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If there exist neutral leptons with masses in the range 50 eV to 5 GeV, they would have been present in
thermal equilibrium in the early stages of the hot big bang. In the subsequent evolution of the universe, if
their lifetime is sufficiently long, their mass dominated the energy density of the universe. In this paper we
consider the effect of their presence on the synthesis of elements in the early universe. Of the observed
primordial abundances, we find the helium abundance to be independent of their existence, but we find the
deuterium abundance to be sufficiently sensitive to allow bounds to be placed on the mass, lifetime, and
decay modes of any heavy neutrinos, In particular, on the basis of present best estimates of astrophysical
parameters, we reduce previous radiative lifetime bounds on the order of months to bounds on the order of
hours, and expand the range of masses for which no radiatively decaying massive neutral leptons are allowed
to 50 eV to 100 keV.

I. INTRODUCTION

Evidence for the existence of a massive charged
lepton of mass about 2 GeV has now been con-
firmed. ' lt is strongly suspected, but not yet
proven, that the new charged lepton is accompa-
nied by a new type of neutrino. If the new neutrino
exists, its mass can on the basis of pres'ent ex-
perimental information be as large as several
hundred Me V. [Experimentally, we know
m„&60 eV (Ref. 2) and m„&0.65 MeV (Ref. 3).]
Indirect evidence from other experiments' has as
one interpretation extension of the family of lep-
tons to include new, heavy neutrinos possible un-
related to a charged lepton. Direct experimental
detection of these particles is exceedingly diffi-
cult, and in the near future indirect evidence may
provide the only, clues to their existence and prop-
erties. The object of the present work is to derive
such evidence from the synthesis of elements in
the primordial big bang. In it we will avoid as-
suming any particular model for the interactions
of the heavy neutrino in order to allow our results
to have the widest possible applicability.

Standard cosmological models' require neutrinos
of masses 50 eV to 5 GeV'to be unstable. It was
shown by Cowsik and McClelland' that a sum of
light neutrino masses (m, +m, + ' ' ') greater than

Ve Vp

50 eV would result in a p7esent energy density
greater than the critical density. (Cowsik has re-
cently improved this limit from other evidence. ')
It was pointed out by Lee and Weinberg' and by
Dicus, Kolb, and Teplitz that if the neutrino is

heavy enough (greater than a few GeV), there will
be sufficient annihilation before decoupling to en-
sure that the present neutrino energy density not
exceed the upper bound (=10 "gem ') determined
by observation of the deceleration of the universe.
It was also shown by Dicus et al. ' that for neutrino
masses between these two extremes a lifetime
shorter than the age of the universe can allow the
massless decay products to be red-shifted to pro-

. duce a present energy density less than the criti-
cal density.

In previous work' Dicus et . E. derived restric-
tions on the mass, lifetime, and decay modes of
heavy neutrinos from several cosmological con-
siderations. The principal result was the calcu-
lation of an upper bound on the lifetime for radia-
tive decay of massive neutral leptons such that
the universe would still be sufficiently dense that
the y's would be degraded by bremsstrahlung and
double Compton emission to the temperature of
the universe. Restrictions Q om element forma-
tion were only touched on briefly there. The cos-
mic abundances of light elements are known to be
sensitive to most deviations from the standard
big-bang cosm'ology. Recently the helium abun-
dance has been used to limit the number of types
of massless neutrinos. " In this paper we calcu-
late restrictions on the properties of heavy neu--
trinos (hereafter called v„) from their effect on
the formation of light elements in the early uni-
verse.

In Sec. II we describe briefly the evolution of a
universe with heavy neutrinos. We give the pres-
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ent observational limits on astrophysical quantities
such as elemerit abundan'ces and the density of the
universe; and we describe the calculation of abun-
dances asi a function of the density. In Sec. III we
calculate the abundanees and discuss their depen-
dence oh'the mass, lifetime, and decay modes of
v„. In Se'c. IV' we interpret our bounds and discuss
their significance in building models with heavy
neutrinos.

Our principal result is that, in the case that the
VH-'decay products-include y's or charged parti-
cles', the v„ lifetime iN bounded by a function'of
the v„mass that for most possible masses is less
tha. n afew hours (Sec. IV). This is tobe compared
with the limit of-a few months found in Ref. 10
from the requirement that the resulting y's ther-
malize. The present limits are, however, depen-
derit: on current best measurements for cosmic
deuterium aburidances. The essential ideas in de-
riving the lifetim'e upper bounds iri the present
paper are as folloWs: (1) Existence of cosmic
deuterium puts bounds ori the ratio R~, of baryons
to photons at nucleosynthesis; (2) radiative, vH de-
cay after nucleosynthesis tends to make Rpy' ob-
served today smaller than R~, at nucleosynthesis.

An observation made in Ref. 10, which should be
repeated, is the'following: If the decay v„- v~y
proceeds with a coupling constant f, the radiative
lifetime rz is proportional to I/f 2. The same
coupling. constant enters into the one-. photon ex-
change contribution to the process V~+X- v„+1'

and this cross section is proportional: to f'. We

may therefore set model-independent: louver limits
on the lifetime of massive neutrinos by requiring
that f 'be low enough that the va contribution to
the total cross section is less than the total ob-
served experimentally. In Ref. 10 Dicus et al.
found that the most restrictive upper limit on f2

(lower limit on v'z) came from the Beines experi-
ment, v, +-e- P, +e. It was found' that this lower
limit was greater than the thermalization upper
limit for rn„& 50 keV. The upper limit found in
the present work extends the forbidden region to
100 keV.

Model-dependent calculations of v„ lifetimes re-
lated to the work of Refs. S and 10 have also been
done by Goldman and Stephenson" and. by Sato and.
Kobayashi. " Sato and Sato have also considered
analogous limits on Higgs meson lifetimes. '~ They
have, in addition, informed us that they have in
progress nucleosynthesis calculations similar to
those of the present paper but using a different
computer code. Finally, a careful study of the
implications for galaxy and cluster formation and
structure of stable neutral massi've lejtons has
been performed by Gunn et al."

We may summarize the status'of information on-

II. HEAVY NEUTRINOS AND COSMOLOGY

A. Evolution of a universe with heavy neutrinos

The evolution of a universe with heavy neutrinos
has been described elsewhere. Here we review
briefly the important features. In the very early
stages the heavy neutrinos vH are kept in thermal
equilibrium by their interactions with v„v~, etc.
v, and v are in turn kept in thermal equilibrium
by their interactions with electrons and muons.
As the universe expands, the number densities

I

and temperature of all particles drop. We can
define a decoupling temperature TD for the heavy
neutririos by equating their average interaction
time as a function of the temperature r (Ta) to the
age of the universe at that temperature".

(n„)

1.0S & 10"
t sec.universe Ts(~)

(1b):

nH(T) is their equilibrium number density at tem-
perature T, ~e~ is their relative flux, and o is
the sum of the cross sections for

VH+VH Ve+Ve ~

vp+v~ j
—e'+e .

The. use of other interactions to keep the neutrinos
in thermal equilibrium has beeri considered, but
the use of (2) will be sufficient for our needs.

In Sec. III we will evaluate the temperature at
'decoupling TD, aind the number density at decou-
plingnD as a furiction of the mass of the heavy
neutrino by equati'ng (la) and (1b) for reasonable

massive-neutral-lepton lifetimes as' follows: (1) If
v„has a mass between 50 eV and 5 GeV it must
decay;"'" (2) astrophysical considerations of
Cowsik' place severe restrictions on the existence
of neutrinos of masses lower than 50 eV; (3) knowl-
edge of an upper bound on the total mass of the
universe puts a limit (dependent on the neutrino
mass) on the order of a fraction of the lifetime of
the universe on the v„ lifetime for 50 eV&rn„
& 5 GeV; (Ref. 9) (4) if v„decays into chargecf
particles or y's, thermalization of the resulting
y's puts a mass-independent upper limit on the
order of months on the v„ lifetime; (5) if v„decay
produces y's, the present work shows that primor-
dial nucleosynthesis puts a mass-'dependent upper
limit on the order of hours on the vH lifetime;
(6) if the v„decay produces v, 's, the Beines exper-
iment puts a mass-dependent loner limit on the v„
lif ctime. '
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values of the cross section of (2). After decou-
plirig, the neutrinos are iri free expansion and their
energy density decreases in the expansion of the
universe as p„-8 '-T3. The energy density of
relativistic particles decreases as p„-R '- T~.
Therefore, if the lifetime of v„ is large enough
(calculated in Sec. III), domination of the mass of
the universe by relativistic, particles gives way to
domination of the mass af the universe by the mass
of the heavy neutrinos. For neutrino masses from
0.5 to 25 MeV this will occur either immediately
before, or during, nucleosynthesis. ' The universe
remains dominated by the massive neutrinos until
they decay (as they must to allow p„„&p,).

%e consider two complementary sceriarios for
v„decay: (1) v„decay creates photons, either
prompt (v„-very) or delayed (v„-e'e v~, mov~, . . . );
or (2) vH decay does not create photons
(vH- v~v~v~). v~ is a massless neutrino. In the
event photons are created by vH decay, and the
lifetime of vH is sufficient to allow the unive/rse to
have been dominated by the vH, the photons from
the decay deposit a large amount of entropy in the
universe which increasei the photon temperature
appreciably. If only massless neutrinos result
from vH decay, the photon temperature of the uni-
verse remains unchanged.

B. Limits from present-day observables

The major product of big-bang riucleosyrithesis
is He. From various observations we may
conservatively place the primordial mass fraction
of 'He in the range 22-29Vo, and probably require
the mass fraction to be closer to 29%." . The stan-
dard big-bang calculation" predicts a helium
abundance between 17/p and 27/p, in excellent

- agreement with observation. The fact that the
helium abundance is correctly predicted lends
credence both to the assumptions in the standard
model, and the method of the abundance calcula-
tions. Most modifications of the standard big-bang
model are in gross disagreement with the observa-
tions. " These observations also indicate the He
ls of primordial. ol igln.

'H is the next most likely element of primordial
abundance that may be determined by present ob-
servations. The current abund8, nce observations
suggest a 2H primordial mass fraction of 2 x 10 '
- X('H) - 10 . The deuterium abundance is very
sensitive to the one input parameter in the calcu-
lation; this fact will be exploited below to place
bounds on the properties of the heavy neutrino.

Determination of the primordial abundances of
other nuclei is obscured by the fact that everi if
precise present-day abundances were known, it is
at present difficult to separate the percent of each
that was made in the big bang from the percent

The galactic contribution to A is known to be in
the range from =1 to 0,01 and the latest determin-
ation gives as its best value A=0.06, and an upper
bound of 0.3."

The assumptions and details of the aburidance
calculatioris have been described elsewhere. ~'"
Here we briefly discuss the input parameters.
The calculation of pr'imordial abundances depends
only on: (1) total energy density and temperature
and (2) baryon density before and during nucleo-
synthesis. The dependence on the baryon density
is expressed through a parameter h defined as

PQ 9 (4)

where T, is the temperature in units of 10' 'K.
Conservation of baryons requires h to be constant,
except when entropy is generated in the universe.
Assuming all v„decay at the same time,

Tb
af ter be fQt'e T.

(5)

if E, is the temperature after release of entropy
and Tb is thy temperature. before. Annihilation of
electron pairs serves to increase the temperature
of the universe by a factor of 1.4 (see Ref. 19):

ho=h(1. 4)'=2.75h . (5)

hp, the value of h before pair annihilation, will be
used as the input parameter.

If the decay of the heavy neutrino creates pho-
tons, then there is an additional increase in hp,

T. '
h, =2.75

T„

Finally we may use (4) to express ps, the pres-
ent baryon energy density in terms of hp, and the
present temperature I'p as

b 2 7g10-93

'T 3
—7.15 x 10-"

T. (8)

The results of the calculations in the next section
will be expressed in terms of hp which is related
to the present baryon density through (8).

made liter in stars. %e will determine the abun-
dances of othei" elements produced in the big bang,
but their interpretation is unclear at this. time. .

The single input parameter in the standard cal-
culation depends . (solely in the case v„- v~+2v~)
on the present-day baryon density. The present
baryon density may be expressed as (using H,
= 55 km sec 'Mpc '),

p~ = 5.7 && 10 ' 0 g cm '.
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III. CAI.CULATIONS

A, Decoupling temperature and density

v„remains in thermal equilibrium with the rest
of the particles in the early universe through the
process of (2), shown in Fig. 1. Our present task
is to calculate the decoupling temperature and the
v„number density at decoupling. We do not know
the coupling of v„ to Z. Where the massive neu-
trinos have the largest effect on nucleosynthesis
(0.5-25 MeV) we will consider several possibili-
ties. The first coupling uncertainty involves the
space-time structure of the v„-Z vertex. We con-
sider two extremes, pure vector (also equivalent
to pure axial vector) and the combination V~.
The second uncertainty is in the overall strength
of the coupling. The presence of the vH causes
the largest deviation in abundances froM the re-
sults of the standard big-bang calculation for the
5 MeV case. Here, in addition to the usual cou-
pling strength expected in gauge theories, we ar-
bitrarily multiply and divide the cross section by
a factor of ten. For light (~10 ' MeV) and heavy
(~ 10' MeV) v~, where the effect on the final abun-
dance is smallest and insensitive to the above un-
certainties, we consider only V-A coupling with

va+ vH ve+ ve

as the reaction keeping vH in thermal equilibrium.
Using only this part of (2) allows us to consider the
possibility of vH as v„ in the case of m &0.1 MeV.
A summary of the cases considered may be found
in Table I.

Following the prescription given in Sec. II and

FIG. 1. The reaction that keeps vH in thermal equili-
brium in the early universe.

discussed in detail in Ref. 10, we calculate the
decoupling temperature and the number density
at decoupling for the several cases mentioned
above. the results are given in Table I.

Also included in Table I is the temperature 1',
at which the universe becomes matter dominated

by the heavy neutrinos. 7.", may be found by equ3t-
ing the energy density of heavy neutrinos to the

energy density of relativistic particles

2mn„(T, ) = 1.45' T,',
where a = 4.'72 && 10 ' MeV K: cm

The numerical factor of 2 takes into account the
presence of both v„and vH; the factor of 1.45
takes into account the energy densities of y, v„
v„v» and v„, as well as the fact that the neutrino
temperatures are less than the photon temperature
after e'e annihilation (T„=1.4T„).

Since after decoupling the number of neutrinos
is conserved, the number density n„decreases as
T„', therefore we have

TABLE I. The temperature (TD) and number density (nD) at decoupling, and the tempera--
ture (T&) at which vz dominates the mass of the universe for different values of its mass and

its coupling to Z.

Mass
(MeV)

Coupling
form

Coupling
strength &

PgD

(cm 3)

10 2

10
0.5
0.5
5
5
5
5
5
5

10
10
25
25
102

10

V-. A
U-A
V-A

U
V-A
V-A
V-A

V
V
U

V-A
V

V —A
V

V-A
V —A

1
1
1
1
1
0.1

10.0
1
0 ~ 1

10.0
1
1
1
1
1
1

3.02 x 1032

3.02 x.1032

2.25 x 10~~

4.50 x 1032

1.15x 1032

1.90 x 1033

4.70 x 10
1.60 x 1032

3.40 x 1033

4.70 x 1030

5.19x 103~

5.25 x 103~

1.80 x l.03~

1.65 x 103i
1.19x 103~

4.32 x 1'030

3.41 x 10'
3.41x 10
3.10x 10

. 3.10x10 0

3.00 x 10'0
6.60 x 10&0

1.52 x 10~0

2.70 x 10~0

6.40x 10'0
1.35 x 10"
3.22 x 10"
2.86 x 10~0

4.55 x 10~0

4.15x 10~0

1.14x 10~~

6.74 x 10~~

8.06 x10
8.06 x 107

4.00x 108
8.00x 108

2.26x 10~

3.50x 10~

7 09x 108

4.30x 10~

6.87x 109
1.01x 108
1.65x 10~

2.38x 10
5.06x 10
6.11x 108
8.51x 107
1.49x 106
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~dV
V ' = (24iiGp)'~2 (i2)

Nucleosynthesis occurs wh T-w en, -1, and Table I
shows that for a mass of f 0.rom .5 to 25 MeV the

e y cavy neu-universe will be matter dominat d b h

trinos before or during this time.
a er omination is to increase th
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gy ensity of radiation during nucleosyn-
thesis and may be ignored in (i2). Thus the de-
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to 25 MeV mass range remains the same as in
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PlFED

20TD

Well before the timime of nucleosyrithesis the heav
neutrinos have decoupled from the rest

su sequently interact only gravitational-
ly, Therefore they affect the f' 1ina abundances. on-

verse
y rough increasing the expansion t fra e o the uni-

during element formation. The g a
e Einstein field equations with a Robert-
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p~ =7.] 5 x 10-»g

0
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he universe is
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suming the v deca d . e en-cays o create photons. The en-
ergy density of the nonrelativistic n

decay is
a ivis ic neutrinos before

p„(T,) =2mn„(T, ) .

Conservation o nof neutrinos requires that

n„(T,) =n

p'dp

i + expI (tI2+ m2)i~ 2/k T
. .. - . D

i

„and n~ is the, number of s i'n

projections allowed. e assume~~ =1 for V-A,

interactions and n~ = 2 for- V..
We have incorporated (i2)

' t -of.We
'

. in o. the calcula, tion-of.
element abundances b dd' ( ), - b. --..- y a ing 1-3- to th . ;

cu a ion of the expansion rate. The
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e case of 5 MeV heavy neutrinos with

p
'
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easily understood: The increase in thse in e expansion
e ue

' ' e energy. densi-e ue to the v~ contribution to the
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e ements therefore:, increasie:, sing; or given k, . the

h, is the input parameter of the calculation b
t e abundances in terms of th

observable r - . i y e barpresent-day baryon. density. The bar-
yon density is related to Ii b (8 f opy

ra e in v„ decay (vz- v~v~v~) then
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Io

IO'

h (gcm )

IO

For T, &10' 'K it is necessary to include the factor
of 2.75 from the heating of photons by e'e . %e as-
sume that the decay proceeds via v~- v~+y so that
one-half of the energy density of vH+ vH before de-
cay is deposited in the photon sea. (Other as-
sumptions for the dominant decay, e.g. , v„- e'e v~, v~+ 2y, . . . could lead to different pre-
dictions. ) Therefore, we have

mn T
p, (T,)=mn„(T, ) = (17)

oJ IO

x

Io

If we assume the photons yH quickly thermalize, '
then

p, (T,) =aT,'. (18)

Equating, (17) and (18) and using (11) we obtain

T~
' 2.75aTD' 2.75 T,

It will be convenient to express T, in terms of a
red-shift z:

T, =2. 7(1 +z) 'K=2.7s 'K, z»1. (20)
'-32 -3I

Ip
30

p (2.7'K)(g cm )(&H»L)

PMAX Further we expects =10' so, for convenience, we
define x as

IO

IQ'

IO'

ho(gcm )

IO Q
3

106

i.e., T, = 2.7 x 10'/x. Then we -have

(
~T

' 3.71X10'
T,in 'K,

a Jx /

and (8) becomes

27 3

p~ .—' = 2.65 & 10"—
B Tlx

(21)

(22)

(23)

4
IQ

&C

The present baryon density as a function of ko is
shown in Fig. 4 for several values of the parame-
ters x and m. The variable of interest in (23) is

-30

lo

IP32 '
PMIN lp

i

IO" PMAX

0

CU

+o -32

c' -S4
0

p (P,7'K)(g cm )(v 5v„)

FIG. -3. The predicted H abundances as a function of

ho for all cases of Table I. (a) is for P'-g coupling;
(b) for V coupling. If m ~ 102 or m & 0.5 MeV, the can-
onical result accurately describes these cases.

-5-6
I'g oho(g Cm')

FIG. 4. The dependence of the present-day baryon
density upon the parameters of Eq, (23).
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x, which below will be related to the lifetime.
Assuming here and below that TO=2.7 'K,

x =4.65 ~10' h

QT
(24)

tribution from heavy neutrinos. Using (24) and

(26), we have

, (Ign)
vs = 4.865 x 10'

( ] g)2 . (27)

The observational limits on 0 were discussed in
the previous section, and from Fig. 3 limits may
be placed on k, by the deuterium abundance. The
final step in this section will be to relate x to the
lifetime of the heavy neutrino.

At the time of v„decoupling the age of the uni-
verse is less than one second. Therefore the life-
time of vH may be well approximated by the age of
the universe when vH decays. The age of the uni-
verse when it becomes matter dominated is

1.92 x 10"
T2

1
(25)

During matter domination (from T, until vs de-
cays at T,) the age of the universe scales as T '~',
so we may express the lifetime of v„as

1.92 & 10 Ti
T

Q

1.92»020 T,'~'
T'~' T' 275

1 a

=2.25 X10 x, (26)

where use has been made of Egs. (25), (19), and

(21).
In the following section we use the above results

to obtain our lifetime bounds; we conclude this
section by noting the following:

The helium abundance for the case given in

Fig. 2 (the case of maximum deviation from the
standard result) is larger than the canonical re-
sult and may slightly exceed the maximum value
observationally allowed. The mass fraction of 4He

is nearly independent of ko, and therefore insensi-
tive to the decay mode of v„. A limit is not war-
ranted from the helium abundance, but it should
be noted that if many such heavy neutrinos exist
their effect on the 'He abundance may become
important.

For each case considered, we read T, from
Table I, find the upper and lower limits on ko
necessary to give the observed 'H abundance
from Fig. 3, and use (27) to calculate upper and

lower bounds on T„. These bounds are given in
Fig. 5 as a function of 0 for representative cases,
and given for all cases in Table II. If the v„de-
cays before the universe is matter dominated, oux'.

use of (19) is invalid and the time at matter dom-.
ination is a bound below which we can say nothing,
i.e., if 7'~&t„(T,), our statements for v„- Sv~ will

apply also to vH- v~+y since there will be no sig-
nificant increase in the photon temperature.

In Fig. 5 the solid lines are the upper bounds on
the rad;ative lifetime for the masses indicated.
The dotted lines may be interpreted as a lower
bound only if the v„exist long enough to dominate
the universe with their mass. The dashed line
marked "previous result" arises from the condi-
tion that the photons thermalize, and was calcu-
lated in Ref. 10; it applies to all masses. Values
of ~~ less than the dashed line are allowed; values
above are forbidden.

Only in the case of a low-density universe (one
in which cosmic deuterium is produced) do the re-
sults of Table II and Fig. 5 apply; however, that
is exactly the result of the recent best measure-
ments. For a mass range of 10 ' MeV to 10.0
MeV, and a value of 0 =0.06, the (independent)
restrictions obtairied above from the deuterium
abundance on the maximum radiative lifetime ex-
ceed previous limits by as much as 2.5 orders of
m agnitude.

Allowed bounds on ~~ as a function of mass for
a particular value of 0, 0 = 0.06, are shown in

Fig. 6. For the sake of simplicity we will only
consider V-A and n =1 cases from Table II. From

IV. RESULTS AND CONCLUSIONS

A. The bounds

Our most interesting result involves bounds on
the radiative lifetime v„ for v„- v~y. We can ex-
press the lifetime in terms of the following param-
eters: ho which defines the baryon density at the
time of nucleosynthesis, 0, the ratio of the pres-
ent baryon density to the critical density 5.7
x 10 g cm, and T„ the temperature at which
the mass of the universe is dominated by the con-

Q PREFERRED

O -j—
O

I I I I I s ~s I

I 2 5 4 5 6 7 8 9
10g )p TR

I IG. 5. Upper and lower limits on the radiative life-
time as a function of P for representative values of
Table II. All cases are V-g with coupling strength of l.
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10
10 on w~ can select among weak-interaction models.

Toward this end, consider the matrix element for
v„-vip. The only gauge-invariant form is

10
M =f n (P')o'"q„(I ~y, )u(P)~, , (28)

where P =p'+q; e„ is the polarization vector for
the photon, and f is an arbitrary coupling constant
of dimension. mass '. The width is

10 (29)

10

I

10

m, (Mevj

I

10

FIG. 6. Upper and lower bounds (solid line) for Q
= 0.06 on the radiative lifetime of v& as a function of the
mass. The allowed region is between the solid line or
beneath the dashed line (the time when the universe be-
comes dominated by pz). The cross-hatched region is
disallowed.

B. Weak-interaction models

Now we address the question of whether requir-
ing lifetimes to be in the allowed regions of Fig. 6

Table II it is obvious that deviations from the re-
sults for these choices are minor. The regions
in Fig. 6 that are allowed to lie between the solid
lines (results from Table II from 'H bounds) or
beneath the dashed line (v„decays before matter
domination-Table I). Thus all the values below.
the upper solid line are allowed except for a small
forbidden region that is cross-hatched.

where m is the mass of v„. Below, we write all
masses in MeV and the time in seconds. Corres-
ponding to (29) we have

4mB
R ~f 2mB

8.27 x 10-'i
sec.f sz

Following Goldman and Stephenson' we now con-
sider three reasonable choices for f: (A) the re-
sult of a first-order weak coupling with neutrino
mixing, (B) first-order weak with heavy charged
leptons, and (C) "second"-order weak.

For first-order weak, the matrix element is

G~eM~ = (Am+BM)u(p')o "q„(]+y )u(p),

with G~ as the Fermi constant, and the numerical
factors coming from, for example, - the graph of
Fig. 7; M is the mass of a heavy charged lepton.
There are more graphs involving Higgs particles,
etc. , so we consider (31) as only. an order-of-
magnitude estimate. We have also suppressed

TABLE II. Limits on the radiative lifetime of heavy neutrinos for the cases of Table I to cor- .

rectly predict the 2H abundance.

Mas s Coupling
(MeU) form

Coupling
strength & Limits on hp (Fig. 5) Limits on 7z [Eq. (27)]

] 0~2

] 0~$

0.5
0.5
5
5'

5
5
5
5

10
. 10
25
25
10
103

V-A
V-A
V-A

V
V-A.
V-A
V-A

V
V
V

U-A
V

V-A
V

V-A
V-A

1
1
1
1
1
0.1

10
1
0.1

10
1
1
1
1
1
1

2.88x 10-' h, 7.94x10-'
2.88 x 10 (

hp (7.94x 10 ~

3.80x10 5(hp(1.05x10
4.78 x 10 5 ~

hp —1.27 x 10
6.92 x 10 ~

hp
(1.7, 8 x 10 4.

7.94x 10 5 ~
hp (2.04x 10 4

4.47x10 5~ hp~1.20xlp
8.51x 10 5 (

hp (2.19x 10 4

1.10x10 ~ hp(2. 88x 10
5.01x 10- ~

hp —1.32x10-
6.03 x 10 ( hp —1.58 x 10 4

5.37 x 10 (
hp
(1.41x 10 4

4.07 x 10 ~
hp

~ 1.10x 10
4.27 x 10 "~

hp ~ 1.14x 10"4

2.88 x 10 5 (
hp —7.94 x 10

2.88 x 10 5 (
hp (7.94 x 10 5

6.21x10~/Q2~ y ~ 4.72.x104/Q2
6.21xlp /Q (v@~4.72x10 /Q
4.39 X 1pp/Q2 ( Tg (3.35 X 10~/Q
1.74 x 10 /Q ~ v' ( 1.23 x 10 /Q
4.56 x 10 /Q ( 7z (3.02 x 10 /Q'
2.5px10 /Q (~z(1.65X10"/Q2
1.93x10 /Q ~ w&~ 1,39x10 /Q
1.91x 1Q /Q ~ 7' (1.26x 1P'/Q
1.25x10-~/g ( v~ ~ 8.55x].0-'/Q

o'/ ' —~ —8.3 o'/ '
6.50X 10 i/Q2~ 7~ (4.46 x lpp/Q2

2.48 x ]0-1/Q2~ 7g ~ 1.71x 10 /Q
3.p5 x ].Qp/Q2 ( ~~( 2.30 x 10'/Q2
2.38x10 /Q & ~+~ 1.69x10 /Q2

5.57 x 10~/Q2 (~z ~ 4.24 x 102/Q2

1.82 x 105/Q ( 7'~ (1.38 X. 106/Q
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w, P

from the requirement of thermalization as well
as the lower limit on v from laboratory experi-
ments.

From Fig. 8 we see that for a heavy neutrino
mass less than =20 MeV, :second-order weak
transitions [case (C)] will have too long a, lifetime,
the universe will be matter dominated by v„ for
an appreciable amount of time resulting in the
deuterium abundance being incorrectly predicted.
For masses less than =5 MeV, the same problem
arises in the neutrino mixing case [case (A)]. For
m s 0.8 MeV case (B) will result in 7t, e scattering
larger than allowed by the Reines experiment (line
5).

The limits given here cannot be used with com-
plete confidence until more definite values of the
primordial 2H abundance and the present baryon
density are available. Our limits on the radiative
lifetime and the coupling involved may best be in-
terpreted as suggestive of reasonable values.

FIG. 7. An example of diagrams involved in the cal-
culation of the radiative vz lifetime. W is the charged
intermediate vector boson; P is the Higgs field; and ~
is a heavy lepton. 0"—tu

I

tu

Cabibbo-type leptonic angles. Because of these
uncertainties we will consider A. and B as param-
eters and consider values in the range

0.1&B',A'&10
f

reasonable.
It would not be unreasonable in gauge theories

for the first-order weak diagrams to cancel. The
"second"-order weak'(actually order G/m~') am-
plitude is

CG~e zM2
, mu(P')o""q„(l+y, )u(P),2«'. m~'

(33)

where ~M2 i's the difference of the square of two
heavy leptons and m~ is the mass of the W boson.
C, like A and B, may be assumed to vary in the
range 0.1 to 10. Using (28), (31), and (33), the
possibilities for f a re

A'm' [case (A)]

f'=8.81x10-"&&(
a'M' [case (B)]

~M' m' [case (C)]

Using (30) for Tswe compare in Fig. 8 the three pos-
sibilities for ~„from (34) using (b M')'~' = 4 GeV,

=40 Ge'tIt ~=2 GeV; and A.2, B', and C' in the
range 0.1 to 10. The solid line in Fig. 8 is the up-
per curve in Fig. 6. We also show in Fig. 8, for
comparison, the upper limits on 7 from p& p, and

1014

—IO
IO

O

IO

10

10 10 10'

m, (Mev)

10 IO

FIG. 8. Comparison of the radiative vz lifetime (as a
function of the vH mass) for the three cases discussed
in the text with astrophysical upper and experimental
lower limits. Lines 1 through 4 are upper bounds on 7

from astrophysics: 1 is from requiring the decay
neutrinos not be detected in the Davis experiment (Hef.
10), 2 is from requiring the present energy density of
vz decay products not exceed the maximum allowed
(Befs. 9, 10), 3 is from nucleosynthesis (Fig. 6), 4 .s
from requiring photons from vH decay therrnalized (Ref.
10). The cross-hatched region is the disallowed region
from Figure 2. Lines 5 through 7 are lower bounds on
the radiative vz lifetime from laboratory experiments
(Ref. 10): 5 is from v, e scattering, 6 is from v„e
scattering. possible values of. the radiative lifetimes
lie below 1—4 arid above 5—7. Therefore, radiative
decays for neutrinos of mass less than 0.1 MeU are
ruled out. The shaded regions are cases (A), (B), and
(C) from Sec. IU]3.



However, because of the difficulty of detecting
such neutrinos, indirect evidence such as pres-
erited here may for some time provide the best
available evidence of their properties.

It is also possible to apply the results of this
paper to particles with other spins such as scalar
or pseudoscalar mesons (Higgs, "axions, " etc.).
The only condition necessary is that their lifetime
be long enough that they are present after nucleo-
synthesis.

In conclusion, we draw the reader's attention
once again to Fig. 8 which summarizes the infor-
mation currently available from cosmology on the
lifetimes of massive neutral weakly interacting
leptons as a function of their mass. It is in many
respects remarkable that such detailed informa-
tion may be inferred from such a remote event.
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