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Constraints from Primordial Nucleosynthesis on the Mass of the 7 Neutrino

Edward W. Kolb, 1> Michael S. Turner, @3> A Chakravorty, "-® and David N. Schramm (":®.®
WNASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500
@ Department of Astronomy and Astrophysics, Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637-1433
O Department of Physics, The University of Chicago, Chicago, Illinois 60637-1433
(Received 4 February 1991)

The familiar nucleosynthesis constraint on the number of neutrino species, N, < 3.4, applies to mass-
less neutrino species. An MeV-mass neutrino can have even greater impact, and we show that primordi-
al nucleosynthesis excludes a z-neutrino mass from 0.3 to 25 MeV (Dirac) and 0.5 to 25 MeV (Majora-
na) provided that its lifetime 7,2 1 sec, and from 0.3 to 30 MeV (Dirac) and 0.5 to 32 MeV (Majora-
na) for 7,2 103 sec. A modest improvement in the laboratory mass limit— from 35 to 25 MeV—would
imply that the r-neutrino mass must be less than 0.5 MeV (provided 7,21 sec).

PACS numbers: 98.80.Ft, 12.15.Ff, 14.60.Gh, 98.80.Cq

The agreement of the predictions of primordial nu-
cleosynthesis for the abundances of the light isotopes D,
3He, *He, with 'Li with their measured abundances is
one of the great triumphs of the hot big-bang cosmology.
Because of this success primordial nucleosynthesis has
been used as a probe of both cosmology and particle
physics [1]. In particular, primordial nucleosynthesis
provides a stringent limit to the number of “light” (mass
<« MeV) degrees of freedom, which, expressed in terms
of the equivalent number of light neutrino species, is
N,=<3.4 [2]. Recent precision measurements of the
properties of the Z° have confirmed this in spectacular
fashion: N,=3.0%0.1 [3].

In the context of nucleosynthesis, “light” refers to neu-
trinos of mass much less than 1 MeV, while “heavy”
refers to neutrinos of mass of an MeV or greater, a
division that traces to the temperature of the Universe
when the weak interactions freeze out: Tp~1 MeV. The
present laboratory limit to the mass of the 7 neutrino is
m, < 35 MeV [4]; if the 7-neutrino mass is greater than
order 1 MeV, it will not be a light degree of freedom dur-
ing nucleosynthesis and the above limit does not apply.
Since the equilibrium energy density of a massive neutri-
no species is less than that of a “massless” neutrino
species it would seem that the nucleosynthesis limit is ir-
relevant for the t neutrino.

Neutrinos do not stay in thermal equilibrium; they
decouple at temperature of order a few MeV [5]. After a
massive neutrino species decouples and becomes nonrela-
tivistic, its energy density grows relative to a massless
neutrino species: p(v,)/p,(m, =0)=(m,/3.15T )r <t ?,
where p,(m,=0)=7xT}/120, r is the ratio of the num-
ber density of massive neutrinos to massless neutrinos
after freeze-out, and T, is the neutrino temperature. For
an MeV-mass neutrino species r is order unity, and when
the neutron-to-proton ratio freezes out (Tr~1 MeV) its
energy density is comparable to or even greater than a
massless species. Since the “He yield is very sensitive to
the value at which the neutron-to-proton ratio freezes
out, which depends upon the energy density of the
Universe, an MeV-mass neutrino species can have a
significant effect on “He production.

Later, when T<1 MeV, the energy density of a mas-
sive T neutrino is even more significant: When the actual
synthesis of the light elements begins in earnest (z ~200
sec, T~0.1 MeV), it can be 10 times that of a massless
species, comparable to the total energy density. Around
this epoch D (and 7Li for n:53%10~'%) have become
overabundant (relative to nuclear statistical equilibrium)
and are being burnt to “He. Speeding up the expansion
leads to the earlier quenching of the reactions that burn
D (and "Li) and significantly increases their primordial
abundances. Thus an MeV-mass neutrino can have a
greater effect on the yields of D and Li than a massless
neutrino species.

The impact of a massive neutrino on nucleosynthesis
has been studied previously [6]. The purpose of our
Letter is to update and extend the previous work and ob-
tain a very noteworthy bound to the mass of the r neutri-
no: Our bound, together with a modest improvement in
the laboratory limit from 35 to 25 MeV, would imply
that the mass of v; must be less than 0.5 MeV, provided
its lifetime is greater than 1 sec.

The 7 neutrino affects nucleosynthesis through its
effect on the expansion rate of the Universe H: H?
=8nGpiai/3, where the total energy density pyo is that of
a thermal bath comprised of photons, ¢ * pairs, and three
neutrino species. Usually the three neutrino species are
taken to be massless (well justified for v, and v,). We
have modified the primordial nucleosynthesis code [7} to
allow for a massive 7 neutrino. Specifically, its energy
density has been changed to

[(3.151T,) 2+ m2]'?
3.1517,

plve)=r plm,=0), (1)
where the (3.1517,)2 term accounts for its kinetic ener-
gy. Note, for T,<m,/3 the ratio p(v.)/p,(m,=0) de-
pends only upon rm,. The relic abundance r is deter-
mined by standard techniques: numerical integration of
the Boltzmann equation [5],
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where n, is the number density of T neutrinos, #9 is their



equilibrium number density, r =n,/n,(m,=0), {(o|v|)ann
is the thermally averaged, total annihilation cross section
(for m, S 100 MeV, v, V,— Veve, VuVy, e e1).

Several points should be noted. First, we assume that
the interactions of the 7 neutrino are described by the
standard SU(2); ® U(1)y electroweak gauge theory. If
it were to have additional interactions, equilibrium would
be tracked longer, its relic abundance r would be smaller,
and our limits would be weakened. Second, since MeV-
mass neutrinos freeze out when they are still semirela-
tivistic, care must be taken in computing their annihila-
tion cross section: Neither the nonrelativistic nor ultrare-
lativistic forms are appropriate. We have computed the
exact annihilation cross section and performed the
thermal average numerically [8). Finally, in the case of a
Dirac neutrino, one must determine whether or not all
four helicity states (v+ and their CP conjugates V=) are
populated. (A Majorana neutrino has but two helicity
states.) The helicity eigenstates (v ), the eigenstates of
a freely propagating neutrino, do not coincide with the
chirality eigenstates (v g), the eigenstates of the elec-
troweak interactions. A freely propagating v has pro-
jection of order 0.5[1% lpl/(E+m)] onto v, and
0.5[1 F |pl/(E +m)] onto vg. In the relativistic regime,
a v— (vy)is a vy (vg) with a vg (v.) admixture of or-
der m,/2E,. Thus v_’s and v.’s interact with ordinary
weak interactions, while the interactions of v4’s and V-’s
are suppressed by a factor of (m,/2E,)%. However, if the
“wrong-helicity” states (v+,v_) interact sufficiently to
thermalize, the number of spin degrees of freedom dou-
bles.

There are two types of reactions that can thermalize
the wrong-helicity states: (i) spin-flip interactions that
arise due to electroweak interactions [9], and (i) new in-
teractions for the wrong-helicity states. Because a v+
state has an order m,/2E, projection onto v;, ordinary
electroweak interactions mediate v to v4 transitions at
a rate given roughly by mZ2/4E? times the rate for prop-
er-helicity neutrinos to interact. Taking all processes into
account, the production rate of v4’s is '+ ~0.1G2m]T?;
comparing this to the expansion rate one finds that the
spin-flip interactions become ineffective at thermaliz-
ing v+ and V- at temperatures below 7==(300
MeV)Im, /(300 keV)] ™2 A decoupling temperature
T ~300 MeV corresponds to the quark-hadron transi-
tion temperature. If the wrong-helicity states decouple
before the quark-hadron transition—the case for
m, <300 keV—their number density relative to the
negative-helicity states will be greatly diminished when
the entropy in the quark-gluon plasma is transferred to
the hadronic degrees of freedom. On the other hand, if
they decouple at a temperature below that of the quark-
hadron transition— m, = 300 keV—their number density
will be comparable to the negative-helicity states [10].

New interactions can also populate the wrong-helicity
v, states; e.g., e/ eq — v4V_ mediated by a new gauge
boson. However, we can be confident that they do not: If
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FIG. 1. The relic abundance times neutrino mass rm, and
the *He yield expressed in equivalent number of massless neu-
trino species [13] as a function of the z-neutrino mass (Dirac
mass, solid curves; Majorana mass, broken curves). The “He
abundance constrains the number of massless neutrinos to be
less than 3.4. The discontinuity for a Dirac mass of 0.3 MeV
arises because we assume that the wrong-helicity states are ful-
ly populated for m,= 0.3 MeV and unpopulated for m,=<0.3
MeV [11].

they did, ¢ and g neutrinos would contribute as four
light-neutrino species, which violates the nucleosynthesis
bound. Thus, new interactions—unless for some reason
flavor or mass dependent—cannot keep the wrong-
helicity v, states in equilibrium. On the basis of spin-flip
interactions we assume that for m, = 300 keV the wrong-
helicity states are fully populated, and for m, S 300 keV
they are not populated [11].

The measured primordial abundances of the light ele-
ments are the following: ¥»=0.23+0.01; D/H210 "3
(D+ He)/HS1LI1%107%  and "Li/H=(1.2%0.3)
x 10! (for further discussion see Refs. [1] and [12]).
For the purpose of setting the z-neutrino mass limit we
need upper limits to Yp, (D+°He)/H, and "Li/H. Fol-
lowing the authors of Ref. [12] we adopt ¥Yp=<0.24,
(D+°He)/H=<1.1%10"% and "Li/H=<1.7x10"1°,

In Fig. 1 we show the effect of a massive 7 neutrino on
“He production expressed as the equivalent number of
massless neutrino species [13]. In the extreme, a massive
Dirac ¢ neutrino can have the effect of more than four
light-neutrino species. The limit to the equivalent num-
ber of light-neutrino species, N,= 3.4 (based upon
Yp =< 0.24), is exceeded if the r-neutrino mass is between
0.3 and 25 MeV (Dirac) and 0.5 and 25 MeV (Majora-
na). Since the *He abundance is affected by the in-
creased expansion rate when the neutron-to-proton ratio
freezes out, which occurs at t~sec and 7'—MeV, this
mass constraint applies provided 7,2 1 sec.

Next, consider (D+ *He)/H, in Fig. 2 we see that a
massive T-neutrino species increases D+’He in a
similar— but much more significant— way than addition-
al massless neutrino species. While we have not shown D
or *He individually, it is the D abundance that is most
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FIG. 2. The yield of D+>He as a function of rm, for two
massless neutrino species and a massive ¢ neutrino as a function
of the baryon-to-photon ratio 7. The solid curves from bottom
to top correspond to rm,=0.5, 0.6, 0.7, 1.0, 1.5, 2.0, and 3.0
MeV. For reference, results are also shown for two and four
massless neutrinos alone (broken curves).

affected. The reason is simple: When nucleosynthesis
commences (¢t ~200 sec) D/H has reached a value of al-
most 1072 The final abundance depends upon how
much D is left unburnt and an increase in the expansion
rate when nucleosynthesis commences quenches these re-
actions earlier leaving more D unburnt.

Finally, consider "Li/H; the yield of "Li is not mono-
tonic (Fig. 3). This is because for small n 7Li is overa-
bundant when nucleosynthesis commences and its final
abundance is determined by how much "Li is left unburnt
by 'Li(p,a)*Hel, while for large 1, 'Li is produced as
"Be [by *He(®He,y)"Bel which later decays (through
electron capture) to ’Li. That two production mecha-
nisms are at work results in the “’Li trough.” Increasing
the expansion rate around the time nucleosynthesis com-
mences leads to increased 'Li production for small 7
(more "Li remains unburnt) and decreased "Li produc-
tion for large 7 (the production of "Be quenches earlier),
which shifts the trough to larger 7. Because the energy
density contributed by a massive v neutrino can be many
times that of a massless neutrino when nucleosynthesis
commences, its impact on the yields of D and 7Li can be
much greater. Also note that the effect of a massive 7
neutrino on D+ *He and ’Li depends only upon rm,,
since p(v,)/p,(m,=0) depends only upon rm, for T <1
MeV.

If the massive 7-neutrino species has a lifetime of at
least 103 sec it will affect all the light-element abun-
dances. The constraints based upon the overproduction
of *He, and "Li and D+ He are complementary: Avoid-
ing the overproduction of “He is most constraining at
large 7, while avoiding overproduction of Li and
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FIG. 3. Same as Fig. 2 except for "Li. The solid curves from
left to right correspond to rm,=0.5, 0.6, 0.7, 1.0, 1.5, 2.0, and
3.0 MeV.

D+ *He is most constraining at small 7. We used the fol-
lowing algorithm to obtain our mass constraint: Choose
m, and calculate r and rm,; use the abundances of "Li
and D+ 3He to find the minimum value of n permitted;
check to see if the predicted value of Yp is less than 0.24;
if not, the chosen value of m, is excluded. Following this
procedure we find the excluded mass range: 0.3 to 30
MeV (Dirac) and 0.5 to 32 MeV (Majorana).

What are the theoretical expectations for the z-
neutrino lifetime? Electroweak interactions allow a mas-
sive 7 neutrino to decay to v.,+y, and if it is heavier
than 1 MeV to e * +v, [14]. The lifetime for the first
process is very long,

7,=512x% "'GF ¥ ~2m, %sin T220
=(2x10" sec){m./(1 MeV)] ~3/sin220,

where I~ml2/my is the Glashow-Iliopoulos-Maiani
(GIM) suppression factor and s the v,-v,, mixing an-
gle. For the later process, which is not GIM suppressed,
the lifetime 7,==(1.2x10° sec)lm./(1 MeV)] ~5/sin220,
where 0 is the v,-v, mixing angle. Neutrino interactions
beyond the electroweak theory could lead to additional
decay modes. For example, if there are interfamily in-
teractions characterized by a symmetry-breaking scale f,
the lifetime for the process v.— v, ,+¢ (¢ is the mass-
less Goldstone boson associated with family-symmetry
breaking) is

t,~8zf%/m,}
~ (2% 10% sec) [m,/(1 MeV)] 3[£/(10'° GeV)]?

(Ref. [15]). In any case it seems reasonable to expect the
lifetime of an MeV-mass 7 neutrino to be greater than 1
sec.



In conclusion, an MeV-mass v, can have a significant
effect on primordial nucleosynthesis, not only increasing
the *He yield, but also that of D and “Li [6]. Based upon
the overproduction of “He alone we exclude the interval
0.3 to 25 MeV (Dirac) or 0.5 to 25 MeV (Majorana)
provided that 7,21 sec; considering D+ 3He, *He, and
’Li together, we exclude a r-neutrino mass in the interval
0.3 to 30 MeV (Dirac) or 0.5 to 32 MeV (Majorana)
provided that 7,2 103 sec [16]. Since a Dirac mass for
the 7 neutrino of 14 keV to about 1 MeV has already
been excluded based upon the cooling of SN 1987A [17],
the lower boundary of the excluded range in the Dirac
case is actually about 14 keV,

Our constraint from nucleosynthesis is particularly
timely as the CLEQO Collaboration hopes to improve their
v, mass sensitivity to about 20 MeV in the near future
[18]. If they succeed and find no evidence for a z-
neutrino mass, their mass limit together with our nu-
cleosynthesis bound will constrain m,_to be less than 0.5
MeV, provided that 7,2 1 sec. Further, if and when our
constraint is tested by laboratory experiment, it will
afford another test of the standard cosmology at this very
early epoch.
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