slowly
varying w the amplitude of oscillations is provided by the
adiabatic invariant

A?w(t) = A2w(0) . (13)

As w grows, the oscillation amplitude of neutrinos de-
creases and their density increases, respectively, accord-
ing to the equation
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pu(t)/pu(o) = (*’40/‘4)3
= (o) (O
= {lp. (t) + po(t)]/[p(0) + ps(0)]}*/* . (14)

Introducing the variable

w(t) = Pb(t)/PV(t) ) (15)
one can conveniently rewrite Eq. (14) in the form
z(1+)* = [po(t)/ps(0)]x(0)[1 + z(0)]® . (16)

Two limiting cases are possible. In the first one the
expression on the right-hand side of Eq. (16) is small,
which corresponds to the condition

Po(t) < pu(t) - (17)
In this case the neutrino density grows as
Pu(t)/pu(0) =1+ 3[ps(t) — p5(0)]/p.(0) , (18)

whereas baryon density while growing remains still
smaller than the initial density of neutrinos. However,
because of radiation energy losses, baryon density can
grow to make the condition (17) invalid, so that the op-
posite condition

po(t) > pu(t) (19)

holds. Then one obtains from Eq. (16) that the density
of neutrinos grows with time as

pu()/pv(0) = {pb(t) /[P (0) + pb(0)]}*/*

and therefore

(20)

pu(t)/pu(t) ~ pu(t)*/* .

The same Eqs. (20) and (21) hold for the motion of neu-
trinos along circular orbits, when [6]

(21)

v = const ,

v? = Gpr?

r2p1/2 = const ,
and

pv()/pv(0) = (ro/r)* = {Pb(t)/[p(0) + P6(0)]}*/% .

The analytical treatment given above was completed
in [6] by numerical models, proving the same law of con-
densation [Eq. (21)] to be valid in the cases of nonra-
dial and noncircular motions and also for inhomogeneous
density. The result was shown to be independent of the
details of the numerical methods used. So both analyt-
ical and numerical calculations [6] prove the conclusion
on the condensation of collisionless gas in self-gravitating
systems, while contracting as a result of radiation energy
losses.

The considered process of condensation of a collision-
less gas may take place in any collapsing system of or-
dinary matter, provided that at all stages contraction is
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dominantly supported by self-gravity. It is generally as-
sumed that this condition is not satisfied at the initial
stages of formation of objects smaller than globular clus-
ters, at which the development of thermal instability and
the effects of the outer pressure of the hot gas are dom-
inant. So the considered mechanism should be effective
in the course of galaxy formation, but does not seem to
work in the process of the formation of globular clusters
and smaller astronomical objects (stars, in particular).
If heavy neutrinos (or some other hypothetical parti-
cles) dominate the cosmological density, such a mecha-
nism provides an explanation for the formation of mas-
sive halos of galaxies by these particles. It was used, e.g.,
in [10] for the scenario of a neutrino-dominated Universe
to explain why massive neutrinos remain at the periph-
ery of galaxies and do not contribute much to the density
in the central parts of galaxies. In this case the assump-
tion that hypothetical particles dominate in the galactic
halo allows one, without any recourse to an explicit dy-
namical model of halo formation, to get estimates for
the density distribution in a halo to analyze the parti-
cle distribution in the Galaxy and to evaluate possible
effects of their weak annihilation (as it was done in [7]
for supersymmetric particles). However, the universal-
ity of the mechanism [6] permits its application to the
case of a small contribution of the hypothetical parti-
cles to the total density, thus providing a reasonable es-
timate for the expected distribution of the particles in
the Galaxy and their possible effects, even if they do
not play any significant role in the dynamics of halo for-
mation. The actual distribution of collisionless particles
deserves special analysis for this case, which will be done
in a separate work. As an estimate, following [6], we used
above, for the averaged central density of massive neutri-
nos, Eq. (11), linearly relating it to the averaged baryonic
density in the Galaxy. One can check that such a rela-
tionship corresponds to the law of condensation (21) for
the ratio of the central densities of baryons and neutrinos.

IV. SPECTRUM OF COSMIC RAYS

The condensation of heavy neutrinos in the Galaxy
leads to an increase in the rate of the neutrino annihi-
lation, resulting in a copious production of cosmic rays.
The most stringent limit on the mass of heavy neutrinos
can be therefore obtained by considering the electronic
component of cosmic rays. Then, in this section, we shall
evaluate the output of relativistic electrons by exploiting
the following formula of the flux [6]:

J = (dn/dt)Te(c/4)(6/27) (cm™2s tsr™ 1), (22)
where

dn/dt = n%goqv (23)
is the rate of neutrino annihilation in the Galaxy per unit
volume, o is the cross section of the neutrino annihila-
tion in the Galaxy, T. = 107 yr is the lifetime of cosmic
rays in the Galaxy, c is the velocity of light, and § is the
number of relativistic electrons with energy in the inter-
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val E. - AE/2 to E.+ AE /2, which are produced in one
act of the neutrino annihilation.

Substituting formulas (11) and (23) into Eq. (22) gives
us a general expression for the flux of cosmic rays:

J 2 3.5 x 10'2n2§(ccB/pb) . (24)

In order to obtain constraints on the heavy neutrino
mass, we consider first the annihilation channel v —
ete™ in the Galaxy. Since heavy neutrinos in the Galaxy
are nonrelativistic, i.e.,

E,2m, +m,(v/c)?/2, (25)

where v = 300 km/sec is the velocity of neutrinos in the
Galaxy, then the ultrarelativistic electrons in the anni-
hilation reaction (8) are produced practically monochro-
matic with E, & m, (even for m, =1 TeV the energy
spread is AE =2 1 MeV). Electrons can also be produced
in the secondary processes from the decays of u and 7
leptons and quarks, but these processes contribute only
to the soft part of the cosmic ray spectrum and therefore
we shall neglect them.

The annihilation cross section for the process v —
ete™ can be written, according to formula (9), as

ocB = 2.9sM§ Dz (pb), (26)
and therefore we have, for the flux of cosmic electrons,
J. 2 10%3n2sM3Z, Dy , (27)

where n, is calculated at sy [see Eq. (11)] and § = 1
is used. The experimental energy spectrum of cosmic
electrons [11] integrated over the energy resolution AF
of the detector is given by

JP = 1.16 x 107 2E; 2°AE , (28)

where 3 GeV < E, < 300 GeV and AFE < E..

Results of numerical calculations of the electron flux
(27) are presented in Fig. 2. Also, the experimental flux
(28) is shown in this figure for the electron energy E. =
m, and energy resolution AE = 1 GeV. As we can see,
in this case the existence of heavy neutrinos is forbidden
in the mass range

60 GeV < m, <115 GeV . (29)

The absence of the constraint in the mass range 44—
60 GeV is due to the smallness of the relic neutrino con-
centration (the annihilation cross section of the neutrinos
in the early Universe is very large in the vicinity of the
Z-boson peak). The constraint in the region of large neu-
trino masses is a consequence of the rapid decreasing of
the flux (27) J. ~ m;*("h2 + 4)72 in comparison with
the experimental flux (28) J*P* ~ m 26,

One might argue that the bounds (29) are approxi-
mate, because of the approximate nature of the mech-
anism of neutrino clustering discussed in the previous
section. Indeed, some care and a more cautious attitude
must be exercised because of the complexity of the phe-
nomenon of multifluid clustering [5-8] (and the related
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FIG. 2. Flux of cosmic electrons from the neutrino annihi-
lation in the Galaxy as function of the neutrino mass.

dissipation) in the process of galaxy formation. However,
in the extreme case of a totally inefficient neutrino clus-
tering (contrary to our expectation), the above bounds
do not apply, but on the other side there is no longer any
role for heavy neutrinos in dark galactic halos.

In our view, in most realistic scenarios, the neutrino
clustering mechanism does constitute a reliable process,
and in general it might be only partially corrected, thus
leading to a slight enlarging (or narrowing) of the forbid-
den mass window given in Eq. (29).

Let us note that any bound on the neutrino mass
does imply a corresponding limit on the present energy
density in the Universe. This point can be seen from
Fig. 3, where results of numerical calculations of the
dimensionless neutrino energy density Q, = p,/p. at
pe = 1072° g/cm? are plotted. In the neutrino mass
region below 60 GeV, the relic neutrino energy density
(pv» = 2m,n,) is too small (below the luminous baryonic
density Qp, > 3 x 10"’3) to be of observational interest.
Only in the region above 115 GeV could we expect signif-
icant contributions and cosmological implications of the
neutrino component (comparable to the baryonic one).

We should note that the constraint (29) is very sensi-
tive to the value of the energy resolution AE. In partic-
ular, the improvement of the resolution from 1 GeV to
1 MeV (AE =1 MeV is the width of the energy distri-
bution of electrons produced in neutrino annihilation in
the Galaxy) would give a relative gain of the order 103,
thus allowing the removal of the constraint on m, in the

A

102

LBM

10°3

115 GeV

b e e e e e e e e e e e e o - — —

1074 1 1 >

50 100 150 m, (GeV)

FIG. 3. Relic neutrino energy density versus neutrino mass,
where p. = 1072° g/cm® and LBM is the luminous baryonic
matter contribution (25 = 3 x 1073).

region of 1 TeV and leading to a relic neutrino energy
density below the baryonic one.

An important constraint on m, could be obtained,
at least in principle, by investigation of a high-energy
positron line from the annihilation reaction v — ete™
in the Galaxy. The flux of positrons in this case would
be the same as for electron production (27). However, in
the energy region where separate measurements of elec-
trons and positrons are available (E. < 50 GeV), a sig-
nificant excess of electrons was found [12]. At higher
energies we can use only theoretical predictions. If we
assume, for instance, the validity of the model of dynam-
ical halo, then it gives us the ratio N(e*t)/N(e™) < 1072
at E. > 50 GeV [12]. It follows from Fig. 2 that in this
case it would be possible to search for heavy Dirac neu-
trinos with a mass up to 350 GeV. The detection of an
anomalous output of positrons with energy above 50 GeV
would be a clear signature of the annihilation of Dirac
neutrinos in the Galaxy halo, because the annihilation
of massive Majorana neutrinos into light fermions in the
Galaxy is severely suppressed at low energies since, in the
last case, it is required that the annihilation be in the p
wave as a consequence of Fermi statistics. Let us note
that for neutrino masses below My the positron line ra-
diation (as a signature for heavy neutrino annihilation in
the halo) was considered in detail in Ref. [13].

The other possibility to obtain a constraint on m, is
to consider the process of neutrino annihilation vo —
W+W~ and electron production from W-boson decays
W~ — e v.. However, in this case there is a strong
suppression factor

5 = AE/(9q) (30)
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of the flux of cosmic rays. The appearance of this factor
is a consequence of the flat energy distribution of the
electrons due to the relativistic motion of W bosons in
reaction (5):

(90— 9)/2<E.<(q+4q)/2,

where go and ¢ are the energy and the momentum, re-
spectively, of the W boson. The coefficient § in Eq. (30)
is the W-branching ratio into the channel W~ — e~ .

So we obtain the following approximate expression for
the flux of cosmic rays (electrons) from the cascade v —

WIW~— = e i,:

(31)

Jwe = 3.3 x 101%02 (112 + 4)m;  (AE/GeV), m2 > 2.
(32)

The result of the numerical calculations of the flux Jw .
is also presented in Fig. 2 at AE = 1 GeV. As one can
see from Fig. 2, the flux (32) is lower than the exper-
imental flux (28) as a result of the fast decreasing of
Jwe ~ m;3(2 + 4)71, and therefore in this case there
is no additional constraint on m,,.

The annihilation reaction vz — W+ W ~ with positron
production from W-boson decays W+ — e*v, could also
give an important constraint on m,. The flux of positrons
in this case would be the same as for electron production
(32). However, the energy resolution of the positron de-
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tection is very poor (for example, at the positron energy
E, = 30 GeV the resolution is AE = 20 GeV [12]), but
the experimental flux J°*P*, as well as the flux Jw. (in
contrast with J. for the reaction v — e*e™), is pro-
portional to the energy resolution and its relative value
does not depend on AFE (at AE < Fe). If we assume,
for instance, the validity of the model of dynamical halo,
then it follows from Fig. 2 that in this case the limit on
the heavy neutrino mass would be m, > 500 GeV.

V. ROLE OF HIGGS MESON
IN THE COSMOLOGICAL CONSTRAINTS
ON THE NEUTRINO MASS

It was assumed in previous sections that the Higgs me-
son is heavy (mg > m,) so that the contribution of
Higgs meson exchange,

vo > H-sWTW— | (33)
to the process of neutrino annihilation can be neglected.

In this section we will take into account the finite mass
of the Higgs meson and show how reaction (33) modifies
the restriction (29), which was obtained by us in the limit

case myg — o0o. In the case of a finite mass of the Higgs
meson, the cross section for the process (33) is given by

G’ My Pw my

OH =OHH +OLH = —Je 3 s Dy|Guy +2(8 —m%)Gru) , (34)
Guyg = (8 —4m?2) (5% — 45+ 12) (35)

Grum = —NI22(5+2) + 25+ 2)m2 — 8 + 25 — 8 + #;{—Mg(s +2) 4 BI2[2(5 + 2)2 — 8 + 5 — 2]
(64 2) 4+ (35— 2) — 25 4 4} In| SBWB 1) + 201+ ] — MF) | (36)

where Bw = (1 — 4M3,/s)Y/?, Dy = [(s — m¥%)? +
I'4m%]~!, 'y is the width of the Higgs meson, § =
s/MZ,, and My = Mp/My. The second term (orx)
in Eq. (34) is the result of the interference between the
diagrams of the s-channel H boson exchange and the
t-channel charged L-lepton exchange. The interference
between the diagrams of Z and H boson exchanges in
the total cross section does not occur. The cross section
op was calculated for the first time in Ref. [4], but we
note that there is a difference between the expression for
Gy in formula (36) and the corresponding expression of
Ref. [4].

As the temperature in the Universe drops, very heavy
neutrinos quickly become nonrelativistic and we can put
§ = ami+ A, A < 4m2. Moreover, we assume that

—5(BwB + 1) + 2(1 + 2 — M2)

the masses of neutrino and L lepton are large (as nu-
merical calculations show, the residual concentration of
very heavy relic neutrinos and the output of cosmic rays
from neutrino annihilation depend weakly on Mp), and
in addition M2 > m2 > MZ. Then

G M3,
87

Bog = DlgintA(6 — m%/m?) , (37)
where Dy, = Dy M;:,. We note that this expression can
be negative as well as positive since o is only a part of
the total cross section v — WTW .

We must compare expression (37) with the formula
for the cross section of process (5) in the approximation
under consideration,



52 BOUNDS ON VERY HEAVY RELIC NEUTRINOS BY THEIR . .. 1835
L G*M3Z, ., of the cross section over the temperature, we used the
Bow = 16m wo (38)  formula of Ref. [15]:
and thus (ov) = [8myTK3 (m., /T)] ™}
o o]
2m2 M2, A x/ ds s'/?(s — a4m2)K,(s'/?/T)o (s 42
UH/UW o ( m, My, 5 (G_mzH/mlzl) . (39) a2 ( ) 1( / ) ( ) ’ ( )
H

2 \2+[2
s —m%)2+T4m

We see that at myg > m, or mg <K m, the ra-
tio oy /ow is small and only in the region of resonance
mpy = 2m, can the ratio oy /ow = M&,A/Fﬁl be large.
Indeed, calculating the residual concentration of the relic
neutrinos, we evaluate the annihilation cross section at
s = (sy) [according to expression (10) this corresponds
to A = 6m,Ty/M3%,] and at the width value Iy = 61
(mg/500 GeV)® GeV in the case my > Mz [14] so
that og/ow = 0.4m2/T% > 1 at least for 250 GeV
< mg < 500 GeV.

In the region of neutrino masses below the mass Mw,
the dominant annihilation channels of heavy neutrinos
are reaction (8) and

v - H — ff, (40)
where f denotes a fermion. The formula for the cross
section of process (40) is given in Ref. [4], and using also
the result (9), we obtain (at m, < Mw)

_ _ Am2m2 D
on(ff)/ow(£F) = 3=pr L B7

(41)

Far from H resonance, expression (41) is small. How-
ever, at H resonance (myg = 2m,) and far from Z
resonance, this expression takes the form ogy/ow ~
0.1(mp/Tgr)2 > 1 as aresult of the smallness of the width
of the Higgs meson 'y = 0.45 (my /10 GeV) MeV in this
region (here we put the value my equal to the mass of
the b quark, which is the heaviest fermion in this region
since the t-quark mass m; > Mw).

Thus, if the neutrino mass is around the resonance one
for Higgs meson exchange, the annihilation cross section
of very heavy neutrinos sharply increases, and this leads
to a sharp decreasing in the residual (relic) concentration
of such neutrinos in the Universe. One the other side,
in the calculations of the annihilation cross section of
very heavy neutrinos in the halo of the Galaxy, the effect
of the Higgs meson is not important. This is due to
the fact that such neutrinos in the Galaxy are strongly
nonrelativistic [see Eq. (25)], and therefore the value A
in this case is very small (A = 2 x 10~%m2). Also an
additional suppression factor in Eq. (41) will appear, as
a result of the smallness of the electron mass, when we
consider the most interesting channel of the annihilation
in the Galaxy, v — eTe™, which produces a practically
monochromatic line in the spectrum of cosmic electrons
at energies E, 2 m,,.

Results of numerical calculations of the electron flux
from the very heavy neutrino annihilation in the galactic
halo are presented in Fig. 4. In these calculations the
residual concentration of relic neutrinos was evaluated
by formula (4) and the flux of relativistic electrons was
estimated according to expression (22). For the averaging

where K, (z) is the MacDonald function.

The experimental spectrum of cosmic electrons inte-
grated over the energy resolution of the detector, AE =
1 GeV, is also shown in Fig. 4. As follows from Fig. 4,
Higgs meson exchange modifies significantly in the reso-
nance region the constraint (29) (which was obtained as-
suming myg > m,) to the form 60 GeV < m, < 90 GeV
at myg = 200 GeV.

In this section we have shown that Higgs meson ex-
change affects significantly the constraint on the mass of
very heavy neutrinos in the case when the neutrino mass
is around the resonance value myg = 2m,. The numerical
calculations and comparison with the experimental data
show that, in this case, the constraint on the neutrino
mass is absent because of the smallness of the residual
(relic) concentration of neutrinos in the neutrino mass
range Am, ~ 10I'y. If, below the threshold of W-boson
pair production, this value is not large (Am, < 0.1 GeV),
then above the threshold the width of the Higgs meson
is large and the constraint on the neutrino mass is elim-
inated in the region Am, of the order of 10 GeV.

4

J(em2)s1sr!

-7
10 \

Jexpt (Ee:m,,)

10 —
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| Y | .
100 200 300 m, (GeV)

FIG. 4. Flux of cosmic electrons from the neutrino anni-
hilation in the Galaxy as function of the neutrino mass for
three values of the Higgs meson mass.
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VI. CONCLUSION

In this paper, using the idea of Ref. [6] about neu-
trino condensation in the gravitational field of collaps-
ing matter at the stage of Galaxy formation and ana-
lyzing the processes of cosmic ray production due to the
relic neutrino annihilation in the Galaxy, we excluded the
possibility of the existence of heavy stable neutrinos in
the mass range 60-115 GeV. These bounds on neutrino
masses imply also a corresponding bound on the total en-
ergy density of the Universe. We have shown that in the
allowed neutrino mass range 44 GeV < m, < 60 GeV
the neutrino energy density is less than the luminous
baryonic density and only in the mass range 115 GeV
< m, < 300 GeV can the relic neutrino density be large
enough to be of observational interest (comparable to
that of baryons), i.e.,, 3 x 1072 < p,/p. < 1072, where
pe = 1072 g/cm®. These constraints could be consid-
erably extended by improving the precision of measure-
ments of electron and positron spectra and their energy
resolution, and by separate measurements of electron and
positron spectra at high energies. It seems that the study
of photon production in the Galaxy could reduce the relic
neutrino density to a negligible value even in comparison
with the luminous baryonic one, thus leading at least to
a severe restriction on the role of such cold dark matter
particles in solving the dark matter puzzle in the galactic
halo.

Our treatment can be easily extended to any other
weak interacting stable (neutral) particles, and, what is
more, the weaker is their interaction the larger is their
residual relic concentration in the Universe and the more
stringent constraints could be obtained on the parame-
ters of these particles from astrophysical experiments. It
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is also applicable to the analysis of the expected distri-
bution and effects in the Galaxy of hypothetical strongly
interacting massive particles (SIMP’s), assumed to form
collisional, but nonradiating gas [16], which may also con-
dense via the considered mechanism [6]. It is also impor-
tant to emphasize that our approach is valid in the case
of a multicomponent dark matter [9] and may be used
for species that give even a negligible contribution to the
total energy density of the Universe.

The detection of an anomalous output of positrons
with energy above 50 GeV would be a clear signature
of the annihilation of Dirac neutrinos in the galaxy halo
because the annihilation of Majorana fermions in the
Galaxy is severely suppressed. This could be strong con-
firmation of a multicomponent dark matter content in
the galaxy halo.

The search for heavy neutrinos at accelerators in the
reaction ete™ — vvy could give a possibility of analyzing
the mass region m, ~ Mz /2, which is difficult for an as-
trophysical investigation. This problem will be discussed
elsewhere.
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