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Previous work has used the primordial abundance of ‘He to infer limits on the number
of neutrinos with full-strength neutral-current weak interactions. By accounting for the
quark-gluon constituents of hadrons, we extend the analysis to earlier times and higher
temperatures and densities and, therefore, to considerably weaker interactions. The
maximum number of new, superweakly interacting, light (S MeV) particles is between

~1 and ~20.

Recent work has emphasized the value of using
the primordial abundance of *He to provide a con-
straint on the number of types (flavors) of light
(=1 MeV), stable or almost stable (7 =1 sec) neu-
tral leptons.!™ The most recent analysis by
Yang et al.* has limited the number of two-com-
ponent neutrinos with full-strength, neutral-cur-
rent weak interactions to =3, This result has
several striking consequences of importance for
unified theories., For example, if the “usual”
left-handed neutrinos (v,, v, v,) have right-
handed counterparts, the right-handed neutrinos
cannot have full-strength, neutral-current weak
interactions. In addition, this limit suggests
that there are no further lepton flavors beyond e,
K, and 7; if there is a connection between quark
and lepton doublets, then there may be no new
quarks beyond u, d, s, ¢, ¢, and b. The con-
straint which emerges from the previous analysis
does not apply to new particles whose interaction
strength is considerably weaker than that given

by the Weinberg-Salam theory, It is therefore of
importance to extend the analysis to include light
fermions (e.g., neutrinos, gravitinos) and/or
bosons (e.g., gravitons) of arbitrary interaction
strength, That extension is the subject of this
Letter.

Let us first recall the connection between the
number of new light particles and the primordial
abundance of *He., The abundance of “He emerg-
ing from big-bang nucleosynthesis is most sensi-
tive to the competition between the expansion rate
of the Universe (#7) and the rates of the standard,
charged-current, weak interactions such as e~
+p=n+v,, et+n=p+v,. At early times the ex-
pansion rate and the total mass-energy density
are related by "'« p'/2, Furthermore, since the
early Universe is radiation dominated, we have
p o< T* the proportionality constant in this rela-
tion depends on, and increases with, the number
of species of relativistic particles, Thus, the
more types of light particles present, the faster

© 1979 The American Physical Society 239



VOLUME 43, NUMBER 4

PHYSICAL REVIEW LETTERS

23 Jury 1979

the Universe expands, and the less time there is
available for the usual Fermi processes listed
above to convert neutrons into protons prior to
nucleosynthesis at T=10° K, Since virtually all
neutrons present are incorporated in *He (as a
result of the gap at mass 5), more neutrons
means more *He (for a detailed discussion see
Ref. 4 and the review by Schramm and Wagoner?®),

At the time the neutron-to-proton ratio is being
established prior to nucleosynthesis (7 = 10%° K),
the neutrinos which have full-strength, neutral-
current weak interactions are in equilibrium with
the photon background, The contribution to the
total density due to such neutrinos depends on the
total number of spin states. In contrast, parti-
cles which interact more weakly will have de-
coupled earlier and are no longer in equilibrium
with the photon background. The contribution to
the energy density due to such particles now de-
pends, in addition to the number of spin states,
on the fourth power of the ratio of their tempera
ture to the photon temperature. Therefore, the
decoupled particles contribute less to the energy
density than they would have, had they remained
in equilibrium,

Before proceeding to the analysis, note that
the primordial abundance of “He is a weak func-
tion of the nucleon density (increasing with in-
creasing nucleon density). A reasonable lower
limit to the nucleon density is® p, 21073 g cm™3,
With this density and with three two-component
neutrinos (v,, v,, v,), the predicted “He abundance
is =0,25.% In Yang et al.* it was concluded that
observations suggest that the primordial abun-
dance was =0,25, Thus, any increase in the nu-
cleon density and/or the number of neutrincs
will lead to excess “He. We now proceed to make
this result more quantitative.

In the early Universe, relativistic particles
dominate the total energy density, During the
expansion, as the temperature drops, more and
more species become nonrelativistic (7 <m),
and their disappearance heats the remaining,
interacting, relativistic particles. Those par-
ticles which have decoupled because of the weak-
ness of their interactions do not share this en-
ergy; their contribution to the total energy den-
sity, relative to that of the interacting particles,
decreases. Still, such decoupled particles may
have some small effect on the physics of the
early Universe such as, for example, in the pri-
mordial abundance of “He which is a sensitive
probe of the early expansion rate,!™

Consider, first, those relativistic particles
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(m<T) which, through interactions, are in equi-
librium. Their contribution to the density is

o(T)=z8TpT); g=gp+Lgr. (1)

In Eq. (1), py=aT" is the photon density and gy
(gp is the number of boson (fermion) spin states,
The entropy in these interacting particles, in

a specific but arbitrary comoving volume V, is

S~(p/T)V~glpy/T)V~g(TIN T). (2

When the gas is heated, the number of photons
(and other interacting particles) in V increases;
conservation of entropy shows how to relate the
number of photons at different times: NYI/N -
zgz/gl-

Next, consider particles, A, which have de-
coupled at some temperature 7, [i.e., (n (o D)
~1]. As the Universe expands, T ,~ V"/; and,
for T,<T4, N, =const, In contrast, Ny is in-
creasing as a result of the heating each time that
T <m;; thus, below T,;, Ty> T, Suppose that
T;=m;(<T,) is the lowest temperature at which
T4=Ty; thenfor T,<T,,

<&>3: g(Tx) :_-NZ(TI'). (3)
Ty) &(T;) N/(T,

For T>T;, T,=T,and N(T,)=N(T;). For
example, neutrinos with full-strength neutral-
current weak interactions (v,, Vi v,) decouple
when T, =1 MeV; the gas is next heated by the
annihilation of e* pairs below T;=m,.

At any epoch, both interacting and decoupled
particles contribute to the total density:

pr=p+p4=3(g+8)py= 0, (4)
where
T\ 17 4
gA=ZB)gAs(—TAf-> - -§EF gAs<-T:,-f;5> , (5a)
E=pr/p=1+g(D/T). (5b)

For the radiation-dominated early Universe, the
age-versus-temperature relation is

t T vev? = (2.42 sec)(£2g)71/2, (6)

As an illustration of the application of these re-
sults, consider the “ordinary” neutrinos: v,,v
V.. Suppose that there are no other decoupled
particles present and define T, < T;=m, and T
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=T,;=1 MeV. Then

o 7 &)“-.l(&)“
£=8y=2, zsf,m—fsgy(:r7 oo AT, ) (7a)
£i=8y++&.=%, gn=t & =%, (7o)
AN =gy+Hg, +8)=%, g1)=0. (7¢)

Notice that for 7> T,, g,=0 because all particles
are assumed to be in equilibrium, From Egs.
(2)-(6) we find that

Nyo=(g:i/8)Nyi=%N,;=4Ny,

=R &(TIN (1), (8a)
(Ty/Ty)o=(Nyi/Nyo)1/3=('14f)1/3, (8b)
g0=2(2)*?=1.36,
[t(sec) Tyev®]o=1.32, (8¢)

[t(sec)Tumev?] s m, =0.74.

Now, suppose that there are additional parti-
cles, A, which have decoupled earlier (7,>1
MeV). To repeat the above analysis, we need to
count the number of spin states [g(7)]; the par-
ticle physics simplifies this task considerably.
Early on, the density is so high that hadrons over-
lap and the Universe is filled with quarks and
gluons rather than the multitude of mesons, bary-
ons, and resonances.

In another paper” we consider, in some detail,
the quark-hadron transition; here, we present a
brief, qualitative analysis. At relatively low tem-
peratures (T =m,) and densities there is an ideal
gas of the few, lightest hadrons (mostly pions);
at much higher temperatures (7= 1 GeV) and den-
sities there is an ideal gas of quarks and gluons.
In between there is a nonideal gas of strongly
interacting particles. Wagoner and Steigman®
have shown that the interaction energy is com-
parable to the thermal energy (~7) for 7<0.4
GeV; a lower limit to the quark-hadron transi-
tion temperature (7,) may be obtained as follows,
For T=z0.2 GeV, the density of pions and other
hadrons is so large that they overlap and the
quark constituents are no longer confined to spe-
cific hadrons. In agreement with our more de-
tailed estimate’” we find 0.2 <7,50.4 GeV. Our
subsequent results do not depend crucially on the
precise value of T, nor on the choice of quark
masses. For constituent masses,® we have m,
=my,~T,Smg, whereas for current-algebra
masses®, m,<m,<m sT,. Only for a decoup-
ling temperature in the vicinity of T, do we

need to know T, and m g with some precision; for
T,< T, and, for T, > T,, our results are un-
changed.!

In addition to the photon, eight massless gluons,
and W*, 2° 7*, and 7° we include three families
of color-triplet quarks and leptons (i.e., «, d, e,
and v,; ...). Our results are summarized in
Table I where we present, as a function of the
decoupling temperature, the photon ratio N,,/N,,
=4 o(<T,) and the age-temperature relation [see
Eq. (6)].

The primordial abundance of “He depends sensi-
tively on the expansion rate in the vicinity of T
~1 MeV.'™® For T~1 MeV, g=% and the “speed-
up” parameter is [see Egs. (4)-(6)]

£=[{1)/t'"(T)])*=ps/p

4

1.0 Tar) , 8 <Lm>
_1+86§gAF<T>+SSZB)gAB ) (9)

The ratio of temperatures follows from Egs. (3)
and (8a):

().~ ) - Lae)]™ oo

With the requirement that the “He abundance be

Y <0.25, Yang et al.* find that 1 < ¢ <1,074,
Consider, then, AN, “new” two-component neu-

trino “flavors” which interact “superweakly” and

have decoupled at T,>1 MeV. In this case, g,¢

TABLE 1. Photon numbers, expansion rate, and the
permitted number of new neutrinos.

Tq a N‘y(}/N‘yd b t(sec)T MeV € ANvd
Mg—my, 2.75 0.74 0.9
my—my 3.65 0.64 1.4
mye~T 4.41 0.58 1.8
T o~mg 13.1 0.34 7.6
Mg—m 15.8 0.31 9.7
me—m, 18.5 0.28 12.0
M ~1y, 19.4 0.28 12.8
My—1m; 22.1 0.26 15.1
my—my 24.8 0.25 17.1
my— 27.1 0.24 19.9

2The decoupling temperature, Ty, may be anywhere
in the range indicated. These results are for constitu-
ent masses (Ref. 9).

YThe ratio of photons now to those at decoupling; see
Eq. (3).

®See Eq. (6).

dThe maximum permitted number of new,’ two-com-
ponent neutrinos.
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=2AN, and g,,=0 so that we obtain the constraint
AN, =0.94[ £ (N /N ;o) ]¥5. (11)

In Table I we also give the limit to AN, as a func-
tion of the decoupling temperature.

If the “new” neutrinos interact superweakly be-
cause they couple to a heavier W’ (my.>m,), the
decoupling temperature depends on my. The
cross section for e +e~= v’ +7’ varies as o’
~T?%ny"* and the reaction rate I =n, (o’ v)~T?
my~*. Since the expansion rate is ¢™'~ T2, the
decoupling temperature T,~my:*®. For neu-
trinos coupled to the W, decoupling is at ~1 MeV
so that T, (MeV) = (my,+ /my ).

For example, for m, =32m,, T, sm, and it
follows from Table I that at most one “new” two-
component neutrino is allowed. Another conse-
quence of the results in Table I is that if the
usual left-handed neutrinos have right-handed
counterparts, the right-handed neutrinos must
decouple when 7;>T,.2 0.2 GeV, this suggests
that my, 2 53mWL.

Similar constraints follow for other new par-
ticles. For example, for gravitinos, N ,=(AN,).x
~20 and, for gravitons, N ,=Z(AN,)pax~117.
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Within the context of a six-quark model combined with quantum chromodynamics we study
the asymmetry in the decay of heavy charged mesons into a definite final state as compared
with the charge-conjugated mode. We find that, in decays of mesons involving the » quark,

measurable asymmetries may arise.
variance in charged systems.

To date, the observation of CP nonconserva-
tion® has been limited to electrically neutral
mesons. Effects in such systems are dominated
by particle-antiparticle mixing in their mass
and width matrices.? A striking prediction of
CP nonconservation is that the decay rate of a
particle into a definite final state can differ from
the rate of the antiparticle decaying into the cor-

This would present the first evidence for CP nonin-

responding charge-conjugated state, namely®
I'(i—-f)#T{E ~f); of course, the TCP theorem
guarantees that the total widths are identical.

In this paper, we present, in the context of
definite models of CP nonconservation and the
strong interactions, calculations for such asym-
metries involving the decays of heavy charged
mesons., We find, that although small, such an
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