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Features of grand unified gauge models relevant to cosmology are discussed. Several SU(S)
and SO(10) models are considered in detail. Boltzmann transport equation methods are used to
calculate the development of baryon asymmetry in the early universe. Comparison with observation
places constraints on possible grand unified models.

1. Introduction

Grand unified gauge models (e.g. [1]) typically attempt to combine quarks and
leptons (and often also antiquarks and antileptons) as elements of the same irreduc-
ible representations of some gauge group? G (which must contain the observed
low-energy symmetry group Gig=SUQ3)c®SU(2). ® U(1)y). The gauge
bosons (which transform under the adjoint representation of G) can induce transi-
tions between any two members of an irreducible fermion representation. Hence
some of them should mediate baryon (B) and lepton (L) number violating interac-
tions, in which, for example, quarks decay into leptons and antiquarks (e.g.,
uu-de*). The limit = 10 years (e.g. [1]) on the lifetime of the proton suggests,
however, that any baryon-violating vector bosons should have masses =10'* GeV.
Direct evidence for such B-violating interactions must presumably come from
observation of proton decay. However, if any B violation does indeed occur, its
suppression at accessible energies due to the large masses of the intermediate
bosons, should have been overcome at the extremely high temperatures which
presumably existed in the very early universe (e.g. [2]). We shall discuss the
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constraints on such B-violating processes in the standard hot big bang cosmological
model necessary to allow the apparent excess of baryons over antibaryons in the
present universe. Even if the universe initially (say, at the Planck time) had a
non-zero net baryon number (but no other net conserved quantum number),
B-violating interactions at very early times should relax the asymmetry away,
leaving equal numbers of baryons and antibaryons. Then, when the universe cooled
to a temperature <50 MeV, the baryons and antibaryons would have annihilated
away™* and the observed baryon number density ng/n,, = 10~° could not be accounted
for. To reconcile the possibility of rapid B-violating processes at very high tem-
peratures with the apparent non-zero net baryon number of the universe, it is
presumably necessary that a baryon asymmetry should develop from the sym-
metrical state present after any initial B has been erased. (The possibility of the
phenomenon was suggested by Sakharov in 1967 [3].) The generation of an
asymmetry of the required magnitude places severe constraints on B-violating
interactions, and therefore on grand unified gauge models. The purpose of this
paper is to provide a detailed and systematic description of these constraints. The
basic physical phenomena involved in the generation of a baryon excess were
discussed in a recent paper by two of us [4] (hereafter referred to as I), where
several simple illustrative models were considered. Here, we treat more realistic
and complicated gauge models, in which many of the parameters relevant to baryon
number generation are determined by the basic structure of the models, rather
than being arbitrary, as in the illustrative models of I.

The generation of a baryon excess from a B =0 state requires B violation, CP
violation and deviations from thermal equilibrium. (Without deviations from equi-
librium, no ‘“‘direction of time” is distinguished, and CPT invariance renders the
C, CP and T violations ineffective).

Sect. 2 discusses B violation, deriving constraints on its form in grand unified
models.

In sect. 3 we discuss the form of CP violation in grand unified gauge models,
and the mechanisms by which it may occur.

Sect. 4 considers the statistical mechanics of baryon number generation. Subsect.
4.2 describes departures from thermal equilibrium for a single massive particle
species in an expanding universe. Subsect. 4.3 shows how such a departure from
equilibrium may generate asymmetries in quantum number densities associated
with light particles. In the realistic models to be treated, many particle species are
present: subsect. 4.4 gives the general Boltzmann equations required. Our treatment
of statistical mechanics assumes the applicability of the Boltzmann equation. Sub-
sect. 4.5 discusses the limits of validity of this approach, and considers possible
extensions. Most of our calculations are performed in the context of the simplest

* Unless they have become spatially separated. This possibility is difficult to implement because of
the small volume of the universe in causal contact at I'=50MeV (according to the standard
cosmological model).
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cosmological model in which the early universe is taken homogeneous and isotropic.
Subsect. 4.6 discusses the consequences of relaxing this assumption.

In most of the models we consider, the basic process responsible for baryon
number generation is the decay of superheavy bosons. CP-violating effects in these
decays must arise from one-loop correction diagrams. Subsect. 5.1 derives the
baryon asymmetry generated through such diagrams from the free decay of super-
heavy bosons. The consequences of these results for CP-violation parameters in
gauge theories are described in subsect. 5.2. Unless supermassive fermions are
present, no CP violation may occur from gauge bosons alone. CP violation may
occur in diagrams with Higgs boson exchange in gauge vector boson decay only
when several different representations of Higgs bosons coupling to fermions are
present.

The simplest grand unified models are those based on the group SU(5), outlined
in subsect. 6.1. Sect. 6 considers in some detail baryon number generation in several
simple SU(5) models. In subsect. 6.2, we derive the Boltzmann transport equations
for the “minimal” SU(5) model, involving 24y and 5y Higgs boson multiplets.
Subsect. 6.3 demonstrates that CP violation in this minimal model can occur only
at a high order in perturbation theory, and is thus expected to be small. Nevertheless,
in subsect. 6.4 we present results on the final baryon number generated in the
minimal model. We find that no acceptable choice of parameters yields an adequate
baryon asymmetry. Subsect. 6.5 then considers some extensions of the minimal
model involving additional Higgs multiplets. With suitable choices of parameters,
these models may account for the observed baryon asymmetry.

In sect. 7 we consider grand unified models based on SO(10). Subsect. 7.1 gives
a general discussion of these models, emphasizing features not present in SU(5)
models. Subsect. 7.2 considers the form of B violation, and the possibility of B —L
violation not present in SU(5) models. Unbroken SO(10) models exhibit an exact
C invariance (subsect. 7.3) whose presence would prevent generation of any baryon
asymmetry. The consequences of two possible SO(10) symmetry breaking schemes
are considered in subsect. 7.4 and 7.5. With suitable choices of parameters, either
scheme could be responsible for the observed baryon asymmetry.

SU(5) and SO(10) models represent simple schemes for grand unification.
However, it is possible that more complicated models are, in fact, necessary. The
cosmological constraints on very large models will be considered further in [5]. A
preliminary discussion was given in the preprint version of this paper.

2. Baryon number violation

In this section, we discuss the details of B violation. We consider constraints on
the possible forms of B-violating couplings, and derive conditions under which B
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TABLE 1

The particles and antiparticles in a generic light fermion family, together with their quantum numbers
[SU(3) multiplicity, SU(2) multiplicity weak hypercharge Y = T5— Q]

Particles [SU@3), SU(2), U(1)] Antiparticles [SU(@3),SU(2), U(1)]

v 1 ve o

(5 12,4 e (1,2, -3
Er [t 15e] Ef [1,1,-1]
U e 1 B T

(D),_ [3:2, =] (DC)R [3,2,4]
UR [3) 1) _%] Ui [5’ 17 %]
Dy (3,1,3] D} (3,1,-3]

and L are separately violated, but some combination (usually B —L) is conserved.
The generic constitution of the three known families of quarks (q) and leptons
(¢) is summarized in table 1. In considering B, L violation at high energies, the

TABLE 2

Quantum numbers for possible spin 1 (vector) pairs of quarks and leptons to which
vector bosons may couple

[SU@), SU(2), U1)] B L B-L

Vi ¢0,qq [8,3,0] 0 0 0
(8,1,1]
[8,1,0]
[1,3,0]
[LA54]
[1,1,0]

Wi
|
=
Wi

Vv, qf [3,3; —%]
[3,1,-3]

a Vs 174 [1;2.3] 0 2 -2

W=
—_
|
Wi

\' ¢q [3,2,8]
(3,2, 5]

win
o
Wi

Vs qq (6,2, —5]
(6,2, 5]
(3,2,-3]
(3,2,4]

Quantum numbers for individual q and ¢ were given in table 1.
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masses of q, ¢ may be neglected, so that the left- and right-handed components
of each fermion field may be approximated as independent. Table 1 gives the
SU(3)c and SU(2), representations under which each field transforms together with
the weak hypercharge Y = T — Q assignment which specifies the final U(1)y trans-
formation properties. We assume, for now, that neutrinos are described by massless
Weyl fields. As indicated by present experimental results, we take all q;, ¢, to
transform as doublets under SU(2), and qg, ¢r to transform as singlets.

The quarks in table 1 are assigned baryon number B =13; the corresponding
antiquarks are assigned B = —3. The leptons are assigned L = +1, and antileptons
L =—1. The “baryon” and “lepton” numbers of other particles are determined
solely by their couplings to these quarks and leptons. These couplings are required
to satisfy the constraints of SU(3)c ® SU(2). ® U(1)y invariance (at the high
energies considered, spontaneous breaking of SU(2), is insignificant). The couplings
conserve B and L only in so far as can be arranged by assignments or B and L
quantum numbers. If all the quark-lepton systems to which a given particle couples
have the same B and L, then that particle may usefully be assigned a definite B
and L. However, some particles may couple to several systems with different B
and L, in which case no single assignment of B, L suffices, and B, L are ‘“‘violated”
in the interactions of the particles.

Tables 2 and 3 give the SU(3)c® SU(2). ® U(1)y quantum numbers for the
possible quark and lepton systems to which vector and scalar bosons may couple.
Lorentz invariance requires that renormalizable vector couplings have the form
«.//Zo-”:,//,, V.. and that renormalizable scalar couplings have the form z//Ia-z(//bS, where
V, and S are vector and scalar fields respectively, and ¢, are spin 5 fields (see
the appendix for notation).

The standard Weinberg-Salam model together with QCD involves gauge bosons
of SU3)c, SU(2)., and U(1)y. All these bosons are of the type V; defined in table
2. Hence, each gauge boson may be assigned definite B and L and no B or L
violation may occur. The usual Higgs scalar doublet necessary for spontaneous
breaking of SU(2); ® U(1)y to U(1).n is of the type S; defined in table 3 and again
implies separate B and L conservation. In grand unified gauge theories, it is common
to include both fermion and antifermion fields in the same representation of the
gauge group. In these cases, bosons with couplings of types 3, 4 and 5 (S5, V3,...)
may exist. A boson with couplings of type 3 must be a color singlet: it may therefore
not participate in couplings 4 and 5, and may thus be assigned a definite B. On
the other hand, a boson may simultaneously exhibit couplings of types 4 and 5.
Such a boson therefore couples to systems with B = 3 and B = 3: it may therefore
be assigned no definite B, and mediates B-violating interactions between quarks
and leptons. However, although the separate B and L for cases 4 and 5 differ, the
combination B — L is —3 in both cases. Thus, SU3)c ® SU(2). ® U(1)y invariance
and the restriction to the observed fermion fields prevent couplings of bosons to
quarks and leptons from violating B — L [7-9]. At least for the purposes of these
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TABLE 3

Quantum numbers for possible spin 0 (scalar) pairs of quarks and leptons, to which
scalar bosons may couple

[SU(3),SU(2), U(1)] B i Bl

S ¢7,qq [8,2,3] 0 0 0
[1,2,3]
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S3 143 e o | 0 2 -2
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couplings, such bosons may always be assigned a definite B — L. In what follows
we will denote the B-violating vector bosons with quantum numbers [3, 2, —¢] by
(X,Y) and with quantum numbers [3, 2, 2] by (X', Y'). The possible B-violating
scalar bosons will be denoted by S ([3, 1,3]), S; ([3, 1,3]), and S, ([3, 3, 5]). Fermi
statistics require that S; and S, couple only to pairs of fermions in different families.

Another possible scheme for B violation involves two bosons [10]: one (say x»)
of type 2 and one (say, xs) of type 5. Since y» and ys may have the same color
and electric charges, B-conserving processes such as y,—=>xsW or .- ysH may
occur, and give rise indirectly to B violation through the different B of the systems
to which y, and ys couple. Similarly, O(mw/m,) mixing may occur between the
x2 and xs states through their interaction with the Higgs condensate. The rate for
B violation through y exchanges is then O(m3y/m?): existing limits on the proton
lifetime then allow m, as low as ~10° GeV. Note that (x, xs) exchanges conserve
B + L, and thus violate B — L.
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All known fermions carry non-zero color, SU(2), or electric charges. However,
there may exist massive fermions which carry no absolutely-conserved quantum
numbers. Such fermions (N) may mix with their antiparticles (charge conjugates)
through Majorana mass terms (of the form myf°f). Clearly, they may not be
assigned definite B or L. If the coupling y »gN is present, then so may y - qN
be. Thus N does not carry a definite B —L: production and decay of N will lead
to violations of B — L conservation. The types of B- and L-violating bosons allowed
in this case are discussed in subsect. 7.2 in the context of SO(10) grand unified
models..

3. CP violation

The generation of a baryon excess from an initially symmetric state requires
CP-violating interactions. In this section, we describe the possible forms of CP-
violating couplings between particles appearing in grand unified gauge models, and
some mechanisms through which these couplings may occur.

We consider first a complex scalar field ¢(x, 7). It is necessary to distinguish the
field operator ¢ from the “fields”” ¢ obtained as the expectation values of this
operator in particular states. It is the g-number field operator which appears in the
canonical quantization procedure, the c-number field appears in the path integral
formalism.

The actions of parity (P), charge conjugation (C) and time reversal (7)) on a
complex scalar field are given, up to arbitrary phases, by [11]:

P el tioal=nt),
¢(x, )>¢(=x,1);
C:. olx, f)>o"x, 1),
G(x,)>¢"(x, 1);
T: o(x,t)>e*x,—1),
é(x,1)>¢(x, —1).

The transformations P and C are represented by unitary operators, which act on
¢ just as on ¢. T is an antiunitary operator, which reverses the order of factors in
products of field operators. It thus interchanges the bra and ket states in an
expectation value, and complex conjugates the field ¢. The combined operator of
CPT on ¢(x, t) yields ¢ (—x, —t) and is equivalent, as usual, to a generalized Lorentz
transformation.

The P, C and T transformations above are modified for particles with spin. Their
action on spin 3 fermions is outlined in the appendix. Note that separate P and C
transformations interchange chirality states, while the combined CP or T transfor-
mations do not: thus massless particles with only one chirality or helicity state may
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have definite behavior under CP. We shall consider the transformations of different
chirality states under CP independently. For spin 1 fields, P and T transformations
reverse, respectively, the space and time components of the polarization vector:
they may thus be considered to ‘‘raise” or “lower” the Lorentz vector index on
the vector potential A,,.

The CP conjugate of a particle which transforms according to a representation
r of some internal symmetry group is the corresponding particle in the conjugate
representation ¥. Any U(1) factors in the internal symmetry group are associated
with charges which are reversed by the action of CP. If the complete symmety
group is an abelian product of U(1) factors, each field with non-zero charge must
be complex. When the symmetry group is non-abelian the U(1) charges are gener-
ated by the Cartan subalgebra of the group. In the absence of explicit U(1) factors,
the reality or complexity of fields is determined by the representations under which
they transform. Three basic classes of representation may be distinguished (e.g.
[12]):

Complex: T and r are completely inequivalent. The singlet representation
appears in the decomposition of r ® T, but not inr ®r.

Real: A basis exists in which the representation matrices of r are purely real, so
that r and T are equivalent. The singlet representation appears in the symmetric
partof r@r.

Pseudoreal: T is unitarily equivalent to r, but there is no basis in which the
representation matrices are purely real. The singlet representation appears in the
antisymmetric part of r ® r. All pseudoreal representations have even dimension-
ality.

Real and complex representations appear in many models; pseudoreal rep-
resentations are rare, since they must be used in a ‘“‘doubled” form to allow
construction of mass terms for scalar fields. Fermions are usually placed in complex
representations; this prevents the possibility of group-invariant fermion mass terms
(allowed by chiral symmetries) and avoids unobserved right-handed fermions cou-
pled to the weak current. In most of the discussion below, complex and pseudoreal
representations behave similarly: we shall usually mention only complex representa-
tions.

The adjoint representation in which gauge vector bosons appear is always real.
Hence in a suitable basis, all gauge vector bosons are eigenstates of CP, but in
general have different eigenvalues.

If a set of interactions is to conserve CP invariance, its lagrangian must be
invariant under CP. The requirement that all CPT invariant lagrangians be her-
mitian places important constraints on possible CP violation.

Hermiticity requires each term in a lagrangian to have the form L = g®+(g®)",
where g is a coupling constant, and O is a product of fields. As discussed above, the
action of the CP transformation is CP[g®]=g®’, so that CP[L]=g® + g'e. If
© # 0", CP violation occurs when g # g'. No CP violation is possible when ©® =©".
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If the lagrangian is not invariant under phase redefinitions of fields, any CP
violation may formally be transferred from one term in the lagrangian to another:
its physical effects nevertheless remain unchanged.

Since the gauge vector bosons transform under the real adjoint representation,
cubic and quartic couplings between the gauge bosons yield real ®, and can involve
no CP violation. Similarly, cubic and quartic coupling between Higgs bosons in
real representations or between those Higgs bosons and the gauge vector bosons
cannot introduce CP violation. For CP violation to occur, some Higgs fields must
be complex. This may occur because they appear in complex representations of a
non-abelian group, or because they exhibit an additional global U(1) invariance.
In the latter case, two fields which may individually be real are combined to form
a complex field.

In the bare lagrangian, kinetic energy terms for all fields F have the form FF.
Couplings of gauge vector bosons obtained by minimal substitution from these
terms have the form gAFF. Since the gauge vector bosons transform under the
real adjoint representation, AFF = (AFF ) yielding no CP violation. However, it
is possible that the fermion mass matrix may contain complex entries. Gauge
couplings of fermion mass eigenstates may then contain complex mixing angles and
exhibit CP violation. Nevertheless, when all fermions are massless, no such mixing
may occur, and CP violation is again impossible. Even with massive fermions, CP
violation may not be possible in some gauge couplings. For example, if only the
left-handed fermion currents which couple to light gauge bosons are considered,
unitary rotations may be performed to remove CP violation unless at least three
separate fermion families exist (Kobayashi-Maskawa [13] scheme). CP violation
may nevertheless occur in the right-handed and B-violating currents which couple
to superheavy bosons even when only one fermion family exists.

CP violation associated with couplings of Higgs bosons to fermions or to them-
selves may occur either as a result of explicit complex couplings (‘“‘intrinsic CP
violation”) or from a complex vacuum expectation of a Higgs field (‘‘spontaneous
CP violation”*). For a coupling to exhibit intrinsic CP violation, hermiticity requires
that at least one of the fields involved must be complex. Spontaneous CP violation
requires a CP-violating vacuum expectation value, which may be associated either
with a complex field or with a pseudoscalar real field. Since spontaneous CP violation
requires the presence of a Higgs condensate, it typically disappears at high tem-
peratures (see, however [14]), while intrinsic CP violation remains unchanged.
Symmetry restoration usually occurs at a temperature of the same order as the
vacuum expectation value of the Higgs condensate and the mass of the correspond-
ing Higgs boson [15, 6]. Spontaneous CP violation associated with SU(2), breaking
thus cannot survive at the temperatures of relevance to B violation. In SU(5)

* In the literature the terms ‘‘hard” and ‘“‘soft”” have been used for “intrinsic” and ‘‘spontaneous’” CP
violation. We shall reserve “hard” and ‘“‘soft” to describe lagrangian terms of dimensions four and
lower, respectively.
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models, only the real 24y representation attains a sufficiently large vacuum expecta-
tion value to survive at high temperatures, and thus no spontaneous CP violation
may occur. On the other hand, in SO(10) models, complex 16y or 126y representa-
tions as well as real 45y or 54y repreentations may attain large vacuum expectation
values, so that spontaneous CP violation at high temperatures is possible.
Whenever high-temperature spontaneous CP violation is associated with Higgs
bosons which couple to fermions, the large vacuum expectation values necessary
must give large masses for some of the fermions. In general, the presence of a large
vacuum expectation value for a Higgs field in a complex representation of the
gauge group lowers the rank of the effective gauge symmetry by breaking at least
one of the U(1) invariances associated with the Cartan subalgebra.

CP violation in couplings of W bosons to fermions may occur through complex
entries in the fermion mass matrix, as mentioned above. These complex entries
may arise either from intrinsic complex Yukawa couplings or spontaneously from
a complex Higgs vacuum expectation value. It is possible that low-energy CP
violation is a result of CP-violating Higgs boson exchanges [16] rather than of a
small CP-violating component in W exchange [13]. The best-measured CP-violating
effects in K decays do not distinguish between these possibilities. The magnitude
of the AI =3¢’ CP-violation parameter in K decays, or other potential CP-violating
effects in b-quark decays or the neutron electric dipole moment should, however,
provide evidence on these possibilities.

Although the QCD lagrangian is CP invariant, it is possible that instanton effects
in the vacuum state may lead to a CP-violating term (¢/ 3277-2)TrFWI~=#,, in the
effective QCD lagrangian (e.g. [17]). The absence of a measured neutron electric
dipole moment then requires /327> =< 10~. Two simple mechanisms which would
yield 9 =0 are not viable: the Peccei-Quinn mechanism because a light axion is
not observed, and the massless u quark because of conflicts with current algebra
results on quark masses (e.g. [17]). FF terms in the effective QCD lagrangian may
also arise from chiral rotations used to render the quark mass matrix real and
diagonal: the coefficient of these terms is proportional to the CP-violating quantity
arg det M,, where M, is the quark mass matrix. This contribution to  receives
corrections from higher orders in perturbation theory. If CP violation in the quark
mass matrix occurs through soft terms with dimension 2 or 3 in the Higgs couplings,
then the resulting renormalization of %} is finite. If it occurs by hard terms of
dimension 4, ¢ may suffer formally infinite renormalization. Any spontaneous CP
violation can contribute only to soft terms: intrinsic CP violation may yield either
hard or soft terms. In requiring ¢} to be small, it is perhaps desirable to avoid cases
of infinite renormalization, thus favoring CP violation in soft terms.

We have discussed above CP violation in models containing fundamental Higgs
scalar fields. Models with dynamical symmetry breaking from composite scalar fields
may also exhibit CP violation [18]. Since the fundamental couplings in such models
are gauge couplings, all couplings must be CP invariant. However, the minimum of
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the effective potential for the composite scalar fields may correspond to complex
values for the fields, and thus yield spontaneous CP violation. Another possibility
is that the qq condensate may not be purely scalar, but may contain a CP-violating
pseudoscalar component (c.f. [19]).

At sufficiently high temperatures, any spontaneous CP violation will usually be
restored. When the universe cools below the CP-violating phase transition, the
expectation values of the Higgs fields, and thus the form of the CP violation, may
differ between different domains in the universe. In the simplest case, the expecta-
tion value of the Higgs field may be either ¢ = +¢, or ¢ = —¢, leading to production
of baryon asymmetries with opposite signs [20]. At the temperatures O(10'° GeV)
at which CP violation must be present in order for baryon number to be generated,
no causal effects may yield correlations in fields over volumes containing more than
about 10 particles. Fig. 1 shows schematically a section through a universe consist-
ing of many uncorrelated cells each carrying a positive or negative Higgs field with
probabilities 3. Investigations in percolation theory (e.g. [21]) show that in three

Fig. 1. Schematic section through a universe consisting of a random mixture of equal numbers of +
and — cells in which CP violation has positive and negative signs. In three dimensions, nearly all the
cells are members of infinite connected domains.




J. A. Harvey et al. | Cosmological baryon asymmetry 27

dimensions, infinite connected + and — domains exist with probability one*.
Numerical simulation suggests that all but about 1% of the cells lie in connected
domains. Thus, even without correlations between cells, large + and — domains
should exist in the early universe. At the edge of, say, a + region, the Higgs field
must change sign, and therefore exhibits a non-zero derivative leading to a surface
energy density on the boundary. This surface tension tends to collapse the domains.
It is, however, possible that the transmission of particles through the domain walls
may be sufficiently low that contraction of a domain as a result of surface tension
would be opposed by pressure from the enclosed gas. In this case, large domains
would tend to become spherical, and survive at least through the period of baryon
number generation. Details of the domain walls determine the effect of the
expansion of the universe. Constraints on the present energy density of the universe
do not allow any domain walls extending over a significant fraction of the universe
[22]. However, domains which were stabilized by the pressure of enclosed gas would
collapse when the gas recombined. After this point, gravitational clumping and
radiation pressure should suffice to hold matter and antimatter domains apart. The
viability of such a scheme depends crucially on the amount of energy dissipated in
the destruction of the domain walls, which must be determined by detailed calcu-
lation.

Invariance under CPT appears to follow from Lorentz invariance in any larangian
quantum field theory obeying standard axioms. It is nevertheless conceivable that
these axioms are inadequate, and that CPT violations could occur. With CPT
invariance, separate violation of CP and T must be accompanied by deviation from
thermal equilibrium to provide “an arrow for time”’ and allow baryon asymmetry
generation. However, with CPT violation, an asymmetry may be generated even
in thermal equilibrium [23]. For example, the mass of a particle and its antiparticle
could differ, so that their equilibrium number densities were unequal. Without a
specific model for CPT violation, no detailed consequences may be deduced.

4. Statistical mechanics of cosmological baryon number generation

4.1. INTRODUCTION

Having outlined above the possible forms of B-, CP-violating interactions, we
now consider how these may act in the early universe to generate an excess of
baryons over antibaryons from an initially symmetric state [3, 4, 6, 7, 24-30] (the
destruction of a possible initial baryon number was described in sect. 4 of I, and
will not be discussed here). If all particles in the universe remained in thermal
equilibrium, then no direction for time would be defined, and CPT invariance

* For a cubic lattice, the fracton of + cells must be =0.33 for infinite + domains to exist. Other lattice
geometries give slightly different percolation thresholds; all are below 0.5.
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would render CP violation in the interactions irrelevant, and prevent the appearance
of any baryon excess [see (I.4.1) and appendix A of I]. We shall assume
that the early universe is homogeneous and isotropic (Friedmann model). Deviations
from thermal equilibrium cannot occur in a homogeneous isotropic universe con-
taining only massless particles: if massive paricles are present, such deviations may
occur when T =m.

We shall assume here that all particles obey Maxwell-Boltzmann statistics (the
negligible corrections from proper use of Fermi-Dirac or Bose—Einstein statistics
were discussed in subsect. 2.4 of I). In this section, we make the simplification that
all particles have only one spin/color state; the correct counting of states will be
included in sects. 6 and 7. In thermal equilibrium, therefore, the density of a species
of particles (with mass m) in phase space is given by*

feq(p):e*(E*u)/TEC*(\/EW—u)/T’ (4.1.1)

where T is the temperature of the species, and w is a possible chemical potential.
Note that, in keeping with the standard and simplest cosmological model, we assume
throughout that the universe may be treated as homogeneous and isotropic. The
total number density in equilibrium of the species is given from (4.1.1) by

d3p T3

—j—— ( )——(—"—1)2K( /T)e*'™ 4.1.2)
Neq = ) fea(P =32\ T 2lm e=s 0 ks

where K, is a modified Bessel function (see appendix C of I). For m « T, (4.1.2)
becomes

e Bl ol (@) mem. w1

while for T« m,

3/2 2

{SF

neq:(_’;‘_T) e-‘m‘“’”[1+8—+o(—2)], (m>T).  (4.1.4)
o m m

At early times, most of the energy density of the universe was presumably contained
in essentially massless particles. Their chemical potentials were probably very small,
since the universe appears to carry zero or very small net quantum numbers. Hence
the energy density contributed by each species was

7 b
Ped =3 (4.1.5)
o

we shall denote such species generically as vy, and take them to be ¢ in number
(for 10°< T'<10"°, typical grand unified gauge models imply £ =100).

* We use throughout units such that #=c =k = 1, where k is Boltzmann’s constant. Since we do not
set the gravitational constant G = 1, the Planck mass m = G '?=10" GeV appears explicitly.
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The Robertson-Walker scale factor for a homogeneous universe of total energy
density p(f) expands at a rate

dR 5~(8wp(t))1/2
R il y

£ aplt)
R dr

2

4.1.6
s (4.1.6)

where m, = 10" GeV is the Planck mass. In this expansion, the momenta of all
particles are redshifted according to | p| =p ~ 1/R. The phase space distributions for
massless particles (in thermal equilibrium, and with u = 0) remain self-similar under
this rescaling, with a temperature 7~ 1/R. Using (4.1.5), eq. (4.1.6) then implies*
A _( 81rp>1/2 i

i R

’

3mp, mepe

% k 4.1.7)
mp=(7)">my/VE=8%10" GeV/VE.

where ¢ is the number of (Maxwell-Boltzmann) particle species. The equilibrium
phase-space densities feq(P)= exp(—«/ p2+m7/ T) of massive particles are not,
however, self-similar in the expansion p ~1/R: their forms change when p ~ T ~
1/R becomes smaller than ~m. Thus the expansion of the universe may cause
these phase-space densities to deviate from their equilibrium form: collisions with
light particles will nevertheless restore the equilibrium form, but only after a finite
relaxation time. During this temporary deviation from equilibrium B-, CP-violating
processes may generate a baryon asymmetry: under certain conditions this asym-
metry may survive even after the massive particles have disappeared (through
decays); the time necessary to relax the asymmetry may increase faster than the
age of the universe.

The Boltzmann equation will be used below to describe the effect of reactions
on the densities of particle species or quantum numbers. The validity of this
approach is discussed in subsect. 4.5.

4.2. EVOLUTION OF A SINGLE MASSIVE PARTICLE SPECIES

Consider a particle y of mass m, which decays with a width I" into two massless
particles (yy). Then the number density n =n,Y of xy evolves with time ¢ in the
early universe according to

GraadY
Y=—=—(I'{Y Y (4.2.1)
dt
(for the derivation of this result from the complete Boltzmann transport equation
for the phase-space density f,(p) see subsect. 2.3 of I). The expansion of the
* Note that the effective Planck mass mp given here assumes that all particles obey Maxwell-Boltzmann

statistics. If instead, all were to obey Bose-Einstein statistics, mp would decrease by a factor 0.96,
and if Fermi-Dirac, increase by a factor of 1.03.
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universe appears only implicitly in (4.2.1) through the dependence of the tem-
perature 7 in Y on the time ¢: the explicit dependence has been removed by
consideration of the scaled quantity Y =n,/n,. The first term in (4.2.1) accounts
for the decays y - vy, and has the usual radioactive decay form. The second term
in (4.2.1) accounts for inverse decay processes yy -y, which occur when the
invariant mass of the initial yy system lies within the “y resonance curve.” Clearly
such processes can occur only if 7 is sufficiently high that the y energies reach m,,:
when T < m,, the inverse processes become exponentially improbable, as exhibited
by the behavior (4.1.4) of Y°? in this region. The time ¢ appearing in (4.2.1) is
measured in the c.m.s. of the complete universe: in that frame, the lifetimes of x
are dilated by factors E,/m,, and hence the effective y width (I") in (4.2.1) must
be averaged over the relevant x energy spectrum. Typically, in the x rest frame,
I'=a(m/4), where JVaisa XYY coupling constant. We assume, in keeping with the
simplest big bang cosmology, that at sufficiently early time, all species of particles
are in thermal equilibrium, so that at t =0, Y = Y*?in eq. (4.2.1).

Fig. 2 shows numerical solutions to eq. (4.2.1) with equilibrium initial conditions.
Deviations from equilibrium are initiated by the expansion of the universe. They
are relaxed at a rate ~(I"). Their extent depends on the relative magnitude of this
relaxation rate, and the expansion rate ~7T>/myp of the universe, at a temperature
T=mxTMmeruvmﬂmi=amﬁmxB,memmMrmemummlkﬁmmm
from thermal equilibrium are. Notice that, in fig. 2, curves with am, adjusted so
as to give the same [ still differ slightly, because the averaging over time-dilation
factors in (I") depends on m,/mp. In the high and low temperature limits, eq. (4.2.1)

|OI T T T

o) | | |

ok 10° 10’ 102
x=m/T

Fig. 2. Deviation of massive particle number density from equilibrium as a function of temperature T

in the early universe, as calculated from eq. (4.2.1). The particle is taken to have mass m, and decay

width I'=fma. Y=n/ n, is the scaled number density for the particle. The expansion rate of the

universe is governed by an effective Planck mass mp=500 ITeV. Unless otherwise indicated, m =
10'° GeV and a = 3.
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admits of simple approximate solutions. Defining x =m/T, eq. (4.2.1) becomes

dy ¥
5 = e <m2>x{Y Yol 4.2.2)

For the averaged width (I") we approximate

_[/M\~_/m =K1(x)
" _<E>r _<E>eqr KL (4.2.3)
=x[1+3x*(logGx)+y).. ) (y=0.5772) (x«1)
(4.2.42)
mblaiete sl o 21), (4.2.4b)

At high temperatures, therefore, eq. (4.2.2) becomes [using eq. (4.1.3)]

%—},z—mpﬁxz{y—(l—%x2+0(x4 log x))} (x«1). (4.2.5)

The solution to this equation is

r mp «
Y =i mesoras S+0(x7 logx)~1—-—P%x, (x«<1), (4.2.6)
so that
(Y-Y“‘ij( x mﬁ)
¥ T 1+4 am 5)° (x<cil) (4.2.7)

It is clear that the parameter mpl/m* governs the magnitude of deviations from
equilibrium. The numerical results of fig. 2 indicate that terms kept in eq. (4.2.7)
are adequate until close to the maximum in (Y — Y*%)/ Y*? at x = x,,. Keeping only
these terms suggests that x,, is obtained as the real root of the equation

8+dx’—aty’=0, (4.2.8)
m
or roughly
PN UM 2y (4.2.9)
amep
At low temperatures, (4.2.2) becomes [using eq. (4.1.4)]
dYy 7§ o
= YU et e (Lo )l we.
(4.2.10)

In the limit 7> 0 (x > o) the expansion rate of the universe becomes negligible
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with respect to the rate of y reactions, so that Y - Y.,. For large x, (4.2.10) may
be solved with this boundary condition to give

YZ(%W)1/2x3/2e_X{1+(n;; 185) +o( )} x»1), (4.2.11)

(¥-Y"% m*. 1 1)

s e T e

Y ' mpr O(x2

1
=4Tmp—+o(—5), (x»1). 4.2.12)

o X X

Again, fig. 2 shows that this approximation is numerically accurate. Note that the
presence of inverse decays remains crucial in determining deviations from equilib-
rium even at large times. If the y decayed freely, with no back reactions, then
the second term in eq. (4.2.2) would be absent, so that at low temperatures

Yfree = Y(X = 0) e*Ft

T x>
Y= exp( e —) : (4.2.13)
m- 2

On the other hand, the rate for inverse decays is proportional to Y~ exp(—x),
which falls much more slowly than eq. (4.2.13). The behavior of Yi.. in (4.2.13)
as a function of x depends on the expansion rate (4.1.7) of the universe. If the
temperature of the universe decreased faster than T ~1/¢, then the equilibrium
number density ~exp(—m/T) would fall more rapidly than the free decay probabil-
ity ~exp(—1I?), and at low temperatures (large times) Y would approach (4.2.13)*.

4.3. EVOLUTION OF LIGHT PARTICLE SPECIES

In the previous section, we have assumed that neither the massive particle y,
nor its massless decay products y carry any quantum number, so that both are
charge conjugation eigenstates. This assumption is clearly inappropriate for particles
which, for example, carry baryon number. The generation of a net baryon number
relies on the development of a difference between the number densities of a B # 0
particle and its antiparticle. Consider a massless particle species ¢ which carries
an absolutely conserved quantum number C = +1. The antiparticle ¢ carries C = —1.
In a gas of c, ¢ with net C =0, the equilibrium distribution of c, ¢ in phase space
is f(p)=f«p)=e "'". However, if the gas has net C #0, then the equilibrium
distributions will 1nvolve a chemical potential u, and become

By e ERVT . plpYme ORI 4.3.1)

* This discussion has a potential application to thermodynamic models for hadron production in
high-energy collisions. If the excited hadron material does not expand rapidly enough, the effective
p lifetime may be increased by copious p production in inverse decay processes, thereby modifying
correlations between final pions.
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The chemical potentials of ¢ and ¢ are forced to be opposite by the presence of
processes such as cc<>yy, where y has C =0. The distributions (4.3.1) lead to a
net density of the quantum number C
ne—nNg e M
Yo= =2 h(—>=2—, 432
fo, sin T T (4.3.2)

Ry

where the final approximation holds so long as (n.— nz) € n,. The characteristic rate
at which a gas of ¢, T with an arbitrary initial configuration will relax into the
equilibrium distributions (4.3.1) is governed by the total rate for interactions of
the c, ¢. If, however, some rare interactions of ¢ violate the quantum number C,
then the effective chemical potential © may change at a rate governed by the
rate for these rare interactions. In the absence of external influences (such as the
expansion of the universe), a gas of c, € in the presence of C-violating interactions
will eventually relax into a state of ‘‘chemical equilibrium” in which u = Y- =0.
However, the rate of this relaxation will be much smaller than the rate at which
“kinetic equilibrium” [leading to the phase-space distributions (4.3.1)] will be
established. It is therefore sufficient to approximate the c, ¢ phase-space distributions
by (4.3.1) in investigating their approach to ‘‘chemical equilibrium.”

Most particles which undergo B-violating interactions also participate in B-
conserving interactions, some of which are mediated by light bosons (y, G, W*, Z°).
As discussed above, baryon number generation requires deviations from ‘‘kinetic
equilibrium” which occur when the temperature of the universe falls to the masses
of the heavy particles which mediate B-violating processes. In this period, the rates
for B-violating reactions should be somewhat smaller than those for B-conserving
reactions, primarily because of the larger masses of the mediators of B violation
(another numerically significant effect is that in most models the number of possible
B-violating reactions is smaller than the number of B-conserving ones by a factor
between ~¢ and ~¢&°). Hence, for most light particles carrying baryon number, it
should be adequate to assume distributions (4.3.1) in phase space, but with chemical
potentials u which change with time through B-violating processes. If b denotes a
light particle carrying B =1 (so that b has B = —1) then, for small Yp=ng/ Ry,

Yo=e*T=1+1Ys+0O(Ys), VYi=e™T=1-3Yp+0(Y3). (4.3.3)
If the b, b undergo the B-violating reactions bb-> bb and bb - bb, then
Ys=4n(ov)(— Y+ YE)=—8n,(ov)Ys, (4.3.4)

where (ov) denotes the cross section multiplied by the relative velocity v (which
cancels the 1/v flux factor in exothermic reactions at low incoming relative
velocities) averaged over the c.m. energies for the collisions. The factor of 4 appears
because these processes involve |AB| = 4. Eq. (4.3.4) implies that any baryon excess
introduced will be relaxed exponentially to zero by B-violating interactions with a
characteristic time ~1/(n,(ov)) of order of the mean free time between B-violating
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collisions. Note that B-conserving processes, such as yb<> yb or yy<>bb do not
affect Yg; they may change the momentum distribution but not the total number
density of b, b.

Now consider a massive particle y which decays to two-body final states f = (£, f5)
containing b, b and . First, for simplicity, assume CP invariance, so that the rates
for decays and inverse decays to and from a state f are equal: I'(y »>f) =I"(f-> x).
Then the y number density evolves [in analogy with eq. (4.2.1)] according to

¥ —; (F(x > DN Y- Y'Y, Yy}
= —'; (F(x>HAY, - Y (1+B;Ys)}

AN~ Yi“}+§ (F'(x~>£)B:Yy'Ys, (4.3.5)

where B; denotes the total baryon number of the state f. If Yg=0, eq. (4.3.5)
reduces to eq. (4.2.1). The evolution of the y number density may be obtained
from (4.3.5) by charge conjugation:

et Yo Y3} —g (I'(x~>D)BY'Ys, (4.36)

where we have used CP invariance to write I'(y »f)=I'(x - f). The equilibrium
distributions Y3' and Y3 are equal since they depend only on m, = m;. From
egs. (4.3.5) and (4.3.6) one finds

Y, =Y, YY) =—(PHY, - Y '} (4.3.72)
Yy =3Y, - Y)=—(DY, +2YYs L (L' (x > 1)B:. (4.3.7b)
f

(In later sections, we shall often use the shortened notation xy, = Yy, x-=Y,.) If,
for example, x - bb, so that bb— y and x - bb, but y bb, then an excess of b over
b (Y >0) will result in the production of more y than y in inverse decay processes,
and therefore an increasing Yy If Y (I'(x > f))B; # 0, then y, x decays may affect
Y. Such processes yield

Yu ¥} § BAI'(x > 1)) Y; ; B(I(x~>1)- Yy ; Bi(1+B;Yp)I'(f- x))
+Y5 g Bi(1-B;YXI'(f> x))+n, fo (By —By)(1+ B Yg)vo(f>1))

Sy Z (By— By)(1+ By Y)(vo (f' > f)). (4.3.8)




J. A. Harvey et al. | Cosmological baryon asymmetry 35

Assuming for now CP invariance, so that I'(y~>f)=I(x~> H=rf->y)=
I'(f-x), vo(f->T)=vo(f-f), this becomes

Ye=2Y, ; B(I'(x>1))-2Y'Ys g [BIXT (x > 1))
— Yan, ¥ [Bi— B (vo (f>1)). (4.3.9)
) % i

In the cross sections vo(f - {') it is necessary to remove the contribution from real
intermediate y or y (e.g. f- x =) since this is already included by iteration of
the y decay and inverse decay terms (see I, sect. 4). The first term in (4.3.9)
illustrates that an excess of y over y may lead to a baryon excess when the y, x
decay. The second two terms in (4.3.9) are manifestly negative, and cause any Yy
introduced to relax towards zero through B-violating interactions. It is clear from
(4.3.9) and (4.3.7b) that, if CP invariance holds, any system with Y, = Yz=0
initially can never develop Ygp#0. As mentioned in sect. 1 (and at length in I),
generation of a baryon excess from an initially symmetric state requires CP violation.
CPT invariance demands that

ri-»p)=r(-i, (4.3.10)
where i denotes the CP conjugate of the state i. The unitarity condition requires

LIGE->)=2T(j->i). (4.3.11)
Egs. (4.3.10) and (4.3.11) then imply
Lri->)=XT(j>D=LI(j>)=LI{~)) (4.3.12)

(where we have interchanged the dummy labels j, j in the sums over all states).
The equality of the first and last forms in (4.3.12) demonstrates the equality of the
total decay widths for a particle and its antiparticle. If CP invariance were assumed,
then

ri->j)=ri-j), (4.3.13)

so that each partial width for decay into a given mode would be equal for particle
and antiparticle. For baryon number generation to occur, CP invariance must be
violated, and the equality (4.3.13) must fail. Using only eqgs. (4.3.11) and (4.3.12),
and not assuming CP invariance, eq. (4.3.8) becomes (keeping for consistency only
terms of first order in both Yy and CP-violating differences between rates):

Yo=(Y} - Y3 L B0 ~>D-T®~>D+ Yy LB =D+ (k=)
5
~Y{Ya LB (x> 0+ T (7> D)~ Yom, 3 (B~ BeF(oat-))
(4.3.14)
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The derivation of the —Y?3' part of the first term here is somewhat subtle [as
discussed in detail in I, sect. 4, and particularly eq. (2.4.9)]; it arises from a sum
of contributions from inverse decay processes and from 2 - 2 scatterings mediated
by a nearly on shell s-channel y or y exchange. The first term in (4.3.14) allows
generation of a baryon asymmetry by CP-, B-violating y, xy decays when deviations
from thermal equilibrium occur, so that Y, # Y3 . The last two terms in (4.3.14)
act to relax any asymmetry produced: the final Yy depends critically on the size
of these terms. Allowance for CP violations requires no important changes in egs.
(4.3.7) for the development of the y, y number densities.

If the rate for y interactions is much smaller than the expansion rate of the
universe around the time of y decays, then large deviations in the y number density
from its equilibrium value may occur (as illustrated in fig. 2), and the first term in
eq. (4.3.14) may dominate. In this case, comparison with eq. (4.3.7a) shows that

ey ZB;<F(X_)f))—<F(’?_)f»'

4.3.15
. <F> ’ ( 3 )

hence, the final baryon number density generated from an initially symmetric state
is simply

(Fx >0k~
(r)

(YB)finai =§ B; €. (4.3.16)

This result is exact if the y, y decay freely, with no back reactions. At high
temperatures, for zero initial baryon number, the first term in (4.3.14) always
dominates, so that Yj at early times grows like [using eq. (4.2.6)]

r
L +0 logx), (x«<1). 4.3.17)

Yo=mp—%
o umi20

This baryon asymmetry leads to an asymmetry in the number of y and y,

2
£

i T
: :(mpm—§(> 160x8—O(x) 3 (x<1): (4.3.18)

for the single y species considered here, this asymmetry is never important in the
development of Yg. As the temperature decreases, and Yp increases, the third
term in eq. (4.3.14) begins to counteract the first term. The ratio of these terms is
roughly R=(¢/Yp)(Y,—Y)/ Y. For small x, R=(5/x*)m2/(mpl,)=
20m,/ (ampx3). This ratio falls below one, indicating that the first term in
(4.3.14) no longer dominates, at x = 1. In the region x =1, the first and third terms
in eq. (4.3.14) are both large, but cancel to give a net Ys=0. As the temperature
decreases, R decreases rapidly according to eq. (4.2.12), and the third term in
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(4.3.14) dominates, so that : ;
Ye=—(I"Y3Ys, (4.3.19)

dYB:—mP%ﬁY‘;“YB .

dx S
The exponential fall off in Y35' at large x for the most part neutralizes the
superficially exponential relaxation of Yg; in practice Yp decreases roughly as 17/x:
At very low temperatures, the presence of Y3 in the third term of eq. (4.3.14)
renders it negligible, and only the fourth term, which results from B-violating 2 > 2
scatterings, makes a significant contribution to Ys. At low energies (\/s), 22
scattering of light particles by exchange of x gives a cross section vo ~ a’s/ mi. At
very low temperatures, eq. (4.3.14) thus becomes

Ys~—-—a’—Y;g, (4.3.20)
T m

. dYs  a’mp 1
soliebb i i s R
X

Hence, when 2 - 2 scatterings dominate, Y7 falls like
Y ~exp [a’mp/(mx?)], 4.3.21)

which tends to a constant non-zero value as x - c0. However, if the behavior (4.3.20)
sets in at comparatively small x, the final Yy will be much diminished from its
maximum value, attained at x =1.

4.4. SEVERAL MASSIVE PARTICLE SPECIES

Above, we have considered only a single massive particle species: in realistic
theories, however, there are usually several massive vector bosons, and often huge
numbers of massive scalar Higgs bosons. In this section, we first discuss a simplified
case in which massive bosons y decay only to light particles (and not into other
massive particles), and assume that B is the only quantum number with non-zero
chemical potential carried by the light particles. Then the number densities of each
species y evolve according to eq. (4.2.1), while in eq. (4.3.14) for Yy a sum must
be performed over the possible y, yielding roughly

YB ~Z (r)(){ex(y; 7 Yiq ) -2 Y; =2 Yiq YB}_ YB”y(W)tot 3 (4413)
%

Yy ~(C Yy - Y3, (4.4.1b)
Yy ~—(CHY; +2Y3Y3}, 4.4.1¢)

where we have temporarily dropped numerical factors O(1) asociated with y decay
branching ratios.
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Consider first the case of N identical bosons y. If each y decayed freely, the
final baryon number generated would be =Ng,. At high temperatures, Yy is indeed
increased by a factor N; however, when T ~ m,, the larger Yy generated at higher
temperatures and the presence of more y bosons renders the back reaction terms
in (4.4.1) more important, so that the rate of Yy destruction is higher. Writing
ys = Yg/N, eq. (4.4.1a) becomes

VarAlHe (Y 5~ Y ) +2Y, —2NY'ys}— Nysny (o0 ) ; (4.4.2)

the relaxation time for destruction of baryon number in egs. (4.3.19) and (4.3.20)
is reduced by a factor N. Fig. 3 shows the factor by which the final baryon number
is modified by introduction of N identical boson species. When back reactions are
unimportant, the effects of each boson add; when back reactions are important,
the increase in the baryon destruction rate with N causes the final baryon number
to decrease exponentially. In eq. (4.4.2) and fig. 3 we have assumed that in all
cross sections, the effects of the N bosons are added incoherently: however, if the
bosons are genuinely identical, their contributions add coherently, contributing a
factor ~N? instead of N. Eq. (4.4.1c) suggests that if a larger Yj is generated at
high temperatures by decays of N bosons, then a larger Y, for each boson will be
produced by inverse decay processes. The typical Y, contributing to eq. (4.4.2)
will therefore be a factor ~N larger than in the single boson case. Nevertheless,
if the N bosons have identical masses, the Y, term will probably never be important
in (4.4.2), as in the one-boson case.

2
10 £ I amp/mx—O
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Fig. 3. Modification in final baryon number density produced by introduction of N identical massive
boson species x, as described by eq. (4.4.2). Results for various typical choices of parameters are shown.
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We now consider the case of several bosons y with different masses and couplings.
At temperatures T >» m,, the total baryon number generated by their decays will
behave as [cf., eq. (4.3.17)]

mp

%8 =8—0~T—5§ aemy, (T>»m), (4.4.3)

where we have taken I', = ym,a,. For the minimal case (see sect. 5) of two species
with e = &1 = —¢,, @ = a; = a3, €q. (4.4.3) implies

4
_me [ (ma)\]
3—80T5aem1[1 (m1>]' (4.4.4)

if m, = m, then the effects of the two bosons always cancel, and no baryon excess
may be generated. If m; and m, are nearly degenerate, then eq. (4.4.4) implies
that the final Yy will be smaller by a factor =[1— (m,/m;)*] than would result if
only one of the bosons were present. If (m,/m;)*« 1, then at high temperatures,
Ys should build up just as if the lighter boson x, were absent. However, when the
temperature falls, (Y>— Y3") eventually overtakes (Y;— Y1"). When this occurs,
the two “driving terms” in eq. (4.4.1) cancel. By this temperature, Yi? is compara-
tively small, so that the back reaction term —Y7{*Y3 is not dominant; however,
Y5? is still =1, so that the —Y5*Yg is very large. This term is uncanceled when
(Y2—Y3?) compensates (Y;— Yi%), and causes Yp to relax exponentially to zero.
Then, as the temperature decreases further, (Y; — Y{*) becomes much smaller than
(Y,—Y5%), and baryon number is generated in the decays of the lighter y, boson.
If y; is more than about 20% heavier than y, [so that 1—(m,/m;)*=0.5], then
the baryon asymmetry generated by its decays is destroyed by inverse decays to
X2, and the final Y is close to that obtained in the absence of y;. Some examples
are given in fig. 4. This result suggests that the final baryon asymmetry depends
only on the behavior of the lightest B-violating boson species: asymmetries gener-
ated by heavier species are destroyed by inverse decays of lighter species. The
result is valid, however, only in the unusual simplified case considered here where
no asymmetries may occur in quantum numbers other than B (cf. sects. 6 and 7).

Free decays of a given boson species can generate a baryon excess only if they
violate CP invariance so that ¢, # 0. However, even if ¢, =0, a B-violating boson
species can destroy Yp through inverse decay processes. If the lightest B-violating
bosons do not violate CP invariance, then they will often destroy by inverse decays
the baryon excess generated at higher temperatures by decays of heavier bosons. In
some cases, however, this destruction is partly avoided by the Y terms in Y.
When baryons are absorbed by inverse decays of lighter bosons, baryon excesses
may result in Y, =3(Y, — Y;) #0, as suggested by eq. (4.4.1c), if the y couples
unequally to channels with opposite baryon number [see eq. (4.3.7b)]. Then, even
in the absence of CP violation, the decays of unequal numbers of y and y may
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Fig. 4. Development of baryon asymmetry in the case of two supermassive bosons with masses and
coupling constants my, m, and a1, a,. The dotted line is the result that would obtain if the contribution
of boson 1 were ignored.

regenerate a baryon excess. In this way, a baryon asymmetry produced at high
temperatures may be stored as a Y, of CP-conserving y.

We have assumed above that heavy bosons may decay only to light particles. In
realistic models, however, heavy bosons may usually decay to other heavy bosons
as well as to light particles. At temperatures where a given heavy boson is present
at sufficient density to be significant, most of its possible decay products will still
be in “kinetic equilibrium” by virtue of their smaller masses. The phase-space
densities of these lighter bosons may thus be approximated by their equilibrium
form, but with a chemical potential, £, (p)=e F "7, f.(p)=e F™"7 so that

VoMt T Y (LAY 3/ YR +OGYRINE 1) da¥
Y T =Y (1Y DR e e (

where Y3 =n3/nS} as in eq. (4.1.2), but with u = 0. Typically, reactions such as
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yx = yx involving x will only occur with sufficient rate to maintain the y in ‘‘kinetic
equilibrium” [and thereby validate eq. (4.4.5)]if T=m,: when Y} « 1, eq. (4.4.5)
will become inaccurate, but the actual y number densities in this regime will
probably be so small as to be irrelevant. The inadequacy of eq. (4.4.5) at low
temperatures is evident from the difference between egs. (4.3.18) and (4.2.13). We
shall use eq. (4.4.5) only in estimating the rates for inverse decays to bosons much
heavier than those whose densities are approximated by eq. (4.4.5). Such rates are
[cf., eq. (4.2.1)] proportional to the equilibrium number density of the heavier
bosons, and are therefore negligibly small when (4.4.5) becomes inaccurate.

Using eq. (4.4.5) where appropriate, the general equation for the evolution of
the number density of a species A becomes

zf (Y, = YSH(NOLK (x > D))

=3 ¥ Y (YY) (NN, — N (x > £))

X if

SR (U (Rl C AR

7178 7 o G 0] v' Yiq
X[(N.—Ng)i— (N, —Ng)eKvo(f>1)), (4.4.6)

where the sums on y, v, »' but not u run over both particles and antiparticles of
each species. In eq. (4.4.6) (N,); denotes the number of particles of type ¢ in the
state f. The previous results (4.3.5), (4.3.8), etc. may be derived as special cases
of eq. (4.4.6). By charge conjugation and subtraction, one obtains from (4.4.6) the
results [assuming, for consistency, (Y ./ Y )« 1]

Y; =%(YA_ YA_)
= Zf (Yy = YONa =N (x> ) = T'(¢ > 1)

+; Yy (N, =N (x >+ (¢ ~>1))

=2 Yo (VL Y. YN — NN, = Nl (R ST #E(x 1))

X if

R S (U L R o

whE Ny v’

X[(Nx = Ni)e— (Na = NQ)e lIN,. = Na)i— (N, = Np)e Koo (E> 1)), (4.4.7)
where now only the sums on v, »' run separately over particles and antiparticles
of each species.

The evolution of the density of a quantum number Q may be obtained from
eq (4.4.7) using

Yo=3Y(Q\-Q) Y=Y Q\Y,. (4.4.8)
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Given a complete set of independent quantum numbers {Q,} all the Y, may be
written in terms of quantum number densities by inverting the corresponding
relation (4.4.8) (the inversion will be singular if the Q, are incomplete or interdepen-
dent). In our analysis of specific grand unified models below, it will be convenient
to perform such an inversion, since several equations (corresponding to different
flavors, etc.) then become identical, and need not be treated separately.

In addition to describing the evolution of quantities such as baryon number which
are violated only in processes involving heavy bosons, eq. (4.4.7) may also in
principle be used to estimate the development of quantities such as weak isospin
or flavor, which are violated by light bosons. In these cases the last two terms in
eq. (4.4.7) usually dominate. The magnitude of the last term is then determined
by the high temperature behavior of 22 light boson exchange cross sections,
which are difficult to define or estimate, as discussed above.

4.5. CORRECTIONS TO THE BOLTZMANN EQUATION

The Boltzmann transport equations discussed above describe a sequence of
uncorrelated reactions between ‘“‘free” (on-mass-shell) particles, whose cross sec-
tions are independent of the presence of other particles. In this section, we consider
corrections to this picture, and discuss the limits of its validity. While important in
principle, these considerations will usually be irrelevant in practice.

The basic condition for the Boltzmann equation to be valid is that the distance
traveled by a particle between successive interactions should be much larger than
the range of a single interaction (or than the average separation between particles)
[31, 32]. This condition is satisfied only for interactions involving exchange of a
heavy particle, and consequently of short range. Generation of baryon asymmetries
requires deviations from thermal equilibrium, and thus typically occurs at tem-
peratures of the same order as the masses of B-violating bosons. At such tem-
peratures, the B-violating reactions satisfy the condition. Other reactions involving
exchanges of light bosons, do not satisfy the condition; their effects on B-violating
processes may nevertheless usually be approximated by effective ‘‘screened” cross
sections [I].

We consider first processes in which one light particle species i is transformed
into another such species j through interactions with a massive boson V. The lowest
order contributing process is ii - jj with exchange of a single V in the f-channel.
The range of this interaction is ~1/my. The rate of i - j transitions may be described
by a Boltzmann equation representing a sequence of uncorrelated independent
ii - jj scatterings only so long as the range of these interactions is much shorter
than the distance between interactions. When this condition is violated, the
“exchanged” V may undergo several interactions between its ‘“‘emission” and
‘““absorption”.

Several methods may potentially be used to account for this phenomenon.
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First, one could introduce ‘‘higher order corrections” to the process ii - jj involv-
ing additional incoming or outgoing particles. For example, to represent processes
in which the “exchanged” V scatters once from a species k one could include the
process iik - jjk. This approach may be adequate for first-order corrections;
however, it rapidly becomes impractical (and formally exhibits a plethora of diver-
gences).

Second, the averaged effects of interactions with the V may be approximated as
‘“screening’’ the V exchange, and may be parametrized by introducing a modified
V propagator*. In the simplest approximation, the presence of additional particles
reduces the mean free path for the V, and generates an effective mass of order the
inverse mean free path a7. This is the approximation conventionally used in
attempts to apply an effective Boltzmann equation to electron-ion plasmas. It can
be adequate only if roughly equal numbers of particles with positive and negative
“V charges” are present. When this is not the case (as in self-gravitating systems),
genuinely long-range effects must be included, so that the form, as well as effective
mass, for the V propagator must be modified. In the early universe, one is typically
concerned with situations in which both positive and negative charges are present,
so that the screening approximation is expected to be adequate. (The early stages
of “cold” universes consisting of degenerate gas of baryons constitute an
exception**).

A third approach is to consider a sequence of independent interactions involving
off-mass-shell V. Then the rate for i - transitions would be given by the rate for
iV->j and i >V averaged over all four-momenta for the 7, j and V. The “equi-
librium” distribution of particles in four-dimensional phase space then depends
not only on their energy but also on their invariant mass; unlike the case of fixed
invariant mass, the distribution is not determined from the Boltzmann equation
without explicit assumptions for the interaction cross sections. The resulting distri-
bution should nevertheless qualitatively have a spread in invariant mass of order
aT around zero, and an average energy of order 7. The Wigner function w(k, x) ~
]d“y e * V(e (x +3y)e(x —3y)), where ¢ is a field operator and (- - ) denotes a
statistical average, may be used as a formal definition of the phase-space density
when the mass-shell condition is not satisfied [33]. [The Wigner functions obey the
relation fd3k w(k, x)=n(x)=¢'(x)@(x).] Extension of the derivation of the stan-
dard Boltzmann equation for on-shell particles from Wigner functions to allow for
off-shell particles is, however, very difficult because interaction terms in the
lagrangian cannot be neglected in comparison to kinetic energy terms.

* Formal approaches based on path integrals periodic in imaginary time are suitable for calculating
static correlation functions. These may be used to deduce the V propagator, but may not be used
directly in calculations on the complete time-dependent system.

** Methods used to treat gravitational clumping are even inadequate in this case; baryon number may
be modified by gauge interactions involving arbitrarily small momentum transfers, so that their
long-range effects are still more prevalent.
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The second approach inserts corrections to amplitudes for V propagation; the
third approach treats only V interaction probabilities. Interference between ampli-
tudes for successive interactions is typically important when the distance between
interactions is less than the Compton wavelengths of the interacting particles. The
distance between interactions, as reflected in the average invariant mass of the
particles, is probably roughly O(1/(aT)); the Compton wavelength of the particles
is O(1/T), usually giving a sufficiently large ratio that quantum mechanical interfer-
ence effects are small.

Most effects on say ii - jj resulting from the presence of a background gas decrease
if the coupling to this gas is reduced. “Identical particle” quantum mechanical
interference effects survive, however, even in the limit of zero coupling. Consider
the amplitude for a particle to propagate from a point A to B. The presence of a
background gas allows processes in which an on-shell particle received at B comes
from the background gas, and is not the one emitted at A. (In the usual thermo-
dynamic approximation of weak coupling, all particles in the background gas are
on their mass shells.) This suggests that the complete propagation amplitude in
momentum space is given by [32, 34]

Di(p)=1/(p*—m*+ie)xinf(po)d(p* —m?)
=P -1/(p*—m*)+im(1£f(po))d(p°—m?), (4.5.1)

where the upper sign is taken for bosons, and the lower for fermions. This form
may be derived from the periodicity of the path integral in imaginary time when
f(po) is an equilibrium distribution; (4.5.1) is an obvious generalization to the case
of an non-equilibrium (e.g. collisionless) background. Note that in the presence of
spontaneously broken symmetries, the phase-space density of the condensate field
may be taken as f(p) ~8*(p).

All lines in a Feynman diagram carry on amplitude of the form (4.5.1). For those
corresponding to ‘“‘external particles” a discontinuity (‘“‘cut’) is taken, and only
terms proportional to 8(p”> — m?) survive. The presence of the background gas thus
gives a correction factor (1+f;(po)) for each outgoing particle i, regardless of its
couplings. These factors account as usual (see subsect 2.4.2 of I) for stimulated
emission and Pauli exclusion effects, and are important only in regions of phase
space with high densities. The factors are necessary to obtain the correct Fermi-
Dirac and Bose-Einstein equilibrium distributions. Corrections appear not only on
explicit external lines, but also for any “internal lines”” whch may reach their mass
shells in kinematic integrations. (This situation occurs in the calculation of CP
violation described in sect. 5). Such factors are essential in maintaining the unitarity
relation (I.A.22) for reaction rates, and enabling Boltzmann’s H theorem to be
proven even though the effective interaction cross sections depend on the ambient
particle density.

When interactions occur in the background gas, “‘identical particle” effects may
occur not only for on-shell particles, but for any particles with counterparts in the
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background gas. When the interactions are rapid, “‘identical particle” effects become
indistinguishable from the general scattering processes discussed above.

It is impossible to give reliable numerical estimates of the corrections to the
Boltzmann equation outlined above. Several simple cases are, however, amenable
to treatment.

“Identical particle” corrections may be calculated in the approximation of a
weakly interacting background gas (see subsect. 2.4 of I). For example, the Born
approximation decay rate for a particle of mass m is modified in the presence of
an equilibrium background gas with temperature T by a factor [1+e ™?7] 2 The
correction is small except perhaps for a background Bose gas close to condensation.

As a next example, we consider the first corrections to the Boltzmann equation
(4.2.1) for the development of the y number density due to decay and inverse
decay processes. Eq. (4.2.1) includes only O(a ) reactions. At O(a?), reactions such
as yy = xx, xx = vy and yx - yx (and perhaps xx - xx) may also occur (we take
here for simplicity y =y). The processes yx > yx and yx - xx serve only to
redistribute the y in phase space, without changing their total number, and thus
do not contribute to Y. Including the processes yy - xx and xx - vy, eq. (4.2.1)
becomes*

Y=—((x>yyNY - YY—nvo(xx > yyHY> = (Y*H}. (4.5.2)

For unstable particles (with, say, I' ~am), the second term in eq. (4.5.1) is usually
irrelevant at low temperatures, since its contribution ~e %* while the first term
~e ", At high temperatures, however, the second term may become large. In a
formal expansion in powers of @, o(xx = yy) in eq. (4.5.1) should be evaluated for
free x and y. The high-energy behavior of this “free” cross section depends on
the spin j of y according roughly to (see I, sect. 3) vo ~ (a?/s)(s/m?)’, where Vs
is the yy c.m.s. energy. (In particular cases, vo may decrease faster with s: for
example, if y has spin 3, and y spin 1, then vo ~(a®/s)log (s/m>).) Assuming
roughly equilibrium phase-space distributions, (s)=18T> for T »m. Using the
“free” cross section then implies that the second term overwhelms the first at high
T. However, as discussed above, the “free” cross section is no longer adequate at
large T': screening effects must be included. Except for spin zero x, these consider-
ably reduce (vo) and suggest an effective cross-section (vo)~ a/ T? rather than
(va)~a®/m?. Taking I' =ima; and (vo)=Aa3/T?, so that n,,(va)z)\(az/vr)zT,
eq. (4.5.2) becomes

T Dy (2) (Moo, e,
(4.5.3)

dx
* Note that if y is stable, and can be produced or destroyed only in pairs, then the first term in (4.5.1)
is absent, and the second term gives the complete Boltzmann equation for the evolution of its
number density. This is approximately the case for the heavy right-handed neutrino of the SO(10)
model, discussed in sect. 7 and in ref. [35]. The solution of eq. (4.5.1) for stable particles in such a
case was discussed in ref. [36].
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The approximate solution to this equation at high temperatures is

(L;;’_cq):%xz{ 1 +‘17x2—%/\(%>2(%)x - (g—é)(ﬁm}:)xz—O(azx3)} i
(4.5.4)

For x=m/T < az/\/a_l, the O(a3)2->2 scattering term overwhelms the O(a;)1 >
2(2->1) decay (inverse decay) term. Nevertheless, at such high temperatures, the
total (Y — YY)/ Y*'~a, and is thus presumably small. Baryon number generation
occurs predominantly when deviations from equilibrium are maximal. A rough
estimate of this temperature is given by the lowest stationary point of (4.5.3) [cf.,
eq. (4.2.8)]: so long as a5 <a; the decay (inverse decay) term dominates in this
region. Note, however, that the coupling constants a;, a, may have very different
magnitudes. Any charged particles must undergo 2 -» 2 scatterings with a characteris-
tic coupling constant a, = aoep. Coupling constants for decays of gauge vector
bosons must be of the same order: however, for Higgs bosons or heavy fermions,
it is conceivable that the effective a; « a,. It appears (see sect. 5) that for Higgs
bosons, this possibility is probably not realized. Nevertheless, as discussed in ref.
[35] and mentioned above, it may well occur for weakly interacting heavy fermions.

4.6. THE BOLTZMANN EQUATION IN NON-STANDARD COSMOLOGIES

In most of this paper, we approximate the early universe as homogeneous and
isotropic. However, observation of structures at least up to clusters of galaxies in
the present universe demonstrates that this Friedmann approximation is not exact.
Most theories for the origin of galaxies suggest that any density fluctuations should
nevertheless be small at the times when baryon asymmetry would be generated.
In this section we discuss consequences of possible corrections to the Friedmann
approximation at high temperatures.

We first discuss the form of the Boltzmann transport equation for an arbitrary
cosmology. The Boltzmann equation may be written schematically in the form

Lif1=C[f]. (4.6.1)

The right-hand collision term depends only on the phase space density f at a
particular space-time point, and is therefore independent of the large-scale proper-
ties of space-time. On the other hand, the left-hand term depends on space-time
derivatives of the phase space density, and is therefore potentially sensitive to the
properties of space-time. The general relativistic covariant form of the Liouville
operator is [41]

d dp>a gy

a
13 I 4.6.2
axa dr apa Byp 4 apa ( )

I:=p“
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where 7 is the proper time, and the I” are the Cristoffel symbols (affine connections)
which enter the covariant derivative. In a comoving frame, dp”/dr =0, and the
Liouville operator is

L=p“(,bcia—l’§yp3py@ia. (4.6.3)
In the simplest approximation of a homogeneous isotropic universe, and setting
the curvature parameter k = 0, the metric has the Robertson-Walker form, in which
the 'y =I5 =0, I'y = RRg;; where §., =1, 855 =r>, 40 =r>sin’ & and R is the
Robertson-Walker scale parameter. In addition, the phase space distribution
f(p, x, t) depends only on the magnitude of p (or equivalently E), and the time ¢.
In this case, the Boltzmann equation thus becomes

o 1oL pr o _Lors, n). (4.6.4)

1
EL[f(E, t)]=5 E E_E

In a comoving frame, P = R|p|, so that

o RIPPof _1

1
g EDI= — R EETE

Clf(E,1)]. (4.6.5)

The total number density is obtained as an integral over momenta n = | f(E, t) d’P.
Inserting this into eq. (4.6.3), integrating by parts, and dropping the E =0 and
E = oo surface terms, one obtains

dn 3R d’p

—-—n=[cinTg. (4.6.6)
This result has the simple physical interpretation that the expansion of the universe
affects the number density only by increasing the volume containing a fixed number
of particles.

The simplest non-standard modification to the Friedmann-Robertson-Walker
cosmology consists in allowing anisotropy but retaining spatial homogeneity. The
Bianchi classification [2] gives the possible metrics in such cases. For example, in
Bianchi I cosmologies ds®>=dr* —[a? dx1 +a3 dx3 +a3 dx3]. (When all the scale
parameters a; = R, this metric reduces to the k£ = 0 Robertson-Walker metric.) The
derivation of the Boltzmann equation in this case is analogous to that given above,
except that the volume expansion term 3R/ R is replaced by V/ V where V = a,a,as.
It appears in fact that in all homogeneous cosmologies, expansion of the volume
element is the sole effect of the expansion of the universe on the form of the
Boltzmann transport equation. The rate of expansion of the volume is given in
general by 9 =u®,,, where u“ is the fluid velocity in a comoving frame, and the
semicolon denotes covariant differentiation. In a comoving frame, the complete
velocity 4-tensor u,.s at fixed time may be decomposed into a traceless symmetric
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part o, (the shear tensor), an antisymmetric part w.g (the vorticity tensor) and a
trace term 9 (the volume expansion rate). The Einstein equations may be used to
relate these quantities to the fluid energy density p and the local Ricci curvature
scalar *R at fixed times (on spacelike hypersurfaces orthogonal to the fluid flow
with w = 0) [38]

2.

P2 gl ig? 1 A0 MY
=) == F+—+>—— 6.
(3) T PR g 9:5:3)

where o = %(craBo-"‘B .)1/ > and Aisa possible cosmological constant. With the standard

assumptions o = w = A =0, this equation reduces to the usual Robertson-Walker
result 9 =3R/R, and *R = —6kR >L 2, where R is the Robertson-Walker scale
parameter, and L is the curvature scale inserted to scale the curvature constant
k =+1.0. The fact that this curvature term is negligible in the present universe shows
that it may be entirely ignored in the early universe. Although the cosmological
constant is now small, it is possible that restoration of spontaneously-broken
symmetries in the very early universe could have allowed it to be important then.
This possibility has been discussed at length elsewhere [43, 44].

Changes in the expansion rate ¢ which enters the Boltzmann equation may be
parametrized by modifying the temperature-time relation, and may often be accoun-
ted for simply by changing the effective Planck mass. The consequences of such
changes were discussed briefly in I and treated in detail in [38]. While they affect
the rates of baryon number production, the changes cannot lead to deviations from
thermal equilibrium in situations where such deviations would otherwise not occur.

In the discussion above, we have made the assumption of homogeneity which
implies that all phase space densities depend only on p and ¢ and not on x. In the
generic case, one must allow inhomogeneity. Unless any inhomogeneity initially
present or generated in the early universe is rapidly damped out, it will evolve into
a universe far more inhomogeneous than is observed. Nevertheless, for a brief
period, perhaps around the time of a symmetry-breaking phase transition,
inhomogeneity may have existed. In such a case, the Boltzmann equation in general
involves the spatial and momentum derivatives of the phase-space densities. These
additional terms lead to deviations from thermal equilibrium even for massless
particle densities. However, in the ideal gas approximation of infinitely rapid
collisions, the modification to all massless boson and all massless fermion densities
will be identical. For baryon number generation to occur, it is necessary not only
that there should be deviations from equilibrium phase space densities, but also
that these deviations should be different for different species of particles. It is
possible that the deviations may be different for massless bosons and fermions, so
that baryon number production may occur as a result of interactions involving both
bosons and fermions.




J. A. Harvey et al. | Cosmological baryon asymmetry 49

5. Basic parameters for baryon number generation

5.1. GENERAL RESULTS

In this section we describe the calculation of the parameters which govern the
generation of a baryon asymmetry from the basic couplings in a grand unified gauge
model.

The basic parameter which enters the Boltzmann transport equations of sect. 4
is the average baryon number produced in the free decays of an equal mixture of
particles y and their antiparticles y:

¥ I'x->f) I'(x->1)
RX—Zf:Bf{ e } (5.1.1)
Here, as in sect. 4, I'(y > f) denotes the partial width for decay of y to the final
state f, I', is the total y decay width and B is the baryon number of the state f
(so that B;=—Bj).

In treating the statistical mechanics of baryon number production it is convenient
to choose a basis so that the y are mass eigenstates. We assume that the y are not
CP eigenstates (which is assured if y and y have distinct conserved quantum
numbers*). Hence the decay process itself must exhibit CP violation in order for
R, to be non-zero. As discussed below (and proved in general in appendix B of
I), this requires interference between the Born amplitude for the decay and a one
loop correction with an absorptive part [6]. In addition, the couplings of the particles
participating in the decay must be relatively complex.

We consider first the simplest non-trivial case: two massive bosons, X and Y,
coupled to four fermion species iy, i, i3 and i4, through the vertices of fig. 5 and
their CP conjugates** In the Born approx1matlon these vertices lead to the decay
processes X - i1ip, X I3l Y>.ia11; Y= 1415 °and the corresponding CP conju-
gated processes. We denote the coupling in, for example, the vertex fig. Sa by
(i2)X|i1) so that the CP-conjugate coupling becomes {(i»|X|i1)* = (i1|X|i»). The
quantity X here may be considered as a matrix of couplings in the space of possible
fermion states i;. Note that the set of vertices in fig. S is invariant under the combined
transformations X « Y and i; <> i4. This invariance will be used below to obtain
results for Y(Y) decays from those for X(X) decays. The couplings {;;| X i,) do not
include Lorentz structure which determines, for example, which helicity states of
the fermions i; may contribute.

* This is the case whenever x decays into several light fermion states with different baryon numbers,
as discussed in sect. 2.
** These vertices may be represented schematically by the interaction lagrangian

L i XL Xis +itYis+ 13 Yig+He.,

where all Lorentz structure has been suppressed.
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Fig. 5. Couplings of bosons X and Y to fermion species j; in the simplest case for which B generation
is possible. These couplings correspond to possible decays of X and Y in the Born approximation.

Born approximations to the X and Y decay rates may be obtained directly from
the vertices of fig. 5. For example

T'(X > i2i1)Bor = IX [Kia) X |ir)”

=I5 (il X liaXia| X i) . (5.1.2)
Here Iy accounts for the kinematic structure of the process X - i,1y; it gives the
complete result if all couplings are set to one. From eq. (5.1.2) it is evident that
I'(X > i2i1)8orm = (X~ i2i1)8om, and hence Rx vanishes in this approximation.
To obtain a non-zero result for Ry, one must include corrections arising from
interference of the one-loop contributions shown in fig. 6 with the Born amplitudes
of fig. 5. Consider, for example, the interference of the diagrams of fig. 5b and fig.
6a. The resulting terms in the squared amplitude is shown as fig. 7a. There the
dotted line is a ‘“‘unitarity cut”; each cut line represents a physical on-mass-shell
particle. The amplitude for the diagram fig. 7a is then given by

L& s Y Min)ial X |ia)ia| Y1ia) ][l X |i) T*
= I3 (ia| Y i Xial X |i3)ia] Yia)(in| X | 1) (5.1.3)

where the kinematic factor ,1334 accounts for integration over the final-state phase
space of i, and i; and over the momenta of the internal i, and i5. The complex
conjugate diagram, fig. 7b, has the complex conjugate amplitude

1234 )*[<13|Y |11><l41X|13><12|Y'l4>]*<12|X|11)
= (& M0l X i)l Y i)l X Nia)in| Yisy . (5.1.4)

Introducing notations for quadratic and quartic combinations of the couplings of
fig. 5,
E¥e = (&5 =Kilx il = Gielxlin)iilx lixe) »
Q1230 = (ia] Y ia)in| X io)io] Y]ia)ial X |in) , (5.1.5)
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(c)

Fig. 6. One-loop corrections to the decay amplitudes for the bosons X and Y. The couplings of X and
Y to the fermions i; are shown in fig. 5.

one may write the one loop approximation to the X - i,7; decay rate obtained
by adding the results (5.1.2), (5.1.3) and (5.1.4) as

T'X= i) =IR 8% + L Qs+ (15 Q1230 . (5.1.6)

In the Born approximation, the kinematic factors Ik are always real. However,
the kinematic factors Ixy for loop diagrams may have an imaginary part whenever
any internal lines have sufficiently small masses that they may propagate on their
mass shells in the intermediate state (and thereby sample the 1/ie piece of the

[ e .
(c) e (d) g
Fig. 7. Squared amplitudes for one-loop corrections to X and Y decays, obtained as interference terms
between the diagrams of figs. 5 and 6. The dotted ‘‘unitarity cut’ specifies the physical final state fermions.



52 J. A. Harvey et al. | Cosmological baryon asymmetry

propagator 1/ (p2—m2+is)). In the one-loop diagrams of fig. 7, this occurs when
the threshold conditions
mx=ms+mgy, (517)

my = m1+m2 (518)

are satisfied. With light intermediate fermions, I'xy thus always exhibits an imaginary
part.

We now consider the CP-conjugate decay X - i,i;. To obtain the CP-conjugate
amplitude all couplings must be complex conjugated. The kinematic factors I are,
however, unaffected by the CP conjugation (this is manifest in the fact that reversal
of the direction of fermion lines in a closed loop does not affect the associated
Dirac trace). Thus, to one-loop order, the complete result for I'(X - i,i;) becomes

X i) =IREY + & Qs + (& )* Q1234 . (5.1.9)

The diagrams for the decays X-i,i; and X- i4i3 are shown in figs. 7c and
d, respectively. The loop diagrams differ from those for the decays X-i,i; and
X - i»i; only in that the unitary cut is taken through the i; and i, rather than the
i; and i, lines. In analogy with egs. (5.1.8) and (5.1.9), we thus obtain

P&righy) 2 IR B i+ B 055 + U ) s (5.1.10)
T'(X> i4i3)=I% F3a+ I8 Q1234+ (I 12~01234) (5.1.11)

Using the results of egs. (5.1.7) and (5.1.11) together with eq. (5.1.1) we can
compute the average baryon number produced in the free decays of an equal
number of X’s and X’s. The one-loop contribution to this asymmetry from the
i1i» and i,i, final states is given by

[F(X»izfl)—F(X+ i_zl'l)]
[I(X>izi1)+ (X~ isi3)]

[I;<2‘34-(21234 ag (I;<\§4-01234)* LR 0%ss — (IR ) Q1234]
=(Bi2_Bi1) [112~x 34 =X

X E1 +Ix By

Ry =(B,—B,,)

(Biz . Bil)
I'x
The analogous result for the 34 final state is
(Bi,— Bi;)
I'x
i (Bi,— B;

I'x

=—4 Im [ ]Im [21234] . (5.1.12)

R?(4 =—4 [13“2]1111 [91234]

i [T {m [ (5.1.13)

The kinematic factors Im [Ix5'] and Im[Ixy ] are obtained from diagrams
involving two unitarity cuts (as in fig. 8): one through the 7/; and i, lines and the
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Fig. 8. “Double-cut” diagram representing the CP-violating combination of amplitudes for X decay.
The dotted lines denote ‘‘unitarity cuts”.

other through the i3 and i4 lines. The resulting quantities are invariant under the
combined interchanges i; <> i3 and i, <> i, and consequently are equal:

Im[I%*]1=Im[I3%2]. (5.1.14)

Hence R /RY = (B:,— B:,)/(B;,— By,), as expected. Notice that, if all intermediate
fermions have zero mass, then the Iy are completely independent of their upper
indices; corrections from fermion mass differences are of order (m;/ mx)>.

Upon adding the contributions (5.1.12) and (5.1.13) we obtain the final result

4
Ry=7-Im [1322* 1 Im [Q1234)[B, — Bi,— (Bi,— B)]. (5.1.15)
X

The conditions for the kinematic factor Im [I3y ' ] to be non-vanishing were given

in egs. (5.1.5) and (5.1.6). A further condition for Rx to be nonvanishing is that
both X and Y interactions violate baryon number. If X couplings were
B-conserving, the two possible final states in X decay would have the same baryon
number, so that

B,-B,=B;—B,, (5.1.16)

and Rx would vanish. Similarly, if Y couplings were B-conserving,
Biz_Bi4=Bi1_‘B,‘3, (5.1.17)

and Rx would again vanish. Thus both X and Y couplings must be B-violating to
obtain a non-vanishing Rx. This is as implied by the general theorem given in
appendix B of I. Notice that for (5.1.15) to be nonvanishing, at least two of the i;
must be distinct.
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The asymmetry Ry produced in Y and Y decays may be obtained from (5.1.15)
by the transformation X< Y, i3 < iy, yielding

4
Ry= F_Y Im [0’11334] Im [1%1;(12 ][Bi4 = (Bi2 —Bi,)]

4
= _F_ Im [(21534] Im [13(1)‘(‘2 ][Bi4 o (Biz—Bil)] >
Y
(5.1.18)

and so

Ryx/Ry=—-Im (I33*)/Im (I¥X?) . (5.1.19)

It follows that _the average baryon number produced in the free decay of an equal
number of X, X, Y and Y is

Im [15*] Im [
I'x I'y

RX+Y=4{ } Im [01234][31'4_3;'3"(3.'2—Bil)] .

(5.1.20)

Even if the Rx and Ry are non-vanishing on their own, for the total to be non-zero
the terms in the brace must not cancel. This requires that the particles X and Y
be distinct either in mass or in the Lorentz structure of their couplings (e.g. one
vector and one scalar) and that I'x # I'y. The brace typically vanishes if X and Y
are in the same irreducible representation of an unbroken symmetry group.

If more than the minimal set of four fermion species are present, the result
(5.1.20) must be summed over all possible contributing {i;}. It must also be summed
over all possible (X, Y) pairs. Whenever particles have equal masses on the scale
of my, the corresponding kinematic factors may be factored out of the summation.

Fig. 9. A diagram involving three-boson coupling potentially contributing to CP-violating X decays.
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The individual baryon asymmetry parameters Rx for X decays enter the complete
Boltzmann transport equations discussed in sect. 4. These parameters alone deter-
mine the final baryon asymmetry only if back reactions (inverse decays) and 2 - 2
scatterings are ignored. The total contribution to the baryon asymmetry from decays
of two species X and Y of bosons is thus not in general a simple sum of their
corresponding parameters Rx and Ry: if X and Y have different masses, the extent
of back reactions is different in the two cases. If, however, X and Y are degenerate
in mass, the sum given in eq. (5.1.20) represents their total contribution.

In the derivation of eq. (5.1.15) the particles i; were assumed to be light fermions
of definite baryon number. The result nevertheless remains approximately valid
for any particles i; so long as their masses are much smaller than mx. Some of the
i; may for example be bosons, which enter through a three-boson coupling vertex,
as illustrated in fig. 9. The B; in eq. (5.1.15) should usually be replaced by the
average baryon numbers generated in the decays of the corresponding i;.

The discussion above concerns the one-loop contibutions to baryon asymmetry.
In the generic case, an asymmetry occurs at this order if it is to occur at any order.
However, in some simple models (such as the minimal SU(5) model treated in
subsect. 6.2) the one-loop contribution vanishes, but there are higher loop contribu-
tions which are non-zero: in such cases the detailed analysis given above must be
suitably generalized by summing over all possible unitarity cuts through the inter-
mediate lines.

5.2. CONSEQUENCES FOR GAUGE MODELS

In this section, we give some general results on the value of the CP-violating
parameter Im [{2] defined by eq. (5.1.12) in gauge models.

As demonstrated in sect. 3, the couplings of gauge vector bosons to fermions
may always be taken real and diagonal. Couplings of Higgs bosons to fermions and
to each other may, however, be complex and induce mixing. After spontaneous
symmetry breaking, these couplings may give rise to CP violation and mixing in
the fermion and Higgs boson mass matrices. If fermion masses are neglected,
diagrams involving only fermions and gauge vector bosons (fig. 10) can therefore
yield no CP violation. For CP violation to occur in the decays of superheavy bosons,
it is thus necessary for either explicit Higgs bosons or superheavy fermions with
complex mixing angles to be present.

Some CP-violating effects involving Higgs bosons may be investigated before
spontaneous symmetry breakdown. If a particular set of Higgs bosons allows CP
violation in the unbroken theory, this CP violation will remain possible in the
broken theory.

Consider first the case of scalar boson (S) exchange in vector boson (V) decay,
as illustrated in fig. 11. The diagonal nature of the gauge couplings requires that
the fermions /; and i, lie in the same irreducible representation f; of the gauge
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§ i : 2 il :
l2 | 4 * %
Fig. 10. Diagram for vector (gauge) boson Fig. 11. Diagram for scalar (Higgs) boson
exchange in vector boson decay. exchange in vector (gauge) boson decay.

group (and /5 and i4 in f,). Scalar bosons contributing to fig. 11 must lie in irreducible
representations s, such that

f,®f;os,. (5.2.1)

In the absence of mixing between scalar bosons the exchanged S propagator is
diagonal. Hence in the notation of subsect. 5.1, the coupling (i»|S|is) at one end
of the exchanged S line is simply the hermitian conjugate of the coupling (i3S |i;)
at the other end: the product of these couplings is thus real, and no CP violation
may occur.

CP violation may be introduced into fig. 11 through mixing terms in the S
propagator arising from mixing which then causes the exchanged mass eigenstate
scalar boson S to become in general a linear combination of several components
with the same conserved charges. These components may occur within the same
irreducible representation of the gauge group, or in different irreducible representa-
tionss,. [Examples of both kinds appear in the illustrative SO(10) models considered
in sect. 7.] If a model contains only a single B-violating Higgs boson no such mixing
is possible, and CP violation cannot occur at the one-loop level through scalar
boson exchange in vector boson decay. This is the case for the minimal SU(S)
model discussed in subsect. 6.3. In the general case, we decompose the mass
eigenstate field S into its unbroken group eigenstate components according to:

S=a1S1+taxS>+- - (5:2:2)

We shall assume for now that just two components are present; the generalization
to an arbitary number will be immediate. In this case,

Im [2"%**]=Im [Tr [(is|S"|i1)(i2|S]ia)]]
=Im [Tr [(aF (i3S i) + a3 (is|S3]ir))
X (a1(ia|S1]ia) + a2(iz|S2lia)]], (5:2:3)
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where we have dropped the real factor corresponding to the gauge boson couplings,
and the trace represents a sum over all fermion representations (usually ‘‘families”).
Since iy, i< f; and i3, is = f,, the couplings (i»|S.|is) and (i,|S,|is) are related by a
real Clebsch-Gordan coefficient: '

<i2|Snr|i4>: Ca<illsa|i3> (524)

Hence

Im [-Q] =Im [Tr [(Of’lk<i3|Sl|i1)a’2"(i3|S;|i1)(Cla1(i1]51|i3)+ Czaz(illszlis»]]
=Im[Tr [(Cra i‘<012<l'3|51r |i1><i1|52|i3>+ Clalagc(i3|S£ |i1)<i1|51|i3>)]]
=(C,—C) Im[Tr [« ’1“a2<i1|51|i3><i3|S§ |i1>]] . (3.2.3)

Thus, if C; = C,, Im [2] vanishes. This effect occurs when all Higgs bosons coupling
to fermions have identical group charges, and are distinguished only by a ‘‘family”’
index. This is inevitable if all relevant Higgs bosons lie in replications of the same
irreducible representation of the gauge group, and if this representation contains
only one B-violating component. Examples of cases in which C; # C, are the SU(S)
model with a 54 and a 45y (case B in subsect. 6.4) and the SO(10) model with a
10y and a 120y or a 126y. In these models, CP violation may occur at the one-loop
level from scalar boson exchange in vector boson decay. Notice that since in the
absence of spontaneous symmetry breakdown, only one of the «; is non-zero, the
result (5.2.5) yields no CP violation in this case.

The case of vector boson exchange in scalar boson decay (illustrated in fig. 12)
is exactly analogous to the case of scalar exchange in vector decay discussed above.
When fig. 12 contributes, it is often important by virtue of large value of the vector
couplings relative to the scalar ones.

We now consider CP violation arising from scalar boson (S') exchange in scalar
(S) boson decay, as illustrated in fig. 13. If only one B-violating Higgs boson is
present, then the decaying and exchanged boson must be identical, and the results
of subsect. 5.1 show that fig. 13 can give no CP violation. This is the case for the

Fig. 12. Diagram for vector (gauge) boson Fig. 13. Diagram for scalar (Higgs) boson
exchange in scalar (Higgs) boson decay. exchange in scalar boson decay.
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minimal SU(5) model. (However, as described in subsect. 6.3, CP violation may
occur in higher order diagrams.) We consider for now the case in which all fermions
are effectively massless. Then, in analogy with (5.2.1), the contributing scalar bosons
must appear in representations s, such that

ESLSY, LG -holhiod  L&L 8.
(5.2.6)
If all the left-handed fermions lie in the same complex irreducible representation,
f, (or sequence of such identical representations), then f, =f,=f;=f, and these
constraints become
FER DS, 85: 8584 (5:2:7)

For low-dimensionality representations, this requires s, and s, to be real representa-
tions. hence in SO(10) models where all fermions lie in the 16 representation, only.
104 or 120y may contribute to fig. 13; the 126y which appears in 16; ® 16; is
complex. [For high-dimensional fermion representations, some complex Higgs
representations may satisfy (5.2.7): an example is the 126y occurring in the sym-
metric product 144; ® 144; of SO(10).] After spontaneous symmetry breakdown,
mixing between scalar bosons may occur, and the constraints (5.2.6) are no longer
applicable. Thus in both SU(5) models with several Higgs representations coupling
to fermions, and in SO(10) models, fig. 13 can yield CP violation.

The discussion above has assumed that all relevant fermion species are effectively
massless. With gauge groups such as SO(10) or E(6), it is common for fermions
with SU(2) singlet and thus potentially large mass terms to exist. The effect of such
fermions in intermediate states of figs. 10 through 13 is always suppressed by
O(m{/m%). If only a single massive fermion exists [as in SO(10) models], then it
can introduce no CP-violating effects into fig. 10; a single massive fermion is,
however, sufficient to generate CP violation in figs. 11 and 12 even when (5.2.5)
vanishes.

6. SU(5) models*

6.1. INTRODUCTION

SU(5) [42] is the simplest group (and the only one of rank 4) which contains as
a subgroup the observed low-energy symmetry group SU(3)c ® SU(2)L ® U(1)y.
The gauge vector bosons transform according to the adjoint representation 24,.
Fermions come in families, each consisting of 15 left-handed fields, transforming
under the reducible representation _3+ 10. Each family has the generic form

gr -~ {Df_, VL, EL}
10p={Up, Dy, U, ES}. 6.1.1)

* Some of the results of this section are summarized in ref. [41].
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where the vector (bold face) indicates transformation as an SU(3) triplet. The
superfix ¢ denotes charge conjugation (see the appendix).

The SU(5) symmetry is spontaneously broken to SU(3)c ® SU(2). ® U(1)y by a
24y representation of Higgs bosons. The SU(3)c®SU(2). ® U(1)y singlet members
of this representation are postulated to attain a large vacuum expectation value
~10"° GeV, and all surviving members of the representation receive large masses.

Lorentz and SU(S) invariance constrain the possible Higgs representations which
may couple to fermions to be those appearing in the decompositions [cf. (5.2.1)]

5®5=10+15,
5®10=5+45, (6.1.2)
10® 10 =(5+50)s+ (45)A .

With the quantum number assignments (6.1.1) only the 5, 15, and 45 representations
contain a neutral member which could receive a vacuum expectation value and
hence contribute to fermion masses. The decompositions (6.1.2) show that 5y and
45y Higgs repesentations lead to Dirac masses for the charged fermions. The
presence of a 15, would generate a Majorana mass for »; which cannot ‘“‘naturally”
be kept small: the 15y is thus usually excluded. The minimal set of Higgs representa-
tions for an SU(5) model is thus 24y together with 5y or 45y. Additional 54 and
454 may be added as required to obtain a suitable fit to the observed fermion masses.

The reducibility of the fermion representation implies that even with a single Sy
Higgs representation two independent Yukawa couplings exist: one to 5;® 10,
giving D and E masses (equal at unification energies for the case of a single 5y),
and one to 10; ® 104, giving the U mass. The complete lagrangian for couplings to
fermions may be written for the minimal model in the form

= \/%-g 24y - [(50); + (5¢): +(Ef)i + (10):]

+('hU)ij + (1097 - (10g); + S+ (hp)y - (5p)i - (109); - 5, (6.1.3)

where g is the SU(5) gauge coupling consant, sy and hp, are the two Higgs Yukawa
couplings, and i/ and j are fermion family indices. The couplings embodied in this
lagrangian are illustrated in fig. 14.

Qf :’,f 'Of '—Qf
9 s
24, 2 4, 2
10¢ 10¢ 10¢ | St
I PEy ! ~
hy v hp
SH SH

Fig. 14. Couplings of fermions (f) to gauge (V) and Higgs (H) bosons in the minimal SU(5) model.
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The SU(5) representations discussed here may be decomposed according to the
embedding SU(5) 2SU3)c ® SU2). ® U(1)y as
5=(3,1,3]+[1,2, 3],
10=[3,2, —¢]+[3,1,3]+[1,1, -1],
15=[6,1,31+[3,2, =] +[1, 3, -1],
24=[8,1,0]+[3,2, -§]+[3,2,8]+[1, 1, 0]+[1, 3,0],
45=[1,2, —31+[8,2, —3]+[6,1,31+[3,1,-%1+[3, 1, 3]+[3, 3,3]+[3, 2, 2],
50=[6, 3, —31+[8,2,31+[3, 2, —4]+[6, 1, 51+[3, 1, —3]+[1, 1, -2],

(6.1.4)

where, in [i, j, k], i denotes the SU(3) representation, j the SU(2) representation,
and k the U(1) charge Y, given by Y = T5— Q [where Q is the electric charge and
T; is the diagonal generator of SU(2) normalized so that Tr[T5)*=3 in the 5
representation of SU(5)].

In subsect. 6.2 we use the quantum number assignments (6.1.4) to determine
the minimal set of independent number densities; we then derive the Boltzmann
transport equations which these satisfy. In subsect. 6.3 we consider CP violation
in the minimal SU(5) model; subsect. 6.4 gives results for baryon number generation
in this model. CP violation in SU(5) models with additional Higgs representations
is analyzed in subsect. 6.5, and results for baryon number generation in some
sample models are given.

6.2. BOLTZMANN EQUATIONS FOR THE MINIMAL SU(5) MODEL

Given the rates for all reactions in an SU(5) model, one could in principle use
the general Boltzmann equations (4.4.6) to determine separately the evolution of
the number densities of each of the hundred or so particle species which appear.
However, in realistic models where there are conserved or partially conserved
global symmetries (see below), or in models where there are cancellations in the
contributions to the baryon number from various species as would be the case in
C symmetric models, it is unnecessary and difficult to calculate numerically the
asymmetry in each fermion field and add them together to find the baryon number.
For instance in C symmetric theories there may be large O(«) asymmetries in
individual fermion fields that must exactly cancel to give zero baryon number. If
the asymmetry in the individual fermion fields were calculated numerically, a
numerical accuracy of one part in 10® would be necessary to deduce that the final
baryon number was less than 107'°. Therefore, we incorporate the conservation
laws and calculate directly only combinations of independent asymmetries. Since
many of these number densities are, however, related through conservation laws,
in the minimal model it is eventually necessary to trace only seven independent
combinations of number densities. Note that here, as below, we use the shortened
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TABLE 4

Quantum number densities corresponding to asymmetries in particle species of the minimal SU(5) model

[SU(3), SU2), U(1)] Q T I B ER BT,

U.=U.-Ux [3,2, -8 2 3 0 1 0 1
Ut =U;f - Ur [3,1,% -2 0 0 -1 0 +1
D_=D; -D% [3,2,-4] -1 -3 0 1 0 1
D¢ =D§ —Dg [3,1,-3] 1 0 -3 -1 0 ~1
Bi=E;—Ex 1,2,3] -1 -1 -1 0 1 =1
ES\=E: —Ex [1,1,-1] 1 0 0 0 -1 1
v_=v —vi 1,2, 4] 0 3 -1 0 1 —1
X.=X-X (3,2, -2 4 3 0

Y.=Y-¥ (3,2, -5 1 -3 0 2
S.m§-§ [3,1,-4] 1 0

The field name represents the reduced number density of the field (summed over color): e.g.
UL=ny,/n,.
notation o.=Y, =(n,+ns)/n, for number densities of particle species, and
similarly denote the reduced density of a quantum number by the name of that
quantum number. For massless fermions, it is sufficient to consider o_; o is always
close to one, and has no effect on the baryon asymmetry we discuss. Table 4 gives
quantum number densities corresponding to asymmetries in each particle species.
In this table, asymmetries of colored species have been summed over color. (The
asymmetries are, however, not summed over the spin states of the vector bosons.)
The quantum number I7 is taken to be 1 for fermions laying in the 5 representation
of SU(5), and zero otherwise [43].

At the temperatures of concern in baryon number generation, SU(3)c®
SU2). ® U(1)y may be taken as an exact gauged symmetry. In the standard cos-
mology, the net value of any quantum number associated with a long-range gauge
interaction must always vanish. Thus the total electric charge of the universe should
be zero. The universe should not only be a color singlet, but also have zero
eigenvalues of the commuting generators 73 and 75 of SU(3)c. Similarly, the universe
should have T3 = 0. In addition to SU(3)c® SU(2),. ® U(1)y invariance, the SU(5)
model exhibits a further global U(1) invariance corresponding to B — L conserva-
tion. There is no necessity for the total B—L of the universe to vanish, but we
shall usually take it to do so for simplicity. (In some of the SO(10) models discussed
in sect. 7, B—L is violated, and a non-zero net B — L density may develop.) We
shall further assume below that B and L separately are initially zero. The consequen-
ces of large initial B and L are considered in ref. [S5].

As mentioned in sect. 4, the rate for exchanges of light bosons (y, W, gluons)
should be much larger than the rate for B-violating reactions induced by exchanges
of heavy bosons. Processes such as uii-»y*->dd or ud->W*->c§ serve to
maintain all species in equilibrium distributions (kinetic equilibrium), but cannot
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affect asymmetries between particles and their antiparticles. However, other
SUB)c®SU(2). ® U(1)y reactions are relevant in that they quickly share asym-
metries generated in one species among a set of species. For example, if an
asymmetry developed in “red” u quarks, it would immediately be shared among
all colors of u quarks by transitions from the ‘“‘red”” ones by gluon interactions. The
asymmetry in the three color components may thus always be taken equal. Similar
effects occur through W interactions, and serve to share asymmetries equally
between all weak fermion isodoublets*, so that

U.=D_, v-=E; X =Y_ o (6.2.1)

For quarks, W interactions connect not only members of a single isodoublet, but
also, through Cabibbo mixing, different families. An asymmetry generated in one
quark species is thus shared with all other quarks, regardless of their weak isospin
or family. As discussed below, the rates for reactions depend on Yukawa couplings
of Higgs to fermions, which differ between the families. The heaviest family has
the largest coupling, so that the fastest changes occur in this family. These changes
are nevertheless immediately shared equally among all families. Thus, to a good
approximation, one may effectively account for all families by considering only the
heaviest one. Finally it is convenient to use any partially conserved quantum number
as an independent asymmetry. The partially conserved quantum numbers may be
found by finding the zero eigenmodes associated with exchanges of a particular
boson y [43]. Let F be a set of fermion and boson asymmetries, and let Q be a
set of independent quantum number densities B, L, etc. related to F by Q = HF.
The thermalization of a quantum number Q; through reactions of a particular boson
x is given from eq. (4.3.14) by

Q=Y x$M}Q;,
x
where
MY =Y AQ;(x » ' (x > t“t))YH ' +Hy')
k,l

and AQ;(x - f“f') represents the change in the value of Q; through the reaction
x = f*f'. Boltzmann’s H theorem requires that the eigenvalues of M* are all real
and non-positive. Any zero eigenvalues reveal additional symmetries; the corres-
ponding eigenvector of number densities is then conserved in y reactions [e.g. IT
in vector boson exchanges in SU(5)]. If this eigenvector is conserved in the reactions
of all y species, then it represents a globally conserved quantum number [e.g. B—L
in SU(5)] and results in a further reduction in the number of independent Q..

* Assuming that no families with vanishing mixing angles exist.
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Using the constraints discussed above, the asymmetries listed in table 4 may be
written in terms of the independent set

B Hy- %, 8.1,
as
U.=D_=iB-ID-v_+X_-S.),
Ut =3(-B-IT+2X_-2S_),
D¢ =3-IT-2v.),

(6.2.2)

E:=(-B+2y_—-4X_-25.),
Y_.=X_.

The time development of number densities in SU(5) models may be obtained
by substituting explicit decay branching ratios and scattering cross sections into the
coupled Boltzmann equations (4.4.6) and (4.4.7). Table 5 gives the branching ratios

TABLE 5

B-violating boson decays in the minimal SU(5) model

Boson Decay mode Partial width B 1
EXD{ Ly 3 0

X UrUL 2%y z 0
DRE{ v -4 0

S¢+ Kkx{v 0

UREL v -4 0

& UrDy 2y 3 0
vrRDy {v -3 0

S‘PO kx{v 0

URER hd -4 1

RvR hd = 1

UrDg 2hid % 1

S USE§ h34 -1 0
D 2h3¢ 2 0

Xe™* aksgl/2 0

Yo' aksl/2 0

{=[(@4hY+3hp) +ars] !, Ly =[4+kx]"".

All final states have B —L =3. The Yukawa coupling constants are
such that hU=\/%gmU/mw, hD=\/§ng/mw. The parameters kx
and ks are roughly given by kx = 3(mx—ms), ks = ¥ (mg—my).
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for B-violating boson decays in SU(5) models, averaged over the boson and
antiboson in each case. CP violation appears in the differences

i L »OnBGE-D

R(x~>f) T
X

(6.2.3)

between boson and antiboson partial decay widths, whose magnitudes are discussed
in subsect. 6.3. If they are energetically possible, the decays X—>S¢ or S-Xe¢
proceed at a rate proportional to the SU(5) gauge coupling constant g. Their rates
are parametrized by

252 251/2

- (1 —'"—’J) (1 —m—j) S, (6.2.4)
ms myx
m2 2 m2 1/2

Ks = (1——5) (1——;‘) ¥ (ms—mx) . (6.2.5)
mx mg

Decays of X to fermions are also proportional to g, but for S they involve Yukawa
couplings, and are O(hy, hp). If mx » msg, nearly all X, Y decays are to fermions.
If ms> my, however, then only a fraction ~(4h{; +3ht)/a of S decays are to
fermions. Taking m,~25 GeV suggests a branching ratio ~; for S decays to
fermions. Since inclusion of ¢y modifies the branching ratio to fermions by only
20%, we shall assume for simplicity below that kx =0 and hence {v = 1

Inserting the branching ratios of table 5 together with relations (6.2.2) into
eqs. (4.4.6) and (4.4.7) give the complete Boltzmann transport equations for the
evolution of number densities in the minimal SU(5) model:

X, =—(I')(X.-X3),

X_=—(M[X-—3X7 (5X-+S.)],

S.=—(Is)(S. -8,

S_=—(TS-—¢{STMOUT +S-—X)+hb Gv_—eT -25_-X)]1,

B =(I'[(X: - X$)(-R(X~>ERD{) + 2R (X~ UrU.) - R(X > DRE{)

—R(Y > URE{)+2R(Y > UgDy) - R(Y » v Df))
—~ X9 (2B-v_+3X_+35)+2X_]
—16n,(vok)2B —v_+1sX_+3S_)
— IS+ —S$)(R(S->URER)+R(S>Dgrrr)—2R(S> UrDg)
—2R(S->U.Dy)+R(S->USE}))+S_{(4h}, +6hb)
+289¢(h Qv_+B+IT+S_—X_)+hp(—3v_+2B—¢I +3X.))] (6.2.6)
—2nu(vos)[B(4ht + 11h5hD +6hp) +v_(8hty —4hbhD —8hD)
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+IT(2hY —3hbhy —hd)+S_(2ht +4hLhd +6hD)
+X_(=2ht +14h5hE —12hD)],

7= —(IB(X:— X)R(Y > vi D)+ XL (5v-+1T)+3X_]
—4ny(vox)[Sv-+ 1T —$X_—3S 1 (I's)[3(S+ —S¥)R(S>Drrr)
+6h3S_¢ —h3S (—2v_—B+I+S_—X)]—ny(vos)v_(8hThD +8hiy)
+B@BhEhE +4hE)+ I (—8hThd +2ht) + X (=3hLhd —2hY)
+8_(—=15h{hp +2hG)]— nulvo,)3v-—B),

I1 =(I's)[3(S. — S)(R(S»> URER) + R(S > Div) + R(S > UgrDr))
+24h3S, —6hLLSS(IT+S-— X))
— np(vosYhihs (3811 —8v_+6X_+66S_)—4{va,)npll,

where

{=[(@4h% +3hp) +aks] ™,

FX=%amX,
Fs=ms/167T{,
s i\ s(s—m%)? 25,

mi(s+m%) 3[(s—mx)V’+mx[x} s mx

s+m§( s+m§(
227 s (57|
S mx

lvlok = waz[

lvlos = 2[s m _'_'_’i___2mzlo (S+m§>+l s3 (s —m3)? ]
=L ) e B\ E S S - may el )
(6.2.7)
3a
ol =324,
a=g/4m,

hu= \/ggmu/mw s
hD T ‘/%ng/ mwy,
where g is the SU(5) gauge coupling constant, and my p are effective masses for

the quarks in the heaviest family (evaluated at an energy scale ~myx). With
m,=1.8GeV and m,=25 GeV, hy=0.1 and Ap=0.01. In the cross sections o’
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given above, Vs is the c.m. energy, taken to be averaged over thermal equlibrium
distributions for the incoming particles. The cross sections given ignore the presence
of background gas: its effects were discussed in subsect. 4.5, and will be mentioned
in subsect. 6.4 below. The I'x and I's decay widths are also averaged over equilibrium
energy distributions.

In the absence of Higgs interactions IT =0. Ignoring these interactions, and
setting IT =0, eq. (6.2.6) simplifies significantly to become

X+=_<FX)(X+_ iq),
B=I)[(X:—XT)en— X (2B —v_)]—-16n,(vax)(2B—»),
i =<Fx)[(X+— iq)&‘v—%Xqu—]‘zonb@O'S()V—,

(6.2.8)

where eg and ¢, are the relevant CP-violation parameters corresponding
to eq. (6.2.6).

6.3. CP VIOLATION IN THE MINIMAL SU(5) MODEL

In this section, we discuss the magnitude of the CP-violation parameters appearing
in the Boltzmann transport equations (6.2.8) for the minimal SU(5) model. We
shall show that CP violation can occur only in high-order diagrams, and is thus
suppressed [26, 44, 45].

As discussed in subsect. 5.1, CP-violating decay amplitudes must result from
interference of higher order corrections to decays. The lowest order such interfer-
ence diagrams for the minimal SU(5) model are shown in fig. 15. As discussed in
sect. 5, corrections to gauge vector boson decays involving only vector bosons
cannot give rise to CP violation at any order if all fermions are massless. According

B

(al) (a2)

Fig. 15. First-order corrections to boson decay amplitudes in the minimal SU(5) model. None of the
diagrams can give rise to the CP-violation required for baryon number generation.
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to the minimal SU(5) model, a single 5y Higgs scalar boson couples to fermions.
This representation contains just one B-violating component. The result (5.2.5)
then shows that no CP violation may occur in one-loop diagrams of the form
illustrated in fig. 11 involving scalar boson exchange in vector boson decay or vector
exchange in scalar decay. Application of eq. (5.1.20) shows that no CP violation
may arise to one-loop order from scalar boson exchange in scalar boson decay (as
illustrated in fig. 12). Another potential source of CP violation at lowest order is
from diagrams involving three-boson couplings. Since the 24y is a real representa-
tion, its vacuum expectation value must be real; in addition, any phase in the
vacuum expectation value of 5y may be arranged not to appear in couplings of the
B-violating component of 5y. Hence, three-boson couplings cannot exhibit CP
violation in the minimal SU(5) model. These results demonstrate that no CP
violation occurs in the one-loop approximation for the minimal SU(5) model.

We now discuss the possibility of CP violation in higher order diagrams for the
minimal SU(5) model. Since the couplings of gauge vector bosons to fermions and
bosons are purely real, addition of further such couplings to the diagrams of fig.
15 cannot yield CP violation. Similarly, addition of three- or four-boson couplings
cannot introduce CP violation. Any CP violation must thus occur first in diagrams
involving only fermions and 5 Higgs bosons coupling to them. Such CP violation
requires complex phases in the Higgs Yukawa coupling matrices defined in eq.
(6.1.3). In terms of these couplings, the CP violation parameter (2 of (5.1.5) arising
from the lowest order diagram fig. 15d may be written as Tr [(hp) (hp)(hu)' (hv)],
where the trace is taken over the fermion family indices implicitly carried by the
Yukawa couplings 4;. As mentioned above, this quantity is real, so that no CP
violation may result from the diagram of fig. 15d. At the next (three-loop) order,
investigation of possible diagrams shows that all yield purely real (2, and thus cannot
introduce CP violation. For example, the diagram of fig. 16 gives

Tr [hbhuhbhohiho], (6.3.1)

Fig. 16. Example of a second-order correction to scalar boson decay in the minimal SU(5) model. No
diagrams at this order can introduce CP violation in the minimal SU(5) model.
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(c)

Fig. 17. Examples of a class of third-order corrections to scalar boson decay in the minimal SU(S)
model which may potentially give rise to the CP violation necessary for baryon number production.

which is manifestly real. However, in the next order, traces such as
Tr [hbhuhihuhbhohiho) (6.3.2)

corresponding to the class of diagrams illustrated in fig. 17 need not be real, and
may give rise to CP violation. These diagrams may give rise to small but non-zero
values for the CP-violation parameters R(S-ij) appearing in the Boltzmann
equations (6.2.11). The result for these parameters may be written as

6

R=3Im [I][Z (hu, +hD,,)] £, (6.3.3)

where ¢ is a CP-violation parameter with |¢|<1. Approximating the Higgs
Yukawa couplings by their value for the heaviest fermion family, and taking for
the momentum-space factor I the volume of available phase space, one obtains
the rough estimate

R~10"°h%. (6.3.4)

With the usual mechanism for spontaneous symmetry breakdown, A <1 so that
R <107°. In the next section we shall show that unless this inequality is saturated,
the baryon asymmetry which may be generated in the minimal SU(5) model is
entirely inadequate to explain observational results.
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6.4. BARYON NUMBER GENERATION IN THE MINIMAL SU(5) MODEL

In this section, we discuss the generation of a baryon asymmetry in the minimal
SU(5) model, using the Boltzmann equations derived in subsect. 6.2, and the
CP-violation parameters discussed in subsect. 6.3. Three basic parameters appear
in these calculations: the mass of the gauge vector boson myx, the mass of the 5y
Higgs bosons ms, and the CP-violation parameter R in the Higgs decays. For the
latter parameter, we use the rough estimate (6.3.3) and consider the following cases:

h=42.. R=3x10"", (6.4.1a)
=04, R=4x10"¢. (6.4.1b)

The X boson mass is taken as
mx=5%10" GeV=0.5ITeV, (6.4.2)

in keeping with theoretical and phenomenological estimates. The stability of spon-
taneous symmetry breakdown in the SU(5) model appears to require

10=mgs/mx=0.1. (6.4.3)

Fig. 18 shows results for the final baryon number density produced in the minimal
SU(5) as a function of ms/mx for the cases (6.4.1a) and (6.4.1b). Explanation of
the observed baryon asymmetry would require production of |B|=10"" at this
epoch: fig. 18 shows that such a result is possible in the minimal SU(5) model only
if & > 1 which would invalidate perturbative methods. (The naive expectation that
h increases at low energy scales may be invalid if 4 > g, since the renormalization
group equation for A then receives both positive and negative contributions of
roughly equal size.) Thus one may conclude that the minimal SU(5) model is unable
to account for the observed baryon asymmetry. It is nevertheless instructive to
consider the origins of the complicated behavior seen in fig. 18.

1 1 |
103 102 10' 10° (o}
mg/My

Fig. 18. Final baryon number generated in the minimal SU(5) model.



70 J. A. Harvey et al. | Cosmological baryon asymmetry

o T T
h=0.4 mg/my =10

} A
10! 10° (o} 102
T(eV)

(a)

10 10° o} 102
T([IeV)

(b)

Fig. 19. Time development of quantum number densities in the minimal SU(5) model. The dashed
curve in (a) shows results with a modified form for the high-energy 2 - 2 scattering cross-section. The
dotted curves in (b) show results if light Higgs boson exchange reactions are ignored.

We first consider the case mgs/mx=10. The time development of quantum
number densities for this case with # =0.4 and & =1.2 are shown in fig. 19. At
high temperatures, S decays generate asymmetries in I7, v and B as described by
eq. (6.2.8). The primary effect which reduces these asymmetries at lower tem-
peratures is 2 > 2 scattering. At high temperatures, the effective magnitude of 2> 2
scattering cross-sections are uncertain (as discussed in subsect. 4.5). The two
extreme cases o ~a’/m¥% and o ~a’/T? are shown as solid and dashed lines for
B in fig. 19a. Although different at high temperatures, they yield identical final
results. By virtue of their larger couplings, vector boson exchanges are usually more
important than scalar boson exchanges in 2 - 2 scattering cross sections. However,
in SU(5) models, vector boson exchanges conserve II. Hence only Higgs boson
exchanges can reduce a non-zero IT density (I1,) generated through S decays
at high temperatures. If only vector boson exchanges are considered, then from
eq. (6.2.8)

B~(v_+I,), »-~Q2B-v.), (6.4.4)
which implies a final equilibrium state with non-zero baryon number

B= _1_16170 ’
(6.4.5)

1
v_=—5ll,.
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The dotted lines in fig. 19b show results in this case. Changes in B require exchange
of heavy vector or scalar bosons; however, changes in IT may occur through light
as well as heavy boson exchanges. Typically, vector boson exchanges enforce the
relations (6.4.4) during the period when I, is reduced through heavy Higgs
exchanges. At very low temperatures, heavy vector boson exchanges become
ineffective, so that B remains constant, while light Higgs boson exchanges continue
to reduce IT and v_. The final value of B is essentially determined through the
relation (6.4.4) by the value of I at the temperature whiere heavy vector boson
exchanges become rare. Note that the 'farger Higgs Yukawa couplings in the case
of fig. 19b cause a much more rapid decrease in II than in fig. 19a.

The discussion of the previous paragraph applies to the case mgs> mx, in which
asymmetries are initially generated in S decays, and subsequently thermalized by
X exchanges. If ms<myx, then the S decays responsible for generation of the
asymmetries occur at a sufficiently low temperature that X exchange cannot provide
significant thermalization. The presence of the X is thus essentially irrelevant, and
the final baryon density behaves as it would with only one particle [I]. The dotted
curve in fig. 18 shows the final B density if all X exchanges are artificially set to
zero. The enhancement around mg/mx = 1 is a transition phenomenon: X exchanges
are sufficiently unimportant that B is no longer constrained to be proportional to
IT, and thus does not suffer the destruction experienced by II as a result of light
Higgs exchanges. Since my is held fixed, the decrease in B for small mg/mx simply
reflects the increasing importance of back reactions when ms is reduced. The similar
conclusions of ref. [46] were based on a calculation which ignored non-thermalizing
modes and took the final baryon number to have a simple power law dependence
on h/ms. Figs. 18 and 19 illustrate the inapplicability of these assumptions.

6.5. BARYON NUMBER GENERATION IN EXTENDED SU(5) MODELS

The results of sect. 6.4 demonstrate that no viable choice of parameters allows
adequate baryon number generation in the minimal SU(5) model. In this section,
we consider two simple extensions of the minimal SU(5) model, which can account
for the observed baryon asymmetry with suitable choices for parameters.

In the minimal SU(5) model, a single 5y Higgs representation is taken to couple
to fermions. This representation contains a single B-violating Higgs boson (denoted
S1) with SUB)c® SU(2). ® U(1)y quantum numbers [3, 1,3]. We consider two
extensions of this minimal model: in model A [12], a second 5y is introduced, and
in model B a 45y is added. In both cases we denote the [3, 1, %] component of the
additional Higgs representation by S,. For the 45y, further B violating bosons
occur; we shall however assume that S, can be arranged to include their effects.
The bosons S; and S, may in general mix; we denote the resulting mass eigenstate
mixtures by S and S', where ms = ms. Similarly, we take the light Higgs boson
mass eigenstates as ¢ and ¢'. We write the Yukawa couplings of S and S’ (or ¢
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and ¢') as hy, hp and hy, hp, respectively. These Yukawa couplings satisfy

hu+ h{} b5 ‘/%gmU/mW >
(6.5.1)

hp+hp = */ggmn/mw s

but are not individually determined. For simplicity we shall, however, take hy = huy,
hD = h]’)

The absence of mixing forbids decays of the form S'-> SV, where V is a gauge
vector boson. However, in analogy to the case of the minimal SU(5) model discussed
in subsect. 6.2, the decays S' > X¢' and S > X¢ may occur if they are energetically
possible. These decays dilute any CP violation arising from decays to fermions.

We consider first model A. As discussed in subsect. 5.2, this model allows no
CP violation at first order in gauge vector boson decays; CP violation may, however,
appear in S and S’ decays through S' and S exchanges respectively. The magnitude
of CP violation in S' decays is then given in terms of the parameter &g (such that
les|<1) by

R(S'>URER) = R(S'>Diri) = —R(S'> UL E}) = —3R(S'> U.Dy)
=32¢hhy Im [Iss]es

2 ms\> ms\>
=—h§h§g[1—(—s) log(1+(——s) )]gs
o mg ms

2y hihbles, ms»mg. (6.5.2)
aw

Results for S decays are obtained by exchanging S and S, h; and &; and taking
eg = €5. For mg« mg one then obtains

1 2
RS=R(S—+U§E§)=—h%hI2)[(@) R (6.5.3)
o mg

which goes to zero as expected when mg goes to infinity. CP violation may occur
in S’ decays not only through S exchanges, but also through exchanges of light
Higgs ¢. As discussed in subsect. 5.1, CP violation in boson decays may yield an
asymmetry in a particular quantum number density only if that quantum number
is violated by the exchanged boson in fig. 8. Thus ¢ exchanges cannot lead to
asymmetries in B; they can, however, contribute to »_ and II asymmetries. The
magnitude of these contributions is given approximately by

R,=R(S'»URER)=R(S'>Dsiri) = iR (S'> UgDR)
=16{hthbes Im [I,s]

1
= hihbles. (6.5.4)
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Fig. 20. Final baryon number generated in an extension of the minimal SU(5) model containing an
additional 5y multiplet of Higgs bosons (model A). S and S' are the two mass eigenstate B-violating
Higgs bosons.

Combining egs. (6.5.3) and (6.5.4) yields complete quantum number densities
generated by free S' decays

=2 BiR(S'>f)=—Rs,
f

8n =Y ILR(S > f)=3Rs+3R,, (6.5.5)
f

5,,7 = Z (V_)fR (S’ > f) = _Rs _R¢ 5
f

(Results for S decays are obtained by the interchanges S<>S', o © ¢, h;<>h;.) The
Boltzmann transport equations for model A are now obtained by replacing every
occurrence of S in (6.2.10) with a suitable sum of S and S', and inserting the
parameters (6.5.5). Equations for S’ analogous to those for S must also be added.
Finally, the 2 > 2 scattering cross-section from S exchange must be supplemented
with an analogous term for S’ exchange and with an SS' interference term.

Fig. 20 shows the final baryon number density generated in model A. Note that
when mg = mg our assumption h; = h; implies that Rs = Rg: the ensuing cancellation
allows no baryon number generation, as expected from eq. (4.4.4). Fig. 21 shows
the time development of quantum number densities in model A for various choices
of mg and mg.

We consider first the region mg/mx » 1, ms/mx > ms/mx=0.1 illustrated in fig.
21a. The contributions of various terms in the Boltzmann equation (6.2.8) for this
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Fig. 21. Time development of quantum number densities in extended SU(5) model A.

case are shown in fig. 22a. By virtue of eq. (6.5.3), Rs< Ry, so that asymmetries
generated in S decay are negligible compared to those generated in S’ decay. In
addition, no asymmetries may be generated by X decays in model A. S' decays at
high temperatures generate asymmetries in B, IT and v_. 2> 2 reactions involving
X exchange then ‘‘thermalize” these number densities to the values (6.4.5); S
exchange is unimportant since S is both more massive than X and has smaller
couplings. The second region of parameters for model A is mg/mx » 1; mg/mx=<
0.1. The time development of quantum number densities for this region is shown
in fig. 21b; contributions to the Boltzmann equation for this case are given in fig.
22b. The initial production of quantum numbers and their thermalization through
2-2 X exchange reactions here is as in the case discussed above. At low tem-
peratures, however, reactions involving S become important, and determine the
final values of the quantum number asymmetries. Notice that the sign of B changes
at low temperatures in fig. 21b. This is a consequence of the fact that terms
proportional to S in the Boltzmann transport equation involve combinations of 77,
v_and B in which B may appear with a negative sign. The dominant term governing
the time evolution of B for T~ms is B~SI's)(14v_—12B+71I) with similar
equations for »_ and I1_. Since IT >0, IT >v_ and IT > B, this term tends to drive
B positive. In general there are three linear combinations of B, v_ and II which
decrease as pure exponentials until cut off at temperatures below mg. B is a linear




J. A. Harvey et al. | Cosmological baryon asymmetry 75

T T T
mg/my =200
mg/my, =002 |

T T
mg/my =200
msu/mx =20

o' 162

Fig. 22. Contributions to B in extended SU(5) model A from various terms in the Boltzmann transport

equation (6.2.10). Positive contributions are shown as solid lines; negative ones as dashed lines. The

terms of sufficient magnitude to appear are: 2: 22 X exchange; 3: (8} —S%); 6: S term; 7: S_

term. The effect of the expansion of the universe included in the left-hand side of the Boltzmann
equation is shown as BR/R.

combination of these three exponentials, and its final value depends sensitively on
the initial values of /1, »_ and B. For this reason it is not adequate to assume that
B is produced and damped in successive independent stages as in simple models
which treat only one quantum number. For both mg <mx and mg<myx inverse
decays into S are no longer able to change the sign of the negative B produced
through S’ decays and hence the final B is negative. The results of fig. 21 are for
large values of mg. Most qualitative features remain unchanged when mg is reduced.
However, since S’ decays then occur at lower temperature, back reactions are more
important, and the final asymmetries generated tend to be reduced.

Fig. 20 demonstrates that with suitable choices for undetermined parameters,
extended SU(5) model A can account for the observed baryon asymmetry. The
sign of the final baryon asymmetry cannot, however, be related directly to the sign
of the CP-violation parameter ¢ without detailed knowledge of other parameters.

We now consider model B. The couplings of the 5y and 454 to fermions
are  {EL(Ul)q+vi(DL)a+(DL)s(UL)ee " }5u)e  and  {EL(Up)a+vi(Dy)a—
(D55 (US.)ce “*“}(45y),, respectively. The difference in Clebsch-Gordan coefficients
between these couplings implies that the CP violation parameter for scalar-vector
diagrams may be non-zero [cf. eq. (5.2.5)]. Hence in this model, asymmetries may
be generated through vector boson exchange in scalar boson decay, and in vector
boson decay through scalar boson exchange, as well as through scalar boson
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exchange in scalar boson decay. The relevant CP-violation parameters in this model
are then given by

R(S>URER) = R(S>Dkri) =32¢[2mahd Im [Iys]+ hih Im [Iss]]e,
R(S~> UgrDR) = 32{[-4mah}, Im [Iys]+hihD Im [Iss]le,

R(S-> U{E}) =32{[4mah}; Im [Iys]— hihD Im [Iss]]e,

R(S- U Dy) = 32¢{[-4mah{;[Ivs]— 2hhd [Iss]le (6.5.6)
R(X~ERD{)=R(Y~ v Di)=4hp[Im [Isy] - Im [Isv]]e,
R(X~>E(DR)=R(Y~E{UR) = 4hy[Im [Isy]~Im [Isv]le ,

R(X~>UrUp) = R(Y - UrDy) = =4(h{; + hp)[Im [Isy]=Im [Tsv]le .
Terms accounting for light Higgs ¢ exchange must be added as before. Inserting
these parameters into the Boltzmann transport equations, we obtain the results
shown in fig. 23 for the final baryon asymmetry. The possibility of CP violation in
processes involving vector bosons renders these results still more complicated than
for model A. In discussing fig. 23, we consider first the region mg > mgs>mx. CP
violation in X decays is suppressed here, since it involves exchange of scalar bosons

heavier than X. After asymmetries are initially generated in S and S' decays, they
are thermalized by 2> 2 X exchange reactions to the values (6.4.5). The resulting
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Fig. 23. Final baryon number generated in an extension of the minimal SU(5) model involving a 45y
as well as a 5y Higgs multiplet (model B). S and S’ are the two mass eigenstate B-violating Higgs
bosons considered.
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B is then proportional to the original /T generated. Although the B generated by
free S and S’ decays would be large since it receives contributions from vector
boson exchange, only scalar exchanges can contribute to I1. Hence the final value
of B is similar to that obtained in model A. We now consider the region mg > mx >
ms. In this region, the final B is dominated by asymmetries generated in S decays;
any B generated in X or S’ decays is destroyed by processes involving S. B generated
in S decays is damped by inverse S decay processes; the final B obtained varies
roughly as ms”: a factor mg” from the CP-violation parameter (6.5.6), and ms"
from the effects of inverse reactions. In the region mgs<mg < mx several sources
of baryon number contribute with roughly equal weight, and no simple qualitative
explanation of the final results is possible. Fig. 24 gives some examples of the
development of the quantum numbers for this model.
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Fig. 24. Time development of quantum number densities in some sample cases of extended SU(5)
model B.
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7. SO(10) models*

7.1. INTRODUCTION

Although SU(5) grand unified models contain the fewest fundamental fields, they
exhibit a number of seemingly undesirable features which may be avoided in models
based on larger gauge groups. The first of these features is the assignment of
fermions to a reducible representation of SU(5). This has the consequence that
particles belong to different irreducible representations from their antiparticles. In
addition, axial anomalies cancel only between different irreducible fermion rep-
resentations, in a seemingly accidental manner. A further feature is the presence
of a global conserved B — L quantum number which has no basis in a local gauge
invariance. In this section, we consider models based on SO(10) [49], in which
these features are removed.

SO(10) symmetry is ultimately broken down to the low-energy SU(3)c ®
SU2). ® U(1)y symmetry. This breaking may occur through a sequence of stages
at different mass scales. Baryon number generation may occur at an intermediate
stage in this sequence, when the effective symmetry is larger than
SUB)c®SUR)L ®U(1)y. Typical subgroups of SO(10) which may represent
intermediate effective symmetries are:

SO(10)>SU4) ® SU((2). ® SUR)r , (7.1.1a)
SO(10)>SU4) ® SU2). ® U(D)g, (7.1.1b)
SO(10)>SUB)c® SUR)L®U(1)y . (7.1.1¢)

Table 6 lists decompositions of relevant representations of SO(10) in terms of these
subgroups. Transformation properties under these decompositions will be denoted
as follows. (m, ny, ng) will denote representations of SU(4), SU(2);, and SU(2),
respectively. (m, ny, Qg) will denote representation of SU(4), SU(2),. and U(1)r
respectively. Qg is the U(1)r charge operator T3g, defined to be +1 when acting
on an SU(2)r doublet. Finally, as in previous sections, [m, n;, Qy] will denote
representations of SU(3)¢, SU(2). and U(1)y [12, 50]. The hypercharge Y is defined
so that Y = T5. — Q = —3(B — L) — Tsg, where Q is the electric charge operator.

Unbroken SO(10) symmetry exhibits a local gauge invariance associated with
B —L (containing the global B — L invariance of SU(5) models as a subgroup).
When this invariance is destroyed by spontaneous symmetry breakdown, B —L
violating processes may occur. With effective symmetries smaller than SO(10),
B — L invariance is preserved whenever a U(1)g invariance exists. B — L violation
may thus occur when the effective symmetry is that of (7.1.1c), but not those of
(7 Tlayer (7 1:1b).

* Many of the results in this section are also presented in refs. [47, 48].
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TABLE 6
Decompositions of some representations of SO(10) in terms of the subgroups SU(5) ® U(1) and
SU4) ®SU(2) ® SU(2)r
SO(10) SU(5) ® U(1) SU4) ® SU(2). ® SUR2)r
10 5(2)+35(-2) (6;1; 1)+(1,:2,2)
16 1(=5)+53)+10(-1) 4,2,1)+@,1,2)
45 1(0)+10(4) + 10(—4) +24(0) 6,2,2)+(15,1,1)+(1,3,1)+(1, 1,3)
54 15(4)+15(—4)+24(0) 6,2,2)+(20,1,1)+(1,3,3)+(1,1,1)
120 5(2)+5(=2)+10(=6) (15,2,2)+(6,3, 1)+(6,1,3)
+10(6) +45(2) +45(-2) +(10, 1, 1)+(10, 1, 1)+(1, 2,2)
126 1(=10)+5(=2)+10(-6) (15,2,2)+(10, 1, 3)+(10, 3, 1)
+15(6)+45(2)+50(-2) +(6,1,1)

In the first case, the U(1) charge is given in parentheses, and carries an arbitrary normalization
factor. Decompositions of SU(S) representations in terms of SU(3)c ® SU(2)y ® U(1)y are given
in subsect. 6.1.

The gauge vector bosons in SO(10) models are taken to transform according to
the adjoint 45y representation. This representation contains the [3, 2, 3] B-violating
bosons (X,Y) of SU(5) models, together with an additional [3,2, —¢] pair of
B-violating bosons (X', Y'). It also contains a further B-conserving [3, 1, %) multiplet
denoted V and the B-conserving gauge bosons of SU22)g, [1, 1, —1], [1, 1, 0], and
[1, 1, 1], which we will denote by W, W, and W respectively.

In SO(10) models each family of left-handed fermions is assigned to the 16-
dimensional complex spinor representation, while the corresponding right-handed
CP conjugate fields are assigned to 16. With this assignment of fermions, no axial
anomalies appear™.

The 16 representation may be decomposed in terms of SU(5) representations as
(see table 6)

16=10+5+1, (Z:31.2)

and thus contains the usual SU(5) fermion fields, together with an additional SU(5)
singlet field denoted Ni. The N field may be taken as a charge conjugate partner
for the v;. This pairing allows definition of a charge conjugation operator C; no
such operator may be defined in SU(5) models because »; has no suitable partner.
Charge conjugation invariance is in general spontaneously broken. It remains
unbroken only with the effective symmetry of (7.1.1a), or with the SU(3)®
SU2). ® SU(2)r ® U(1) subgroup of (7.1.1a) in which case C interchanges SU(2),
and SU(2)r and conjugates representations in SU(4).

* This is a consequence of the fact that the symmetric product of the adjoint representation with itself
does not contain the adjoint, and thus that the d coefficients to which anomalies would be propor-
tional, must vanish.
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The pairing of N§ with v provides the possibility of a Alw =3 Dirac mass for
the ».. To avoid this disastrous phenomenon, one must introduce a large (4w = 0)
Majorana mass my for the N7, so that the neutral lepton mass matrix takes the form

0 mq)
(m;r il ! (7.1.3)

where mg is of the order of quark masses [51]. For my » mq one eigenvalue of this
matrix is O(my) and represents the physical N, and the other is O(m?,/ my) and
represents a neutrino with small but finite mass. This neutrino mass and the resulting
neutrino oscillations are an important prediction of SO(10) models. The Majorana
mass term for the N has AL =2, AB =0; it is thus permitted only if B—L is
violated. Hence the Ni must remain massless until the effective symmetry is
reduced to (7.1.1c).

The Higgs content of SO(10) models is dictated by the need to break SO(10)
down to SU(3)c ® U(1)em and by the desire to obtain the observed masses and
mixing angles of the fermions. Higgs fields which couple to fermions must appear
in the product

16 ®16=(10+126)s+(120)4 , (7.1.4)

where S (A) indicate the symmetric (antisymmetric) product. The 10 contains the
usual light SU(2),. doublet ¢, together with a [3, 1, 3] B-violating boson denoted S.
It also includes the antiparticles ¢ and S. With a 104 alone, one obtains the tree
approximation mass relations

m,=muy=mp=meg, (715)

at a mass scale O(mx) for each family. Attempts to fit the observed mass spectrum
more accurately generally lead to models with a rather baroque Higgs sector [52,
53]. Inclusion of 120y and 126y will be discussed in subsects. 7.2 and 7.3. Since
the Higgs structure of SO(10) models is considerably more complicated than
in SU(5) models, we shall below analyze only a few specific cases. Other choices
for Higgs structure are expected to yield qualitatively similar results.

As in SU(5) models, Higgs representations which do not couple to fermions must
also appear in order to achieve the desired symmetry breakdown. Representations
commonly used for this purpose are 45y or a 54y.

In SU(5) models, there are no particles with masses between the O(300 GeV)
scale of SU(2), breaking and the O(10"° GeV) scale of SU(5) breaking. In SO(10)
models, intermediate mass scales are possible, associated with the intermediate
symmetries of eq. (7.1.1). If SO(10) breaks first to SU(4) ® SU(2); ® SU(2)r or to
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SU4) ® SU(2). ® U(1)g before breaking to SU(3)c ® SU(2). ® U(1)y, then fits to
the weak mixing angle suggest that mass scales as low as 10'’ GeV may exist. Take
My, and M5 to be the masses of typical B-violating vectors and scalars respectively,
and My and M the scales at which SU(2)x and SU(4) break to U(l)zx and
SU@3)c ® U(1), respectively. Then non-observation of proton decay requires that
My=4x%x10" GeV and Ms=2x10"* GeV. Experimental constraints on My and
M- are much less stringent: non-observation of muon and electron number
violating decays such as K’ u "e"* gives a lower bound of about 10* GeV for Mc
while limits on the strength of right-handed weak currents require only that
Mg =200-300 GeV. Theoretical fits to a; and the weak mixing angle give a
minimum value for Mc of about 10'° GeV with typical values being 10" GeV
for SO(10) broken first to SU(4) ® SU2). ® U(10)r. If SO(10) breaks first
to SU@)®SUQ2).®SUQ)r then typical values are Mc~10'>GeV and
Mg~10" GeV.

The presence of these intermediate mass scales for spontaneous symmetry break-
down could allow an unbroken gauge symmetry larger SU(3)c® SU2). ®
U(1)y to exist even at the temperatures of relevance to B production. In the
following sections we discuss the production of baryon number for models in which
the effective symmetries of (7.1.1a), (7.1.1b) and (7.1.1c) are present.

7.2. B AND B-L VIOLATION IN SO(10) MODELS

In SO(10) models, the SU(5) singlet [1, 1, 0] fermion N7 is present. If the effective
symmetry still contains an unbroken B — L invariance, then the N{ may be assigned
a definite conserved B —L = 1, and no new boson couplings are possible. However,
when the effective symmetry is that of eq. (7.1.1c), B—L is broken and the N}
may acquite a Majorana mass. The additional classes of boson couplings introduced
by the presence of N in this case are listed in table 7. No new
SUB)c®SUR2). ®U(1)y assignments for B-violating bosons appear in this list.
However, comparison of table 7 with tables 2 and 3 shows that several bosons may
violate B — L through couplings to N. Two such B — L violating bosons are the S
and X' discussed above. There are in addition B — L violating vector bosons which
transform as [3, 1, —3] and [1, 1, 1] and which represent gauge bosons for the SU(4)
and SU(2)r subgroups of SO(10). There are also several further B — L violating
scalar bosons. These appear in SO(10) representations capable of coupling to
fermions as follows:

[1,2,3]< 10, 120, 126,
[3,2,—5]< 126, (7.2.1)
[1,1,1]=120, 126.
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TABLE 7

Quantum numbers for possible vector and scalar pairs of singlet fermions N and
quarks q or leptons ¢

[SU(@3), SU(2), U(1)] B iz B-L
Ve, S6 qN [3.2,-4 3 0 3
[3, 17 _%]
[3,1,3]
V- 8, N [1,2,3] 0 1 =
[1,1,1]
VarS, NN [1,1,0] 0 0 0

We will also consider baryon number generation when the effective symmetry
is that of eq. (7.1.1b). Then, in analogy to the discussion of subsect 6.2, the unbroken
SU4) ® SU(2). ® U(1)r symmetry enforces relations between fermions number
density asymmetries:

U,-=v.-=E,_=D,_= ("DL— nDﬁ)/”y"
Ei-=Di_=(np;—npg)/ny, (7.2.2)
- =Ui- =(nys—nuy)/ny,

with n; the number density per color of species i. Although SU(2); symmetry implies
U, - = D, _ we retain the two separately to exhibit the role of the charge conjugation
invariance discussed in subsect. 7.3. In terms of the asymmetries (7.2.2), the baryon
number density becomes

B=Dy +Ui-=Di=~Ui=. (7.2.3)

It is also convenient to introduce a quantum number @), defined as the total
asymmetry in (left-handed) fermion fields:

@=DL7+ UL_+Di_+U§__. (7.24)

Because of their chiral structure, all gauge vector boson interactions conserve 0.
It may nevertheless be violated by Higgs scalar interactions. [In this respect it is
analogous to the IT quantum number introduced for SU(5) models in sect. 6.]
Tables 2, 3 and 7 give possible classes of couplings which respect
SUB)c®SUR2). ®U(1)y invariance. If the effective symmetry is larger than
SUB)c®SU2). ® U(1)y, then relations may exist between some of these coup-
lings. It turns out that with an effective symmetry SU(4) ® SU(2),. ® U(1)g, the only
couplings affected in our considerations are those of the (10,3, 1) component of
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126y, which are prevented from exhibiting B-violating couplings with this effective
symmetry.

7.3. C AND CP VIOLATION IN SO(10) MODELS

The generation of a net baryon number from symmetric initial conditions requires
the presence of both C and CP violation. In SU(2). ® U(1)y weak interaction
models and SU(5) grand unified models no C operator may be defined since there
is no left-handed antineutrino to form the charge conjugate partner of the left-
handed neutrino. In larger models, such as SO(10) or E(6), each fermion has a
potential charge-conjugate partner or is an eigenstate of C and a C operation may
be defined which is a symmetry of the unbroken theory [51]. The production of a
C-odd quantum number (such as B or L) in these models therefore depends on
the interplay between the sources of C violation and the processes which violate
the quantum number under consideration.

The lack of B production in a C-symmetric theory may be seen by considering
the decays of B-violating bosons y and their antiparticles y as well as the decays
of their charge conjugate partners x° and x°. The B produced by the decays of
an equal mixture of y and y into the specific final state i1/, and the charge conjugate
decays of y° and x° into the state i$i5 is proportional to the quantity [see eq.
(5511 2]

Ry} +(R)°=Im[I]Im[Q](B;,—B;,) +Im [ Im [Q2°](B:s —Bis).  (7.3.1)

I represents an integral over the intermediate momenta and final state phase space
for the decay and (2 is a product of the relevant couplings. The lowest order
contributions to I and (2 are discussed in sect. 5. I° and £° are the corresponding
quantities for the charge conjugate reaction. In a C-symmetric theory, I =1I° and
2 = °, while since B is C-odd, B;,= —B;s and B;, = —B;s causing R}> +(R}’)° to
vanish.

As discussed in subsect. 7.1, with the intermediate effective symmetry
SU4) ® SU(2). ® SU((2)g, or the SU3) ® SU(2). ® SU2)r ® U(1) subgroup of
this symmetry, charge conjugation invariance remains unbroken. While this sym-
metry exists, no baryon number generation may thus occur. Although B production
requires C violation, production of quantum numbers such as II, »_ or @ which
are not odd under C, may occur even when C invariance is unbroken. These
asymmetries may then be converted into B asymmetries at lower temperatures
by C and B violating reactions. For a final non-zero B to result, the second
stage must occur at sufficiently high temperatures (=10'> GeV) that the effects
of B-violating bosons are still important. Thus if SO(10) symmetry breaking
occurs through SO(10) > SU(4) ® SU(2); ® SU(2)r or SO(10)-»SU3) ® SUQ2). ®
SU@2)r ® U(1), the intermediate symmetry may not persist to temperatures below
~10"* GeV if an adequate B is to be produced [54].
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C invariance may be broken either by the presence of different masses for the
v. and Ny, or through mass splittings between bosons and their charge conjugate
antibosons. A non-zero my can occur only with the effective symmetry (7.1.1c).
In this case, any of the diagrams in figs. 9-11 may yield C and CP violating
contributions proportional to my/m:.

Under the effective symmetry SU(4) ® SU(2). ® SU(2)r the 45y adjoint rep-
resentation of gauge vector bosons has the decomposition given in table 6. The
color triplet SU(2); doublet B-violating bosons (X, Y) and (X', Y’) and their antipar-
ticles combine to form the (6, 2, 2) representation. With our conventions the (X, Y)
have electric charge (-3, —3) and the (X', Y') have electric charge (=3, 3). Charge
conjugation takes X-»X, Y->X, X'>Y, and Y'»Y'. B production through
vector boson reactions therefore requires a mass splitting between the (X, Y) and
(X',Y') doublets. This will in general be present if SO(10) is broken to SU(3)c®
SU(2)L ® U(1)y. However, if SO(10) is broken only to SU(4) ® SU22). ® U(1)y,
then the (6, 2, 2) splits into (6, 2, 3) and the CP conjugate state (6,2, —3) and as a
result there is no mass splitting. The B-violating vector bosons will therefore be
unable to produce a net B in their decays or to convert an asymmetry in @ into
an asymmetry in B.

The SU4) ® SU(2). ® SU(2)r content of the 10y, 120y and 126y Higgs rep-
resentations coupling to fermions are given in table 6. When SU(2) is broken to
U(1)r some of these bosons may acquire C-violating mass splittings. The usual
B-violating color triplet S appears along with its antiparticle in (6, 1, 1), and is thus
an eigenstate of C. The 1264 contains (10, 3,1) and (10, 3, 1). However, as
discussed in subsect. 7.1, these bosons may violate B only when the effective
symmetry is SU(3)c ® SU(2). ® U(1)y rather than SU4) ® SU(2). ® U(1)r. The
(6,3,1) and (6, 1, 3) appearing in the 120, may nevertheless both violate B and
acquire masses which differ between particles and their corresponding antiparticles,
and thus violate C. After the breaking SU(2)r > U(1)g, these representations
may be decomposed as (6, 1, £1) (denoted S,), (6, 1, 0) (denoted S) and (6, 3, 0)
(denoted S°). The requirement of C violation therefore requires the presence of
a 120y in order for B to be produced with effective symmetry SU(4) ® SU(2), ®
U(1)r. If the effective symmetry is SU(3)c ® SU(2);. ® U(1)y, then since the usual
B-violating color triplet scalar boson S is transformed into its antiparticle under C
and hence may not have any C-violating mass splitting, B production through S
decays must be proportional to the C-violating mass splitting between v and Ny
so that

Rs’ +(Rs”)° = O((mn/ms)?) (7.3.2)
as can be seen by expanding the relevant phase-space integrals in powers of my/ms
[54]. In the sequel we shall assume that this contribution to B production is
negligible compared to the contribution from conversion of other asymmetries
whose production is not restricted by C invariance. Note that more than one family
must be present to allow the antisymmetric coupling of the 120y to 16; ® 16x.
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7.4. B GENERATION FOR SO(10) MODELS WITH SU3) ® SU((2). ® U(1)y
EFFECTIVE SYMMETRY

In this section we describe the calculation of baryon number generation in SO(10)
models where SU(3)c ® SU(2). ® U(1)y is the effective gauge symmetry at tem-
peratures relevant to baryon number production. We shall assume that all B
production occurs in this phase; the equations derived may nevertheless also be
used with suitable initial conditions to describe the development in the
SU3)c ® SU(2). ® U(1)y phase of a B generated at temperatures where a larger
effective symmetry exists. If SO(10) breaks first to SU(5) and then to
SUB)c®SU((2). ® U(1)y, then fits to the weak mixing angle suggest that mx=
0.5 ITeV but do not constrain the values of myx,, mw or my. Below we shall usually
choose the values myw = mvy=mx =10 IleV.

N decays are potentially an important source of B and L asymmetries in SO(10)
models. The N have two distinct types of decay modes. The first are two body decays

N->eg, €, (7.4.1)
withe=(¢), ¢ = (:3) where ¢ is the usual SU(2); ® U(1)y weak doublet. The width
for this decay mode is

FN—»eq: =a (mq/mW)ZmN ) (742)

where my, is the mass of the relevant charge 3 quark and my is the mass of the
usual weak boson. The N may also undergo three body decays

N-qqq, qq?,..., (7.4.3)

mediated by exchange of a supermassive gauge boson = coupling to the N (and
thus not contained in the 24y of SU(5)). These decays have typical widths given
in analogy to u decay by

2 m15\1 -4

S

ENaqaa~a (7.4.4)
When my < mz, two-body decays dominate. These decays violate lepton number,
but do not violate baryon number. They may therefore give rise to an asymmetry
in L but not in B. In models where (7.4.3) dominates (as in the unusual case
mnx=mz), N decays may violate baryon number. However, in this case, stringent
lower bounds on my exist to ensure that N decays should not generate excessive
entropy to dilute any B produced [35]. We shall not consider N decays below.

We shall consider a specific but presumably typical SO(10) model, in which two
10y couple to fermions. The mass eigenstate B-violating Higgs bosons will be denoted
by S and S'. We shall include CP violation only for exchanges of S in S’ decay and
vice-versa. In analogy to the case of SU(5) models discussed in subsect. 6.2, we
consider the development of the independent combinations of quantum number
densities B, B—L, II and v_. Table 8 gives the values of these quantum numbers
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TABLE 8

Quantum numbers for particles contributing to baryon number production in
SO(10) models with SU(3)c ® SU(2);. ® U(1)y effective symmetry

Particle SUB)®SUR). ®U(1)y B B L n v_
Ut (3,13 = 3 0 0
Dy, UL [3.2,-8) 3 3 0 0
Df (3,2,-%] -1 -5 -1 0
Brs v [t 2:3] 0 6] - 1
N¢ [1,1,0] 0 0 0 0
XY [3:2,3] -2 0
Xy &, Lad)
\ [3,1,-4] 3
W [1.:d,=1] 0 0
S [3,1,5]
¢ PR 0

TABLE 9

Quantum numbers and partial widths for supermassive boson decay modes in SO(10)
models with SU(3)c ® SU(2),. ® U(1)y effective symmetry

Boson Decay mode Partial width B B=E I v_
E;Dg, v1.Dr % % —% 0 1
X,Y  UiUk UiDk 2 gt AT
D, Eg, U Eg i A 6=
E_Ug, »LUgr % % —% =1
XY D Ng, U Ng : 3 3 0 0
Di Uk, DiDgk 3 -3 -4 =1 0
DRE{ i 3 5 1 0
\% ¥R UL, ERDy 3 3 5 $i v
UsNE i 3 3 0 0
W UpDS 2 0 0 -1 0
NgEL }I 0 1 0
Dyvi, U EL 3 5 -3 -1 1
ErUr 8 3 -2 0 0
S URD% : -3 -3 0 0
UiD{ - -3 -3 -1 0
DgNgr 8 3 3 1 0
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for the various fields under consideration. Note that since the X, Y and X', Y' form
SU(2). doublets, the asymmetries i 8 Al Using the decay rates for the X, X/,
W, V, S, and S' bosons given in table 9 one may derive the following set of
Boltzmann equations for the evolution of the independent number densities

X, =X, — X)), (7.4.5)
X == )X -3 XP (X' -5X_+W_+2V_-S_-S")],
X, =—~(Me)(Xs - X5,
XL ==X - —X (X +X_-W_-2V_+S_+S. —(B-L))],
Ve=—([WV,— V),
Vo=—~IV_—sV¥(@4X_+(B-L))],
W, =—(Tw)(W.- W),
W_o=—(TW)[W_—sW3 (-2X" +6X_—2W_—4V_+28 +2S8" —(B-L))],
S+ =—('s)(S+—8T),
S =—(I[S- -8 (—2X_-3(B-L))],
S\ =—(Is)(S% -85,
S' =—(Is)[S. -85 (-2X_-3(B-L))],
B=I(X.—XT)R%-2X_
XX +3X_+W_+6V_—-S_ —S' +v_+2(B—L)—4B)]
H((X - XERX —2X L
-3 XX -X_-S —-S " +W_+v_+(B-L)+2B)]
+(TH[(S+—S)RE —S_+5S9(4X_+6V_+(B—L)—6B)]
+{I)(S, —S)RE -8 +i89(4X_+6V_+(B—L)-6B)]
+4np(vox)[X. +11X_+W_+10V_—-S_—S' +2v_+4(B—L)—8B]
—4ny(vok )X - X —S_ -8 +W_—-2V_+2v_+(B—L)+4B]
+12h*ny(vos.s 4X_+4V_+(B—-L)-4B],
(B-L)=I'x)(X} + X )RE " —5X"
—3X' S (3X. -3X_-35_-3S_ +3W_+5V_~II-%v_+3(B-L)+B)]
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HIW(Va= VRT T+ BV

—2VI(Q2X. +14X_+2W_+5V_-28 —2S' —IT+6(B-L)—B)]

(W= WRW E+3W_ WS (4X_+V_+v_+(B—-L)-B)]

+(TH(S—SSHRE -8 +3559(4X_+6V_+(B—L)—6B)]

(IS —SEHR -8 +3855%(4X_+6V_+(B—L)—6B)]

—2np{vo 71X —7X_—-75S_-7S_

+7W_+10V_—4IT-2v_+7(B—L)+4B]

—np(voy)[8X. +4X_+8W_+20V_

—8S_—8S" —4I1+11(B-L)—4B]

—2nu(vow)2X. +10X_+2W_+8V_

—-28_ —28' +4v_+5(B—L)—4B]

—nph*(voé,s)[12X_+8IT+8v_+3(B —L)]+nuh*(vo,)v_,
v_=(Ix)[(X, = XT)Rx +3X_—3XT QI +5v.)]

+F (LX), —XY)RY +3X. +3X29(2X. -2X_—285_-2S"

+2W_+5V_—I-3v_+2(B—L)-B)]

+HIWI(Ve = VSRS +3V-

+3VEX. -X_-S_ -8 +W_+V_—I-2v_+(B—-L)+B)]

+H(TH(S+—S)RE+3S_

—iS9(X. -X_~-8S_ S ' +W_+V_—-II+v_+(B-L)-B)]

+H(I)(SL — SRS +38-

389X -X_ -8 —-S'"+W_+V_—-II+v_+(B-L)+B)]

+2nu(vok)3X. —15X_+3W_+6V_—3S_—3S" —4I1—10v_]

+2n,(vok [5X". —5X_—55_—58"

+5W_+14V_—4I1—6v_+5(B—L)—4B]

+2nu(voy [4X" —4X_—45_—4S"

+4W_+7V_—4II-5v_+4(B—-L)+B]

—2nuh*(vosis )[8X. +4X_+8V_
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—85_—8S" —8I1+8v_+11(B—L)+8B]
—2nph*(vo,)4v_+(B—L)-B],

IO =T)[(X, —XHRE—9X. —3X 9 (4X. —4X_—4S_—4S"
+4W_-7V_—I—3v_+4(B—L)+B)]
+(TW(Ve= VRT+5V_—3VE (XL +10X_+2W_
+5V_—28_-28" —I1+5(B—L)-B)]

(MWW, —WSRY —3W_— WS (22X —2X_—-2S5_
~-28_+2W_+5V_+v_+2(B-L)-B)]

+(LS(S+— SRS —3S-+85T (6X~
—6X_—6S_—6S" +6W_+12V_—7I—v_+6(B —L))]
+(Ts)(Sh — S )RE —38. +8S59(6X. —6X_—65"
W12V~ T —v.+6(B - L))}

—2np(vok 1X. —1X_~78_-1S"
+7W_+10V_—4I1-2v_+7(B—L)+4B]
—np{voy)[8X. +4X_+8W_+20V_—8S_

~8S. —4I1+11(B—L)—4B]

—2nu(vow)2X" +10X_+2W_+8V_

—28_—-28" +4y_+5(B—~L)—4B]

+nph*(voé,s 32X 4X_+32W_+80V_
~328_-328' —40I1+4(B—L)—16B]
—4nyh*(va I —(B—L)—3v_].

The averaged widths and cross sections appearing in these equations are given in
subsects. 6.2 and 6.6. The effective CP-violation parameters, R, are given by a
sum of the decay modes for each y, weighted by the value of Q created in the
decay and multiplied by an overall factor corresponding to the multiplicity of the
decaying boson:

R% =2R(X->E;Dr)—4R(X->UiDg)+2R(X->D.Eg),

R% =2R(X'>E Ug)—4R(X'>DiD%)+2R(X'>D;Ng),

RS =2R(S>Dyv)+R(S->ErUg)
—2R(S-»U%D%)—2R(S~> UfDf)+ R(S-> DgNg),
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R% ™" =-4R(X'>E Ur)+2R(X'»>D;Ng)—4R(X' > D{D5}),
RY " =4R(V->DgE{)+4R(V->E&D;)+R(V->UrN{),
RW " =R(W-NgEj),

RS "=-4R(S->Dyv)—2R(S->ErUg)
—2R(S->U%D%)—2R (S~ UiD$)+R(S->DgNg),
R% =6R(X->FE,Dg); (7.4.6)
x =6R(X'>E_Ug),
Ry =-3R(V->ExD,),
Rs~=6R(S->Drr1),
R% =—6R(X'>E Ug)—6R(X'>D{D5),
RV =3R(V->DgEf)+3R(V->EXD,),
RWw =—-R(W-UrDY),
R =-6R(S>Dy v )—3R(S->UiD{)+3R(S>DgNg).

We take all the Rx, Rx, Rw, and Ry to be zero. Neglecting my compared to ms,
we obtain

R(S-ErUg) = R(S->DgNg) =3R(S> UrDR)
=—3R(S->UiDf)=—R(S->Dyw), (7.4.7)
so that as expected RE and R¢§ vanish in this approximation. Eq. (7.4.7) then yields
RS ™" =-3R(S->Dyn),
RS =6R(S->Dy1), (7.4.8)
R¢'=—-15R(S>Dyv),

with corresponding relations for S'. In terms of the single CP-violation parameter
¢ these may be written

R(S>Dyy) = %mx(ﬂ->e Im Isg
mw
(7.4.9)
' 1 mg
RSSO = —iwa(———) SRR

My

where as in sect. 6 a ~ 3 is the gauge coupling constant, my ~ 80 GeV is the mass
of the weak gauge boson and m; is the effective mass of the heaviest family at the
unification scale. We take m;/mw = 35.
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Fig. 25. Final quantum number densities (scaled by the CP-violation parameter ¢) generated in an

SO(10) model with no intermediate effective symmetry larger than SU(3)c ® SU(2); ® U(1)y. Results

for IT and v_ are obtained neglecting effects of light Higgs boson exchange at low temperatures. S and
S' are mass eigenstate 10y Higgs bosons.

In subsect. 7.3 we showed that the SO(10) model discussed here can generate
directly only asymmetries in B—L, v_ and II; asymmetries in B may arise only
indirectly through conversion of these quantum numbers by inverse decay and 2 > 2
scattering processes. Fig. 25 shows the final baryon number and B — L generated
in this model, together with the values of »_ and II obtained ignoring low tem-
perature light Higgs boson exchanges. The results assume mg =111 eV. For mg>
mg, B—L, II, and E are produced dominantly through the CP-violating decays of
the S with their signs and magnitudes determined by the relations (7.4.8). When
ms=mg the contributions from S decay and S’ decay exactly cancel and no
asymmetries are produced. For 0.1 I1eV < ms=<mg, S’ decays dominate and since
R(S- D.E,) is opposite in sign to R (S' » Dy E; ) the values of the quantum numbers
produced differ in sign from the case mgs>mg. For mg<0.111eV, inverse decays
into S tend to damp the asymmetries produced through S' decay. The final values
of the quantum numbers in this case depend sensitively on the values initially
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produced through S’ decay. A similar phenomenon was noted in subsect. 6.4. For
ms=511eV B production in fig. 25 is dominated by inverse decay and 2-2
scattering processes mediated by X'. Inspection of the X' inverse decay terms in
(7.4.5) (or of the decay modes given in table 9) reveals that the combination of
quantum numbers (B —L)— B +v_ is conserved in these processes. Hence if only
X' exchange occurred, the final equilibrium values of quantum numbers would be
non-zero and given by

B=in1,, E=-im1,, B-L)=0, (7.4.10)

where I, is the initial value of IT generated through S decays. Since I1,<0, the
X' processes tend to produce a negative B. For 0.2 [IeV < mg < 5 [IeV, asymmetries
are produced through S and S' decays at temperatures below the X' mass where
X' reactions are negligible. In this case B is dominantly produced through processes
involving the X boson. Conservation of IT in X reactions leads to the equilibrium
values [cf. eq. (6.4.5)]

E=-i1,, B=-%&Il,+3B-L),. (7.4.11)

Since R =5R§ " the contributions to B tend to cancel and the resulting B is
small. The fact that the X and X' tend to produce B of opposite sign is a
consequence of charge conjugation symmetry. As discussed in subsect. 7.3,
unbroken C invariance would yield mx = myx and would cause the contributions
of X and X' to B production to cancel. For mg<0.2 I1 eV, B production is dominated
by inverse decays into S. When mis is sufficiently small, all asymmetries are reduced
to zero.

If both the S and S’ are sufficiently light then B may also be produced directly
since in this case the cancellation due to the charge conjugation symmetry is less
effective.

The results of fig. 25 demonstrate that for mg sufficiently light, the model
considered in this section can generate sufficient B to accord with present observa-
tions, even though no B is produced directly through CP-violating decays. The
magnitude and sign of the resulting baryon number depend sensitively, however,
on the Higgs structure and the masses of the B-violating bosons. If my is comparable
to mg, then the B given in fig. 25 is an underestimate since then B production
through CP-violating S decays may not be neglected.

7.5. B GENERATION IN SO(10) MODELS WITH SU4) ® SU(2), ® U(1)g
EFFECTIVE SYMMETRY

As described in subsect. 7.3, the production of baryon number in SO(10) models
with SU(4) ® SU(2). ® U(1)g effective symmetry requires the presence of a 120y
with a C-violating mass splitting between two of its B-violating components. Since
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the 120y cannot on its own account for observed fermion masses*, we include also
a 10y. We shall consider only those components in 120y which may attain a
C-violating mass splitting, and may thus contribute directly to B production.

The equations presented here may also be used to track the evolution of asym-
metries produced in earlier stages. In particular, with effective SU(4) ® SU(2). ®
SU(2)r symmetry no B may be produced due to the unbroken charge conjugation
symmetry. This restriction does not apply to asymmetries in @. The equation used
here may also be used to treat the subsequent conversion of @ to B when C is
broken. With effective SU(4) ® SU(2). ® U(1)r symmetry, B may be produced
directly through decays of Sand§°. C symmetry implies that S decays may produce
no net B (since S-S under C), while the B produced through S decays must be
opposite in sign to that produced in S° decays. To illustrate the conversion of ©
to B we will suppose that no B is produced directly through boson decays. This
would be the case if asymmetries are produced dominantly through S decays but
thermalized by the S and $° bosons.

The quantum number assignments for the various fields are given in table 10.
In this table a field stands for the asymmetry per member of an irreducible multiplet
of SU4) ®SU(2).. We will assume that the total charge associated with U(1)g
is zero.

Using the decay modes for X, Wk, S, §, §1, and $° listed in table 11, we obtain
the following Boltzmann equations for the development of the independent

TABLE 10

Quantum numbers for particles contributing to baryon number
production in SO(10) models with SU(4)® SU(2). ® U(1)r
effective symmetry

Particle SU@4) ®SU(2). ® U(1)g B o
Dy, UL (4,2,0) i i
D @,1,3) -4 3
Up @,1,% -4 i
X 6,2, -3 0
W (1 4541 0 0
S (6,1, 0)
S (6,1,1)
§ (6,1, 0)
§¢ (6,3,0)
@ (1,2,3) 0

* Since the 120y couples antisymmetrically to fermions, it must yield an antisymmetric fermion mass
matrix with a zero eigenvalue for at least one out of three families.
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TABLE 11

Quantum numbers and partial widths for supermassive boson decay
modes in SO(10) models with SU(4) ® SU(2). ® U(1)r effective

symmetry
Boson Decay mode Partial width B 0
X DR : -4 0
RYL 2 2
DrUL 2 3 0
w DU 1 0 0
1 1 1
D, Up 4 9 2
s DiUL i =3 2
DRUR i i Suite
1 1 1
DrUgr 4 2 e
§, D{D{ 3 -3 >
1 1 1
URUR = 2 33}
§ DiUf 2 -1 3
1 b 1
DRUR % 2 D
1 1 X
DLDL 6 2 2
1 1 1
U]_U]_ 6 5% 2
§ D Uy : SR
c 1 1
DDk s o bl
URUR : - 3
c 1 1
DUk . iy S

quantum number densities B and ©:
X, =—(M(X.— X3,
S+ =—(TsHS+—ST),
$1o = ~(Ts )81~ §53),
§.=~IS.-$),
$5 = —(Is)(Ss - 559,
B=-3(I'X$B-KIs)STB -85 (0 +B)
+[ 585 + X T59)85°1(@ — B) — 12n4(vok ))B
—12nu(vo§)B +6[nu{vak, ) + nu(va§))(@ — B) — 12np{vos)(O + B),

(7.5.1)
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O =(Is)(S+ —STIRS +(Is*)(S1+ — SRS, +(I5)(S, — SRS
+([5)(SS —STU)RE —KT6)ST°
— {98540+ B)—[{I's,)$5% +XI5)S.1(© - B)
—12np(vos)O —6[ny(vas,) + ny(ves))(@ — B)
—12np(vo§c)(O@ — B) —4ny(vo, )0 .

Note that since all bosons are equally likely to decay to states with opposite values
of B and 0, the asymmetries y_ in the boson fields do not enter into these equations.
The W bosons conserve both B and @ and thus also do not contribute to the
development of B or 6.

The total widths and cross sections appearing in these equations are given in
subsect. 6.5. The effective CP-violation parameters are

R$ =3R(S-»>D.Up)+3R(S»>DiU;)-3R(S»>DxU%) —3R(S->DxrUz),
R¢ =3R(S-DiU;)-3R(S~>DrUg),
RS, =3R(5;>DiDi)-3R(S:> UrUg), (7.5.2)
R%=3R(§°>D.Dy)+3R(8°> U, Up)+3R(S°>D, U))
-3R(§°»DiD%)-3R(§°» UgUR) —3R(S°>DRU%R),
which may be written using the partial widths from table 8 as
RS =12R(S-»D.U,),
RE=6R(S->DiUY),
R =6R(S;»>DiUY),
12R(5°>DiD5) .

(7:5:3)

o
Rg- =

Since light Higgs ¢ exchange violates @, it presumably dominates these CP-violation
parameters. Taking the Yukawa couplings of the 10y and 120y to be equal in
magnitude and given by %\/ %gmf/ mw, we then obtain

R(S»>D Up)=ma— ¢ Im ks,
My :

RE->D{U)=—2nma =t ¢ Im Is,,
mw
(7.5.4)
RG,>DiD{)=-2nma ¢ Im I,

My

R&°>DDY) = -%ma X ¢ Im I, .
My
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We will take §1 to be degenerate in mass with S in what follows. Since B is
determined by the mass splitting between S and §°, this choice should have little
effect on the final results.

Fig. 26a shows the final baryon number generated in this model, for a variety
of values of ms, ms and mge. Figs. 26b, ¢ show the development of B and @ in

I(j6 T T 1t
mg =0.1Ilev mg=1.01lev

mg=0.011Tev

-0 [T mg=0.01TleV al

_lo'7— mg=1.01leV -

-10 'Oo IO-’ ldz I(53

m¢=1.01lev
oI mgc =0.2[TeV
0" 7

-9

& Inverse
-8 Decay
-10

-7 o
=105[ 5,8

Fig. 26. Quantum number densities (scaled by the CP-violation parameter €) generated in an SO(10)

model with an SU4) ® SU(2); ® U(1)g intermediate effective symmetry. § and $° are mass eigenstate

Higgs bosons occurring in 120y, while S is a Higgs boson from 10y. (a) shows the final baryon number

generated for a range of S, S and §° masses. (b) and (c) show the development of the independent
quantum number densities @ and B for two characteristic cases.
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Fig. 26 (cont’d.)

two characteristic cases, and indicate the dominant processes in each temperature
range. An asymmetry in @ is produced by S, S and §° decays. Asymmetry in B
must then be generated by conversion of this asymmetry. Only S and S interactions
violate C and thus may contribute to B.

In fig. 26b, ms>msz->ms, so that §¢ inverse decays first convert positive @
produced in S decay into a negative B. As the temperature falls below the S mass,
inverse decays into S dominate and B is driven positive. When @ is driven negative
by Sand§° decays the S inverse decays drive B negative again yielding a negative
final baryon number. For mg- < mg, the roles of S and §° are reversed and the final
baryon number is positive.

Fig. 26¢ shows the development of @ and B when mg> mgs= mg-. The final B
produced is positive since mg < mgs. B produced in $¢ inverse decays is reduced by
S inverse decays. For ms<<msg, B is produced after the effects of S inverse decays
are important and as a result the final B is larger than in the previous case.

Appendix

NOTATION FOR FERMION FIELDS

We describe spin-; fermions by two-component fields of definite chirality: left-
handed fields are denoted ¢; and right-handed fields ¢r. For massless fermions,
chirality and helicity are equivalent and the two chirality states are independent.
Only one of the states need therefore be present (for massless neutrinos vy is absent).



98 J. A. Harvey et al. | Cosmological baryon asymmetry

For the two-component fields, 7 denotes the left-handed antiparticle of ¢g,
while ¢ denotes the right-handed antiparticle of ;. For fields in which both
helicity states are present, parity (P) serves to interchange L and R components,
while charge conjugation (C) interchanges particles with antiparticles, according to

3 YL~ Y, Yr-> YL,
b YL YL = o2k, Yr> YR =—02U%,
CP: ‘/’L_) _02(//{ ) lle—) 0’2‘/’}’; ’

where o, is the Pauli matrix. These transformations are summarized in fig. 27.
Note the important feature that while the separate operations of C and P inter-
change L and R components, the combined CP transformation does not modify
the helicity state. Hence while the definition of individual C and P transformation
properties require the presence of both L and R states, CP transformation properties
may be defined for massless particles with only a single helicity state.

The two-component fermion fields may be collected into a four-component Dirac
spinor describing a fermion of arbitrary helicity: ¥ = (ﬁ;). It is convenient to take
the Dirac gamma matrices which act on this spinor in the Weyl representation:

0_(0 1) i_(o —ov“) 5_(1 0)
b Gl 1 0 ’ Y= a_i 0 ’ Yt 0 _1 ’

with ¢’ (i =1, 2, 3) the usual Pauli matrices. (This representation differs from the
more usual Dirac representation simply by the interchange y°< ¥’
The kinetic energy term in the fermion lagrangian is given by
VIV = 10" 04+ PG duim

with o = (1, 0'), " = (1, —0").
Fermion fields for which both helicity states are present may give a Dirac mass
term

moy = M(lﬁ;l//L'*' l//;r_(ﬂk) .

P
\I/L \I/R
cP
c c
C
Ve - >

Fig. 27. Action of C and P transformations on two-component fermion fields.
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If only one helicity is present, say ¢, no Dirac mass term may be constructed, but
a Majorana mass term is still possible:

e
mw* (__2_75) ¥ = myroy .

Here the charge-conjugate four-component spinor ¥ is given by

Qi ;:_ S T2y R
weo (VL) _( TR
R —ot
For a fermion field with only a single helicity state, it is sometimes convenient
to define a four-component Majorana spinor

wa=(_ %)

-0t

in terms of which the Majorana mass term becomes 3m Wy W
Note that fields with Majorana mass terms may not carry any U(1)o charges
since the mass term is not invariant under gauge transformations ¢, > e""oxz/L.
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