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Abstract

Since the sphalleron mechanism present in the standard theory of electro-weak
interactions violates B + L, models have been suggested where baryogenesis takes
place at late epochs and is concomitant with primordial nucleosynthesis. We have
numerically investigated the possibility for the baryon asymmetry to be generated
at the same time as the light elements are cooked. We conclude that the primordial
yields of D, ;1He, 1He and 7Li far exceed the upper limits inferred from observation,
unless baryogenesis is anterior to the freeze-out of the weak interactions. This
implies strong constraints on scenarios where the baryon asymmetry originates from
the late decay of massive gravitinos.
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1 - Introduction.

It is well recognized that baryon-symmetric models of the early Universe [1] suffer from
a variety of problems. The separation between nucléons A/" and antinucleons W should
occur before the temperature drops below ~ 50 MeV, otherwise the baryon-to-photon
ratio is much smaller than the observed level of 1O~UI. Causality implies therefore that
the subsequent regions of matter or antimatter should not be larger than ~ 1 parsec
today, so that our galaxy should be undergoing significant annihilation. The mechanism
itself of this baryon-antibaryon separation is not well understood. Coalescence of small
low-density drops of matter and antimatter, for instance, would lead to insuperable
distortions in the spectrum of the cosmic background radiation, in contradiction with
the observations of COBE [2].

The conventional wisdom [3] envisages a phase of baryogenesis during the GUT era.
Heavy metastable particles decouple from equilibrium at T ~ 10'5 GeV. The subsequent
decays of these frozen species generate the baryon number. However, instanton effects,
present in the standard theory of electro-weak interactions, have been shown [4] to
violate B + L, where B (or L) denotes the baryon (or lepton) number. The entire
scheme of early baryogenesis is in jeopardy if B — L is conserved [5], which is indeed the
case for the most simple GUT theory based on the SU(5) gauge symmetry. A possible
way out is the existence of B — L violating interactions, such as the breaking of the
so-called R-parity in supersymmetric theories

R1, = (_!)£ + 3B + 2S ^ (^

where S denotes the spin. The main obstacle in that case is to achieve the freeze-out

of the particles, a mandatory condition for baryogenesis.

Another possibility is the late decay of heavy GUT metastable particles, well after
the sphaleron mechanism has been active, for T << 10 TeV. In the minimal low energy
supergravity model, the supersymmetric partner of the graviton, i.e., the gravitino,
naturally decouples at temperatures slightly below the Planck mass and decays very
late, at T ~ 1 MeV. Cline and Raby [6] have recently suggested that gravitino decays
could violate the R-parity and, as a consequence, generate the baryon asymmetry. If
the CP-violating decays of gravitinos produce an asymmetry in the number density of
squarks and anti-squarks, the subsequent B-violating decays of the squarks result into
a genuine baryon asymmetry. Note that there is no prejudice against a very late decay,
i.e., for decay temperatures in the range between 1 keV and 1 MeV. In this scenario,

1



baryogenesis occurs precisely at the same time as primordial nucleosynthesis, with a

possible baryon-to-photon ratio still consistent with the observations.

Primordial nucleosynthesis responsible for the formation of D, ''He, 1He and 7Li,

is known to provide important constraints on several cosmological parameters such

as the baryonic density, i.e., Hb < 0.1, and the number of relativistic lepton flavors,

i.e., N1, < 3 — 4. In a previous contribution [7], we had used these processes in an

attempt to gain some information on the physical properties of the still elusive photino.

In further works [8,9], we joined those who used the 7Li abundance to restrict the

degree of predictable inhomogeneities in the early universe. In this paper, we wish to

reinvestigate in the same spirit primordial nucleosynthesis when the baryon asymmetry

is generated whilst the light elements are cooked, and to derive further constraints on

this late baryogenesis than those set only by the present value of the baryon-to-photon

ratio.

Finally, significant amounts of matter and antimatter could also be released during

primordial nucleosynthesis, in the evaporation [10] of a primeval population of black

holes. The energy of the particles escaping from the event horizon is related to the

surface temperature

M2
r

rl
/ l g

= 1O13GeV

so that, should black holes have mass in the range 109 — 101'1 g, A/" — JJ" pairs would
be produced while the evaporation time scale of these objects would correspond to the
period prior recombination, encompassing therefore nucleosynthesis.

2 - Nucleus-antinucleus annihilation cross sections.

High luminosity beams of antiprotons can be accumulated in accelerators such as LEAR
at CERN, so that interactions of antiprotons with nuclei may be extensively studied.
However, beams of antinuclei have not yet been developed to the point where the in-
vestigation of nuclei-antinuclei annihilations may be performed.

When low energy antiprotons penetrate matter, they are captured by nuclei to form

a protonium atom in a fairly excited state, with n ~ 30. This atom rapidly settles down

on its ground state where the antiproton wave function spreads inside the nucleus.

Annihilation readily ensues on the surface of the nucleus. Since 2 GeV are released in

a region of ~ 1 fmJ, a hot gas of pions is created, which migrates inside the nucleus.



Pions interact with the other nucléons, leading to a variety of final nuclear states. A

few high energy nucléons may be ejected violently from the nucleus which, apart from

that evaporation, is not much affected. The nucleus may also be completely disrupted.

Finally, charge exchange processes may take place, in which the spectator neutrons and

protons may be transmuted into each other.

The first results [11] on the interaction of antiprotons in flight, with kinetic energy

180 MeV, on 1He were obtained in 1984. The p— 'He inelastic cross section was measured

to be ~ 233.3 ± 7.0 mb. The reaction p - 'He —> 3He + X was observed to take place

with a cross section of 35.7 ± 2.8 mb, i.e., an order of magnitude lower than the total

inelastic cross section. Similar analysis were performed on carbon, calcium and lead

[12]. At 180 MeV, the inelastic cross section for antiproton-nucleus interaction was

shown [13] to vary with atomic number A as

= TT (r,, A* / 3 + a) ̂  , (3)

with a ~ 0.65 fm and r0 ~ 1.49 fm. Note finally the extreme difficulty to study in detail

the debries left by the annihilations. It is not obvious that the initial nucleus survives

complete disruption, especially when it is light.

Since available data are scarce, we have estimated the cross section for nucleus-

antinucleus annihilation, with a pure geometrical model. If a nucleus with A\ nucléons,

Zx protons and iV, neutrons (J4| = Z\+N]) interacts with an antinucleus (A2 = Z2+N2),

annihilation should naively proceed whenever contact occurs between both species, for a

parameter of impact smaller than Rgrn = (A\ +Al
2) Ro, where Rn denotes the nucléon

radius. From the p—1He data, we infer a radius R0 ~ 1.05 fm. The total annihilation

cross section should also account for both the pure geometry and the electric attraction

between nucleus and antinucleus
/ _rr rr \

(4)

where E^ denotes the kinetic energy of the particles in the center of mass frame and a is

the fine structure constant. Note that in the p— 1He experiment, 180 MeV antiprotons

collide with helium at rest. Since E^ ~ 144 MeV, that electromagnetic correction is ~

0.7% and may be neglected.

In the early Universe, nuclei are thermalized at temperature T. Integration of ex-

pression (4) over the relevant Maxwell-Boltzmann distributions yields

2 (8kT\i/2 J /16.7 fm\ (ZXZ2



where T» is expressed in units of 109 K.

When a nucleus annihilates with an antipartner, we have assumed, for simplicity,
that a single nucleon-antinucleon pair annihilates and releases ~ 2 GeV. Furthermore,
such a large deposition of energy has been assumed to disrupt the initial nuclei, so that
nucléons and antinucleons are merely released. Finally, the annihilation is mediated by
strong interactions with respect to which neutrons and protons should behave identically.
We have therefore assigned equal annihilation probabilities to protons and neutrons. As
a matter of fact, if there are some indications that the ratio er(pn)/<r(pp) ~ 0.4 — 0.9,
there is no compelling evidence for a violation of the isospin symmetry in antiproton-
nucleon annihilations. In that respect, comparison of the elastic and inelastic scattering
of antiprotons on 16O and 18O at LEAR should be a sensitive test of the pn and pp
amplitudes. As a consequence of our assumptions, when a nucleus (Zi,Ni) annihilates
with antimatter, (Ai — l)Z\/Ai protons and (A] — I)N]/A\ neutrons are released on
average.

Note finally that our results are quite insensitive to the precise value of the nucleus-

antinucleus annihilation cross sections as it will be described in the next section.

3 - Results and discussion.

In the standard version of the Big-Bang theory, primordial nucleosynthesis proceeds
through three peculiar phases. For temperatures in excess of Tg ~ 10, where the
temperature T9 is expressed in units of 109 K, the rate of the weak interactions is larger
than the expansion rate so that thermal equilibrium between neutrons and protons
is achieved. For T^ < 10, this equilibrium freezes out and neutrons merely decay
into protons. The value of the neutron lifetime has been recently determined with
increased accuracy by a variety of experiments [14] which lead to the world average
value of Tn = 888.6 ± 3.5 sec. Finally, below To ~ 1.3, D stops to be photodissociated
and nucleosynthesis may actually start. As a matter of fact, photodissociation plays
a crucial role in inhibiting nuclear reactions. As a result, nucleosynthesis is slowed
down by photo-destruction at high temperature, hence the so-called deuterium bottle-
neck. As soon as D stops to be destroyed, 1He, T and 1He are produced with a small
admixture of 7Li and 7Be. Note that the final abundance of 1He is mostly sensitive to
the value of the neutron-to-proton ratio at the onset of nucleosynthesis whilst, for the
other elements, the baryon density is the determining factor. At low temperature, for
T9 ~ 0.1, protons are no longer able to penetrate the electric barrier of nuclei, so that
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neutrons alone may undergo fusion. Once all the neutrons have been transmuted into
protons or trapped inside 1He nuclei, nucleosynthesis stops.

Late baryogenesis is described, a priori, by the density n# (resp. ny) of baryons
(resp. antibaryons) generated at some time tgen, or at some equivalent temperature
T9,,,,. Note that as soon as matter and antimatter interact, annihilations dominate
over fusions. If on the one hand, the cross sections for both processes compare fairly
well within the range ~ 0.1 - 1 barn, on the other hand, annihilations of nucléons
with antinucleons are not inhibited by photofission and proceed therefore much rapidly
than nucleosynthesis. In addition, since matter and antimatter carry opposite electric
charges, the resulting attraction triggers, at low temperature, an enhanced annihilation
in comparison with the freeze-out of nuclear reactions as already mentionned. We readily
infer that the time-scale for matter-antimatter annihilation

/ 1 \ / 1 \ 7/2

Tann - («T.nnT» nfi)"' ~ 2 X 10"0 See ( j ^ J [JT) , (6)

is always much smaller than the time-scale for fusion. We have checked numerically that
as soon as nucléons and antinucleons are generated, they annihilate indeed at once, until
the excess baryons (or antibaryons) remain. The mere fact that annihilation between
nucléons and antinucleons proceeds with a cross section ~ 0.1 - 1 barn suffices to erase
antimatter to the benefit of the small excess of matter, long before any significant
nucleosynthesis can be achieved. Since there might be some reheating as a result of the
tremendous amount of annihilation, the only parameters relevant to our investigation
are T9rn, the temperature at the end of the baryogenesis and its subsequent annihilation
burst, and finsv, the residual density of baryons over antibaryons.

In order to simplify the analysis, we have restricted ourselves to the eight elements up
to 'Li and 'Be, and to their antipartners. The main thermonuclear processes [15] have
been embedded inside a doubled network of fusion reactions which accounts for both
matter and antimatter. The annihilation cross sections have been discussed in section 2.
We have considered different values for T9Pn and îîasv and explored the nucleosynthesis
yields. We finally assume an equal production, ab initio, of protons and neutrons. The
high energy processes which geneiate the baryon asymmetry do not distinguish between
up and down quarks.

In Figures Ia and Ib, the light element abundances are displayed as a function of

T9,.,,, for a baryon abundance of flasv = 0,01 which corresponds to a baryon-to-photon

ratio of ~ 3 x 10"1", a value mostly favoured by standard primordial nucleosynthesis

[16]. Three regimes may be distinguished.



i) For Ty,.,, > 2 x 10lu K, the standard primordial nucleosynthesis yields obtain.
Neutrons and protons are generated whilst weak interactions are still efficient enough
to establish equilibrium among these two species. Nucleosynthesis proceeds as if unper-
turbed. The curves flatten out noticeably above Tgen ~ 2 x 10U) K.

ii) Below 2 x 10U) K, neutrons are no longer transmuted into protons, so that they
merely decay as soon as they are generated. The lower T9,.,,, the shorter the decay time
and the larger the neutron-to-proton ratio at the onset of nucleosynthesis. Note that Yp

dramatically increases from 0.25 up to ~ 0.9 when Tgcn decreases down to 9 x 108 K.
When the baryon asymmetry is generated at the onset of the fusion reactions, neutrons
react right away and, protected against decay, end up in 'He, hence a value of Y1, close
to unity. However, since the baryon density is too low to insure the complete efficiency
of the thermonuclear reactions, Yp does not quite reach 1. Since 7Li is created from
1He via the reaction 1He(3He,7)7Be —> 7Be(e,//e)

7Li at high baryon densities (fia9V >
1 %), or more directly through 4He(<,7)7Li for low baryon densities (H38,. < 1 %), the
7Li abundance (see Fig. Ib) follows the 4He curve (see Fig. Ia) and exhibits the same
peak. Note finally that, in this regime, D and 'He are quite insensitive to T,,,.n since
their abundances mostly depend on H3Sy-

iii) Below Tgrn < 9 x 108 K, Yp decreases with decreasing Tgrn. When baryogenesis
takes place at late epochs, fusion reactions are not efficient enough to catch neutrons
inside nuclei, and to prevent them from decaying into protons, hence the hump curve
of Fig. Ia. The larger the baryon density fiasv, the earlier the onset of nucleosynthesis
and the more efficient the fusion. Therefore, the position of the 1He peak is shifted
to the right-hand side of Fig. Ia when fiasv increases, whilst its maximum reaches up
unity. For very low values of Tgrn, neutrons either decay into protons, or are trapped
into deuterium, hence the increase of the D and D -1- ''He curves (see Fig. Ib) at the
expense of the 1He abundance. Should Tgon decrease below 108 K, the universe would
be filled up with pure hydrogen since the bulk of the neutrons would have decayed into
protons before undergoing any significant fusion.

In Figure 2, the influence of the bayon asymetry fiaSv is investigated. Four typical

values of the baryogenesis temperature Tgrn are scrutinized.

i) As already mentionned, if the baryon asymmetry is generated before the freeze-out

of weak interactions, the conventional yields are recovered as is clear on Fig. 2a where

Tagm = 70.

ii) For Tggrn = 7 (Fig. 2b), baryons are generated slightly after neutrons and protons



have stopped to be in equilibrium. Since we assume the same initial density for protons
as for neutrons, the neutron-to-proton ratio is larger than its nominal value, hence
an overabundance of 'He and 'Li whose curves, as a matter of fact, exhibit the same
features as in Fig. 2a.

iii) In Figure 2c, the baryogenesis and the onset of nucleosynthesis are concomitant.
The 1He mass fraction is close to unity. The larger Qnsy, the more efficient the fusion
reactions and the larger Y1, which, eventually, reaches 1. Equal quantities of protons
and neutrons get quenched into 1He. The destruction reaction 7Li(p, a) 1He is inhibited
since free protons are deficient, resulting into the flat 7Li curve of Fig. 2c. Finally, if the
deuterium abundance still drops as fiasy increases, neutrons are so abundant throughout
nucleosynthesis that the D yield does not vanish for fiasv —> 1, unlike the conventional
situation.

iv) In the last case for which T<)gr,, = 0.07, baryogenesis takes place whilst nuclear
reactions are about to freeze out. Neutrons mostly decay before undergoing any signif-
icant fusion into deuterium. The universe is hydrogen dominated, with equally small
admixtures of D and 1He, and with traces of 'Li.

The outstanding success of standard homogeneous Big-Bang nucleosynthesis is to
provide an interval in fiasv for which the calculated abundances of all elements are
compatible with the values deduced from observations. It is well accepted that for
1He, 0.21 < Y1, < 0.24 (a somewhat more precise value may be found in [17]), for D the
constraint is 6xlO~fi < Xn < 2x10"' while, for ;iHe + D, the upper bound is ~ 2x10"'.
The abundance of 7Li as derived from Pop II stars [18] is 4 x 10~Ul < X(7Li) < 2 x 10~n.
These observations imply that the nominal value of fl<isv/i

2 should lie in the range
between 0.01 and 0.04.

Late baryogenesis is mostly constrained by the primordial abundance of 'He. As is

clear in Fig. Ia, as soon as T<in,.u < 20, Y1, exceeds the observed value. This overabun-

dance of 1He holds independantly of the value of fl,•,,,-. The situation is more favourable

for D which, for late baryogenesis (THr;rr, < 1), is still produced even if fiilSy is large.

Note that in the standard case, D stops to be produced for fia5y ~ 1. 7Li is correlated

to 'He and is therefore overproduced, unless Tq,,,.,, exceeds ~ 20 and the conditions of

conventional nucleosynthesis are achieved. In order to avoid the overproduction of 1He

and 'Li, baryogenesis may also occur at very late times, for Togrn < 0.09. However, in

that case, D is exceedingly abundant. At these late epochs, all the nuclear reactions

but D production freeze out.
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The overabundance of light elements with respect to observation precludes a baryo-

genesis temperature Tgen smaller than ~ 2 MeV. The baryon asymmetry should be

generated before the decoupling of the weak interactions. Therefore, baryogenesis and

primordial nucleosynthesis cannot be concomitant.

If on the one hand, the instanton effects present in the standard model of electro-
weak interactions violate B + L and force baryogenesis to occur around a temperature
~ 10 TeV, i.e., orders of magnitude below the Planck mass or the scale of grand unifi-
cation, on the other hand, primordial nucleosynthesis sets stringent constraints on late
baryogenesis. If the baryon asymmetry is generated by the decay of heavy metastable
particles such as the gravitino G, there is no prejudice, a priori, against very late decays.
The gravitino lifetime is related to the mass m^ and to the Planck scale M/>

Ml ^ 1 0 0 s ( i r ^ i L | f (7)

where K is a numerical factor of order unity. Since the gravitino mass m(-; is of the
same order of magnitude as the supersymmetry breaking scale which, as a matter of
fact, is not expected to be much larger than ~ 10 TeV, very late gravitino decays are
indeed natural, and baryogenesis is concomitant with primordial nucleosynthesis. Our
numerical investigation precludes such a possibility. The baryogenesis à la Cline and
Raby [6] is therefore ruled out, unless the supersymmetry breaking scale exceeds ~ 20
TeV, a quite unconventional possibility.

Our investigation has focused on late baryogenesis in the light of primordial nu-
cleosynthesis. We have not studied the possible steady creation of a small admixture
of antimatter which may superimpose on conventional nucleosynthesis as a result of,
say, black hole evaporation. Such an analysis implies the prerequisite knowledge of the
p - nuclei annihilation cross sections as well as the experimental determination of the
branching ratios of the various sub-processes. Such a detailed analysis is beyond the
scope of the present letter.
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Figure captions

Figure 1 : The primordial abundances by mass of 1He (Ia) and D, 1He and 'Li (Ib)
are presented as a function of the temperature Tgrn at which the baryon asymmetrj/ is
generated. The latter has been set equal to fiasv = 0.01. Note that for Tgrn < 2 x 10'"
K, 1He and 7Li are overproduced. For very late baryogenesis, i.e., T^n < 10* K, D is
also overabundant.

Figure 2 : The primordial abundances by mass of the light elements are displayed
as a function of the baryon asymmetry fi asv, for various values of the baryogenesis
temperature Tgen. In Figure 2a, Tgcn = 7 x 10"' K so that baryogenesis is anterior to
the freeze-out of the weak interactions. In Figure 2b, Tgcn — 7x 109 K whilst, for case 2c,
baryogenesis and the onset of nucleosynthesis are concomitant since Tgrn = 7 x 10H K.
Finally, Figure 2d corresponds to a very late baryogenesis with Tgen = 7 x 10' K, for
which the fusion reactions are about to freeze out.
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