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Dirac neutrinos with masses in the MeV range and having "standard model" magnetic moments  are known to violate the 
cosmological 4He bound. We calculate the value of  the magnetic dipole moment  of  Dirac neutrinos in the mass range 5-35 MeV 
which would allow for consistency with the inferred primordial abundances of  2H, 3He, 4He and 7Li. 

The inferred primordial production of 4He from 
astronomical observations, coupled with the theory 
of light isotope production in the early universe, re- 
mains one of the most widely used constraints on ex- 
tensions to the standard model of electroweak inter- 
actions [1-3] (for a review of these constraints see 
ref. [4] ). We will investigate the constraint imposed 
by primordial nucleosynthesis considerations on the 
magnetic dipole moment of Dirac neutrinos in the 
mass range 5-35 MeV. Introducing a right-handed 
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field transforming as a gauge singlet under 
SU(2)L®U(1 )r  allows us to form a Yukawa cou- 
pling that provides a Dirac mass term for the neu- 
trino in the standard model. Neutrinos with MeV 
masses are known to have dire consequences for pri- 
mordial nucleosynthesis provided their lifetimes are 
long enough (zv> ~ 1 s) for them still to be present 
at the epoch of nucleosynthesis. The additional en- 
ergy density contributed by the neutrino mass leads 
to an overproduction of4He [ 5 ]. 

It is known, however, that a large magnetic dipole 
moment could circumvent this overproduction, due 
to the enhanced annihilation and subsequent deple- 
tion of massive neutrinos through the electromag- 
netic channel 9v--, e +e- [ 6]. It is the purpose of this 
letter to investigate this possibility in detail, and to 
determine the critical values of the magnetic dipole 
moment which would allow Dirac neutrinos in the 
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mass range 5-35 MeV and lifetimes rv> ~ 1 s to re- 
main consistent with the inferred primordial abun- 
dances of the light isotopes. 

The evolution of the scale factor R of the universe 
is described by a simple first order differential 
equation, 

+k=~GpR 2, (1) 

where p is the energy density of the universe and k is 
a dimensionless constant which measures the curva- 
ture of space (k=0,  _+ 1 ). For all times which will be 
of interest to us 

k<< ~ gGpR 2 , (2) 

and eq. ( 1 ) can be rewritten: 

1 dR ~z= ~lrap (3) 
H2(t) = ~ - ]  

where we have introduced the Hubble parameter 
H(t). An important point to note here is the direct 
dependence of the universal expansion rate on the 
energy density. 

In the context of the standard big-bang the energy 
density of the universe at the nucleosynthesis epoch 
is approximately given by 

P=P~, +Pv +P~ , (4) 

where Pv,, Pv and p~ are the energy densities due to 
neutrinos, photons and charged leptons, respectively 
(we include the antiparticles in these densities). At 
the temperatures of primordial nucleosynthesis only 
the electron contributes significantly to the charged 
lepton energy density. The contribution from each 
massless neutrino species, i, is 

pv ~.~Tr2 T4~, (5) 

where Tv is the neutrino temperature. The energy 
densities of photons py and relativistic charged lep- 
tons p~ are given by 

4 1 2 4 p~=~pi=i~ Ty, (6) 

where T~ is the photon temperature. For tempera- 
tures above ~ 1 MeV the neutrinos and photons are 
in thermal equilibrium ( T~ = Tv = T). Using the above 
equations the relation between temperature and time 
in the early universe can be derived: 

/ \ --1/2 

where geff(T) represents the effective number of re- 
lativistic species, 

g e f f ( T ) =  Z gBose + ~  ~ gFermi. ( 8 )  
Bose Fermi 

If massive neutrinos are present at the epoch of nu- 
cleosynthesis then the additional mass will contrib- 
ute to the total energy density of the universe as given 
by eq. (4). This contribution can be written as 

tim =4  f dEv nv(Ev)Ev, (9) 

where nv(Ev) is the number density of the massive 
neutrino species in the energy interval Ev to Ev+ dEv. 
As both helicity states of the massive neutrino are 
thermally equilibrated for masses greater than ~ 300 
keV [7 ] (even for vanishing magnetic moment) they 
both contribute to the energy density. The factor 4 
arises from the two spin degrees of freedom and from 
the fact that we are adding both particles and anti- 
particles. The number of neutrinos is determined 
from the solution to the Boltzmann equation: 

dnv 3 dR 
dt - - c ( ~ [ v l [ n ~ - ( n ~ q ) 2 ] - R ~  nv' (10) 

w h e r e  nv  eq is the equilibrium number density of mas- 
sive neutrinos [found by integrating nv(Ev)], aA is 
the total neutrino-antineutrino annihilation cross 
section, and v is the relative velocity of the annihi- 
lating neutrinos. 

For a massive neutrino with a large magnetic mo- 
ment, the cross section for annihilation into an e+e - 
final state is given by 

ae= IAZ+A~[ 2 , (11) 

where A z and A" are the amplitudes for s-channel an- 
nihilations through the Z ° and 3, (with magnetic mo- 
ment coupling) respectively. In the limit where the 
electromagnetic channel dominates the cross section 
for annihilation into e+e - it can be shown that 

o'e= U20/2~ -4me/s~ (1 
6rn~ ~ /  \ l + 2 s  ' 

(12) 

where/to is the magnetic moment of the neutrino in 
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units o f  Bohr magnetons,  s is the square of  the four- 
m o m e n t u m  transfer  ( s = 4 m  2 for T<< my), and my 
and me are the neutr ino and electron mass, respec- 
tively. In the other  l imit  where the electromagnet ic  
ampl i tude  is negligible we have the usual weak anni- 
hi lat ion channel to the e+e - final state with a cross 
section ae= G 2Fmv2/8n. In addi t ion  to the e + e -  final 
states, annihi la t ions  through Z ° exchange into lighter 
neutr ino species can occur ( indiv idual  quark chan- 
nels require my> m~, the pion mass) .  The spin aver- 
aged cross section for annihi la t ion  into 9ore + 9~V, is 

2 2 ~v= Gvmv 
2n ' (13)  

where Gv is Fermi ' s  constant  and we have assumed 
that my >> T at freeze-out. The total annihi lat ion cross 
section is cr A = a ° + a v. 

The extra energy densi ty contr ibuted  by Dirac  neu- 
tr inos with masses in the range 5-35 MeV is deter- 
mined through eqs. ( 9 ) - (  13 ). The effect on the ex- 
pansion rate of  the universe is then de te rmined  
through eqs. ( 3 ) -  (7) .  The big bang nucleosynthesis 
code described in detail  in ref. [8] was modi f ied  to 
accommodate  the presence of  massive neutrinos. The 
code was then run assuming two massless neutr ino 
species and one massive neutr ino within the quoted 
mass range. In contrast  to s tandard  big bang nucleo- 
synthesis, where only one free parameter ,  the baryon- 
to-photon ratio r/, exists, we have an addi t ional  pa- 
rameter,/to. 

Adopt ing  the analysis of  ref. [9 ] we have the fol- 
lowing constraints  on the inferred pr imordia l  abun- 
dances of  the light elements: Y~0.24;  ( D +  3He) /  
H ~ < I . I X 1 0  4; and VLi/H~<I.7X10-~°.  Since the 
D + 3He abundance  l imit  turns out to be more con- 
straining than the l i th ium limit,  the l imit  on D + 3He 
along with that  on 4He give us two constraints  with 
which to de te rmine  the two parameters / to  and q for a 
par t icular  value of  the neutr ino mass. ~/has an effect 
on the predicted abundances  in a manner  famil iar  
from the s tandard  nucleosynthesis  plots: 4He abun- 
dance is a slowly increasing function of  q whereas 
D +  3He is a sharply decreasing function. On the other 
hand, increasing/to has the effect o f  decreasing both 
4He and D + 3He abundances  as it decreases the en- 
ergy density in neutrinos.  For  a given neutr ino mass, 
we a t tempt  to util ize as small an ~/as possible ( to 
minimize  hel ium produc t ion)  without  overproduc-  

ing D + 3He, all the while adjusting/to to get the min- 
imum value necessary to satisfy the abundance  con- 
straints. By adjust ing both of  these parameters ,  we 
are able to obta in  the m i n i m u m  value of/to for which 
both abundance  l imits are satisfied. The 2a lower 
l imit  of  10.18 min. [9] for the neutron half-life was 
adopted in the calculation in order  to obtain the lower 
l imit  of/to consistent  with the observations.  The val- 
ues of/to thus obta ined  are shown in fig. 1. It is im- 
por tant  to note that  our lower l imit  on/to is relatively 
insensitive to the inferred abundance sum of  D + 3He, 
and is essentially de te rmined  by the inferred upper  
l imit  on 4He. This follows since the 4He abundance  is 
sensitive to the expansion rate (de te rmined  by the 
energy densi ty)  and is relat ively insensit ive to the 
baryon- to-photon  ratio. The 4He abundance  o f  0.24 
is in fact a 2a  upper  l imit  [9 ]. Any future inference 
of  a lower abundance  for pr imordia l  4He would only 
strengthen our limit.  

The shaded region of  fig. 1 represents the parame-  
ter space which is inconsistent with the inferred pri- 
mordia l  abundances  of  the light isotopes assuming 
that  the only new physics is the neutr ino magnet ic  
moment ;  the unshaded region above the curve rep- 
resents the allowed region. In the s tandard  model  of  
electroweak interact ions with r ight-handed neutri-  
nos, the magnetic moment  of  a Dirac neutr ino arises 
through one-loop graphs and is found to be [ 10 ] 

, r , , ' I 

7 

1 0  - 9  

1 0 - 1 0  

I o - 8  

i i 
5 6 

r i I k I 
8 9 1 0  2 0  3 0  4 0  

N e u t r i n o  M a s s  ( M e V )  

Fig. 1. The minimum value of the v~ magnetic moment (as a 
function of the v~ mass) necessary to suppress production of 4He 
and D + 3He to inferred primordial levels. The magnetic moment 
is given in units of Bohr magnetons. 
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/~0 ~ 3 ×  10-19(my/1 e V ) .  (14) 

Clearly the allowed region of fig. 1 requires dipole 
moments  many orders of magnitude larger than that 
given by eq. (14).  Consistency with primordial  nu- 
cleosynthesis therefore, requires more than just  a 
minimal  extension to the standard model. As this 
analysis has been model independent  we do not wish 
to dwell on the possible mechanism by which a large 
magnetic moment  for the v~ is generated. One could 
imagine models, for instance a two-Higgs doublet 
model with a large hierarchy of VEVs, where a 
charged scalar has an anomalously large coupling to 
the z-type leptons and gives rise to a magnetic mo- 
ment for v~ that is substantially greater than that from 

gauge boson exchange alone. 
Current experimental mass limits require that a 

neutr ino with a mass in the range 5-35 MeV be the 
v~. Single photon experiments constrain the magnetic 
moment  ofv~ to be less than/z0 < 4 × 10- 6 [ 6,11 ]. An 
interesting point is made in ref. [6] where it is ob- 
served that a massive v~ ( ~ 3 5  MeV) with /~o~ 
10 -6 could serve as the dark matter. Finally we note 
that MeV neutrinos with a magnetic moment  near our 
lower limit must decay in order to avoid overclosing 
the universe. The effect of these decays on our con- 
clusion is un impor tan t  [ 5,6 ]. 

In conclusion, we have derived a lower l imit on the 
magnetic dipole moment  a long-lived Dirac neutr ino 
in the mass range 5-35 MeV must possess in order to 

circumvent  the primordial overproduction of 4He. 
Although this typically requires #o ~ 10-s, such val- 
ues are not presently experimentally excluded for v~. 
These limits on the magnetic moment  of MeV mass 
neutrinos are complimentary to those derived for light 
neutr inos [ 12]. This analysis provides a constraint 
on extentions to the standard electroweak model. 
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