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We show that considerations of the equilibration of right- and left-handed neutrino seas in the
early Universe and the mell-known He constraint on the number of relativistic degrees of freedom
extant at the nucleosynthesis epoch lead to a new limit on the Dirac neutrino mass of m (&300
keV. This constraint would apply to any neutrino so long as it had a purely Dirac mass and a life-
time exceeding the nucleosynthesis time scale.

In this paper we describe a new astrophysical con-
straint on the neutrino mass which has its origin in the
effect of neutrino degrees of freedom, or energy density,
on the universal expansion rate during nucleosynthesis.
The greater the number of relativistic degrees of freedom
the faster will be the expansion rate and, ultimately, the
larger will be the abundance of "He. The demand that
He not be overproduced relative to the primordial abun-

dance inferred from observations yields a limit on the
number of relativistic degrees of freedom. This is the ori-
gin of the well-known cosmological limit on the number
of light-neutrino families, which is in excellent agree-
ment with the results from the Z width experiments.
Consider now the effects of a "sterile" sea of right-
handed (RH) neutrinos and left-handed (LH) antineutri-
nos in addition to the expected sea of normal LH (RH)
neutrinos (antineutrinos). Hereafter when we refer to RH
neutrinos we mean both RH neutrinos and LH antineu-
trinos. By sterile here we mean that RH neutrinos
have much smaller interaction cross sections than their
LH counterparts due to left-handed projection operators
in the weak Lagrangian.

The extent to which the RH neutrino sea is populated
can be constrained by the nucleosynthesis considerations
discussed above. Indeed, related studies have used the
consequences of a significant RH neutrino sea to limit
electromagnetic, oscillation, and weak-interaction '

properties of neutrinos. In these studies the RH neutrino
sea was populated by electromagnetic interactions, CP-
violating neutrino oscillations, or RH intermediate bo-
sons.

However, if we make the assumption that neutrinos
have mass then simple particle scattering populates the
RH neutrino sea. In the case where neutrinos are Ma-
jorana particles the RH species is simply the antineutrino
and no extra degrees of freedom are produced. Because
our subsequent argument is based on the effect of added
degrees of freedom during nucleosynthesis we must as-
sume that neutrinos are purely Dirac particles. Since the
amplitude for the helicity flip of Dirac neutrinos in a

scattering event (or charged-current emission or absorp-
tion event) is proportional to the neutrino mass m, the
temperature in the early Universe at which the RH neu-
trino sea falls out of equilibrium with its LH counterpart
depends on m . Once these neutrino seas fall out of equi-
librium any subsequent weakly interacting particle an-
nihilations or phase transitions heat the LH neutrino sea
but not the RH sea, lessening the relative energy density
contribution of the RH sea in determining the expansion
rate at nucleosynthesis. Using essentially the above argu-
ments it has previously been noted that an electron neu-
trino of Dirac mass —10 eV has a negligible effect on He
production. Our study differs in that we go a step fur-
ther, assume three neutrino families, and then turn the
arguments around to give a limit on possible Dirac
masses for v„and v, . The demand that the RH neutrino
sea make a negligible contribution to the energy density
at the nucleosynthesis epoch (to avoid overproduction of
"He) means that the RH neutrinos must decouple prior to
the dominant "annihilation" event, the confinement of
quarks at temperatures in excess of 100 MeV. This sets
an upper limit to the neutrino mass. We will discuss in
turn each of the steps in this argument.

The RH neutrino sea will be in equilibrium with the
LH sea only if the processes that flip neutrino helicity are
very rapid compared to the universal expansion rate.
One can show that in any scattering event the cross sec-
tion for helicity-flip is suppressed ' relative to that of the
nonAip event by a factor of order (m l2E ), where E is
a characteristic neutrino energy. The time scale for heli-
city flipping, nf;p is

rth =(n~cr)
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where n is the number density of weakly interacting
particles, o. is a characteristic cross section for helicity
fiip, g(3) is the Riemann g function of argument 3, Gz is
the Fermi constant, and g is the weakly interacting fer-
mion statistical weight at temperature T. Since the cru-
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cial epoch for the decoupling of the RH neutrino sea is
that of quark confinement (T) 100 MeV) it is reason-
able to assume that the number density of important
weakly interacting targets is proportional to T and that
g includes electrons, muons, neutrinos, u and d quarks,
and all associated antiparticles, which gives g =38. The
expansion time scale is, roughly, the inverse of the Hub-
ble parameter H at temperature T with
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and where mpl is the Planck mass and g =gb+ '8 gf is the
statistical weight of relativistic particles including that in
bosons, gb, and that in fermions, gf. At T= 100 MeV the
inclusion of electrons, muons, photons, LH and RH neu-
trinos, u and d quarks, gluons, and all associated antipar-
ticles yields g =56.5. Although the exact temperature of
decoupling must come from a solution of the Boltzmann
equation' it suffices for the upper limit described here to
assume that equilibrium between RH and LH neutrino
seas obtains whenever ~fl'p((H . We can then con-
clude that for the RH neutrino sea to have decoupled pri-
or to the Universe reaching temperature T the neutrino
mass must be
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We emphasize that to be more exact in Eqs. (3a) and (3b)
(especially near the upper end of the mass limit) would re-
quire a detailed calculation of the helicity-flip rates for all
neutrino processes as well as an in depth treatment of
phase-space considerations.

For both LH and RH relativistic neutrino seas the
temperature is inversely proportional to the scale factor,
but the proportionality constant can evolve diff'erently for
each once the RH sea decouples. ' Subsequent to decou-
pling this proportionality constant remains unchanged
for the RH sea, whereas particle-antiparticle annihila-
tions and phase transitions can increase the product of
scale factor and temperature for the LH sea. Since the
proper entropy density contributed by interacting relativ-
istic particles (in statistical equilibrium) is (4m /90)(gb
+ —,'gf)T and the evolution of the Universe through
phase-transition and particle-annihilation epochs is
characterized by constant comouing entropy density we
can write the ratio of the proportionality constants as

' 1/3(RT)2

(RT), (4)

(3a)

or, adopting statistical weights relevant to the epoch pri-
or to quark confinement,

1/2

z„—889.8
+0.185

889.8
(5a)

where g10 is the baryon-to-photon ratio in units of 10
N the number of neutrino families, and v.„ the neutron
mean life in seconds. Assuming a lower limit of q,o) 2.6
from observations" of D+ He, and assuming"'
r„=898.8+4.4 s, we can reexpress Eq. (5a) as a limit on
the number of relativistic neutrino species in terms of the
primordial He mass fraction:

ly, and gi and g2 are the statistical weights of relativistic
particles at these times. Since the product RT does not
change for the decoupled RH neutrino sea the ratio in
Eq. (4) gives the amount of heating of the LH sea relative
to the RH sea: TiH/TRH=(g, /g2)' . We now explain
why the constraint in Eq. (3b) must be satisfied.

We can identify three relevant heating events prior to
primordial nucleosynthesis: the electroweak transition;
the QCD transition; and muon annihilation. Muon an-
nihilation at T=100 MeV is not very significant as the
temperature difference implied by Eq. (4) is only of order
1%. In terms of the statistical weight the electroweak
transition ( T= 100 GeV) would be characterized by the
8'—and Z annihilating, giving an insignificant tempera-
ture increment of about 4%. At a slightly lower temper-
ature the ~ lepton will similarly drop out of equilibrium
with, again, a resulting insignificant temperature
diff'erence between coupled and decoupled neutrino
species. By contrast the statistical weight changes by a
factor of about 3 when the quarks annihilate and become
bound in color singlets. Whether this takes place in a
phase transition or in a process akin to ionization is ir-
relevant for the temperature change from Eq. (4) to our
limit on m . The order of any phase transition associated
with the @CD epoch is also irrelevant for these quanti-
ties. The largest upper limit on m will be obtained from
the case where the quarks annihilate at the lowest possi-
ble temperature, which would be about 100 MeV. '
Prior to confinement, as discussed above, the statistical
weight in relativistic particles is g1=56.5; whereas, after
the quarks annihilate the only nearly relativistic strongly
interacting particles will be pions, so that g2=17.25 and

TLH/TRH =1.44. This implies that at the time of nu-

cleosynthesis the relative energy densities in a LH and
RH neutrino species will be pLH/pRH=4. 3, so that a
sterile neutrino species counts as less than —,

' of an addi-
tional neutrino flavor. Muons and pions should annihi-
late or drop out of equilibrium at roughly T=100 MeV,
and if we add their statistical weight to the diff'erential
heating of the LH and RH seas then a RH neutrino
species would count for only about 0.1 of an additional
flavor.

Standard, homogeneous, big-bang nucleosynthesis
(SBBN) predicts a He mass fraction given by"

I' =0.228+0.010 lnr)&0+0. 012(N„—3)

where R is the scale factor, subscripts 1 and 2 refer to the
times before and after the annihilation epoch, respective-

N + 3.4+20
—0.240

0.240
(5b)
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If we take primordial He to be Y =0.23+0.01 from ob-
servation"' then X ~3.4. We stress here that our re-
sult will be sensitive to the adopted upper limit of
Y &24%. A value of Y ~24.2% would weaken our
constraint. We know from the CERN LEP and SLAC
Linear Collider (SLC) experiments that lV =3.05+0.2,
though it should be pointed out that nucleosynthesis
counts only particles which are relativistic at the epoch
of nucleosynthesis whereas the collider experiments
count anything coupled to the Z with a mass less than
half of the Z mass. In SBBN sterile neutrino states are
not assumed to be present. If there are three light Dirac
neutrinos and the RH components of one of them did not
decouple until after the QCD epoch then those RH com-
ponents would count for an extra 0.7 neutrino flavor. If
the decoupling of the RH sea is after muon and pion an-
nihilation then the RH components count for almost a
full extra neutrino flavor. Even an extra 0.7 neutrino
flavor is clearly not compatible with the limit N 3.4;
thus, the RH components of the neutrino (v„or v, )

would have to decouple prior to the QCD epoch, yielding
the Dirac mass limit in Eq. (3b).

At the upper end of the mass limit (m„—300 keV) the
neutrino may be only mildly relativistic at some point
during the nucleosynthesis epoch so that the effective
number of neutrino flavors might be less than 3, and
some extra contribution to the energy density from RH
components would be acceptable. Also, annihilations forI ~ 20 MeV will reduce the number density of massive
neutrinos to a small fraction of the massless neutrinos. A
detailed study of these possible loopholes is under way
(see also Ref. 14).

The new constraint on the Dirac mass of the neutrino
described here compliments and extends existing experi-
mental and astrophysical limits. The present experimen-
tal bounds' on the mass of each neutrino species are
m ~18—32 eV, I &250 keV, and m &35 MeV.

e p T

More stringent constraints on the neutrino mass can be
obtained from. astrophysical considerations. For stable
neutrinos the demand that the energy density of the
Universe not exceed the critical value for closure yields

constraints on the neutrino masses' ' of m ~ 2 GeV or
rn + 100 eV h (assuming no RH component, and where
h is the present Hubble parameter in units of 100
km s ' Mpc '). However, as stated above this constraint
applies only if the neutrinos are stable. Radiative decays
can be stringently limited by cosmic electromagnetic
effects, ' ' but nonradiative decays cannot be con-
strained over broad ranges of masses and lifetimes.
The Dirac mass limit described here will partially close
this loophole for v„and v .

The mass limit in Eq. (5) applies to v„and v, if they
have purely Dirac masses and interactions, they are light
and, to be precise, they (and their RH components) have
lifetimes exceeding the nucleosynthesis time scale ( =100
s). We assume that LH and RH components have the
same mass. If the decay mode of the neutrino is to a
lighter neutrino and a relativistic weakly interacting par-
ticle (i.e., a Cioldstone boson associated with the spon-
taneous breaking of a charge, lepton number, or family
symmetry) then we only require that the lifetime exceed
the weak decoupling time scale ( = 1 s), because after this
time the decay products will not thermalize with the plas-
ma. We note, however, that most weak-interaction mod-
els which produce these decay channels tend to give
Majorana masses to neutrinos. Our limit would not ap-
ply to Majorana neutrino models in which two degrees of
freedom are effectively removed, such as in a seesaw-type
mechanism. Thus, our limit would most likely pertain to
the simplest extensions of the standard model which in-
clude Dirac masses for neutrinos. Finally, we stress that
we also must assume that SBBN and the primordial He
abundance inferred from observations are correct.
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