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Baryogenesis, sphalerons, and the cogeneration of dark matter

S. M. Barr
Bartol Research Institute, Uniuersity of Delaware, Newark, Delaware 19716

(Received 28 May 1991j

Processes involving the electroweak anomaly can erase completely a primordial baryon and lepton
asymmetry if 8 —L=O. This has led to the search for plausible mechanisms for weak-scale baryo-
genesis, or for the generation of a primordial B —L asymmetry. Here it is emphasized that if another
quantum number conserved up to anomalies is present electroweak anomaly processes would not neces-
sarily erase a primordial baryon asymmetry even if B —L=O. Moreover, an asymmetry in the new
quantum number that is comparable to the baryon asymmetry is generated concomitantly due to the
electroweak anomaly. This asymmetry could be the origin of dark matter.

It is generally thought that when the temperature in
the early Universe was greater than the Fermi scale pro-
cesses involving the electroweak anomaly ("sphaleron
processes") violated baryon number (8) and lepton num-
ber (L) at a rate that exceeded the expansion rate of the
Universe [1]. A consequence of this is that any primordi-
al B and L asymmetry that had been generated at the
grand-unified-theory (GUT) scale (or any other scale
large compared to the Fermi scale) would have been
erased unless there had been a primordial (8 L) asym-—
metry also [2]. This has led to eff'orts to find plausible
mechanisms of low-temperature baryogenesis [3] or to
generate a 8 Lasymmetry —[4]. The point of this paper
is to emphasize that if there is another global quantum
number in the low-energy theory that is, like B and L,
conserved (up to the weak anomaly) this conclusion is vi-
tiated, and that not only will a baryon asymmetry arise
even if B —L =0 but that at the same time an asymmetry
in the new quantum number will be generated that can
play the role of dark matter. Moreover, in simple realiza-
tions of this idea one can compute Qg Qdark matter
terms of only the mass of the dark-matter particle (which
is the lightest particle carrying the new quantum number)
and the number of species that exist of certain types of
particle. If one specifies the number of species in the
model and assumes that 1=0—=Qd, «m, «er, as suggested
by inAation, then one can relate Q~ to the mass of the
dark-matter particle alone. What one finds, typically, as
will be shown later, is that the asymmetry in the new
quantum number is comparable to the asymmetry in B
and L. Therefore to have Q~ —10 requires that the
dark-matter particle have a mass in the 100-GeV range.

What seems attractive about this idea is that three
problems are solved simultaneously. (a) 8%0 is generat-
ed without having to violate 8 L. (b) The dark —matter
(DM) is generated along with 8 and L. (c) It is explained
why QDM and Q~ are comparable (in an order-of-
magnitude sense), which in some scenarios is somewhat
coincidental in that the physics behind the generation of
the two densities is very dift'erent. The central ideas of
this paper is contained in an earlier paper of the present
author with Chivukula and Farhi [5]. These ideas were

there presented in the context of technicolor theories.
The point that we wish to make much clearer here is that
these ideas apply much more generally, and not only do
not require the formidable apparatus of technicolor, but
require no gauge interactions beyond those of the stan-
dard model.

The reason why if B —L were absolutely conserved
(and there were no new quantum number besides 8 and
L) anomaly processes would have wiped out both 8 and L
is easily understood. Since anomaly processes violate
both 8 and L (but not 8 L) when —these processes are in
equilibrium there will be a condition of the form
aB+PL =0 expressing this equilibrium. There is anoth-
er condition B —L =0 expressing the symmetric initial
condition of the Universe and the fact that B —L is abso-
lutely conserved. These two conditions on the two quan-
tities 8 and L can only be satisfied if 8 =L =0. (Note
that, because the B —L current is not anomalous,
aW —p. )

Now let us examine what happens when there are three
conserved (up to anomalies) quantum numbers 8, L, and
X. The condition expressing the equilibrium of the
anomaly processes is of the form aB+pL+yX=0. If
the X current has an electroweak anomaly then y will be
nonzero. [This means that there must be fermions carry-
ing both X and SU(2)L quantum numbers. The implica-
tions of this will be seen below. ] This relation and the re-
lation B —L =0 coming from the absolute B —L conser-
vation give only two conditions on three quantities, so
that a nontrivial solution exists:

XWO .a+

There are three interesting features of this equation.
First, without B —I violation one can still produce a
nonvanishing baryon asymmetry. Second, one produces
concomitantly an asymmetry of X that is comparable to
the baryon asymmetry. Since X is conserved up to
anomalies, the lightest X-bearing particle will be stable
and will play the role of dark matter [6]. If this particle
has a mass, m DM, roughly of the order of the Fermi scale,
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M~, one then expects that

-m /M~-10

subscript refers to their X charge. These have lepton
number zero. Finally, there are two new scalar multi-
plets,

sp

which is a reasonable result, And, third, if one knows the
parameters a, P, and y one can compute Q~/QDM in
terms only of the mass of the dark-matter particle. But
the parameters a, P, and y are computable from elemen-
tary thermodynamic arguments, and in simple cases will
only depend on the number of species of certain types of
particles in the low-energy theory as will be seen in the
example that will be described below.

There is one sticky point involved in this idea. It is
necessary, as noted above, that there be fermions that
carry both X and SU(2)I quantum numbers. However,
the lightest X-bearing particle, in order to play success-
fully the role of dark matter, must be electrically neutral
and, perhaps, sterile under the weak interactions as well.
In technicolor (where X=technibaryon number), as dis-
cussed in Ref. [7], it may happen that, while the techni-
quarks carry SU(2)I XU(1)r quantum numbers, the
lightest stable technibaryon is neutral under
SU(2)I XU(1)r. However, in this paper we wish to in-
vestigate what seems to us the simpler possibility, which
does not involve extending the gauge group of the stan-
dard model, that some X-bearing particles are SU(2)I
nonsinglet, while others are SU(2)1 singlets. The former
type are generated in the early Universe by the anomaly
processes but ultimately decay into the latter, which are
lighter and persist to make up the dark matter. We will
now discuss a model that shows how this can happen in a
realistic way.

To the standard model will be added a vectorlike set of
leptons consisting of an ordinary family of leptons

L =
)—,IL VL

which has X=0, L = + 1 and has a vanishing vacuum ex-
pectation value, and h, which is a singlet under every-
thing and has X=L=0. h may or may not have an ex-
pectation value; it does not matter. The value of X and L
for these various particles are listed in the table. It is
easy to see that there are the following terms possible
among these particles.

(a) 4 (L'Cli+ ), which is the lepton Yukawa coupling
of the standard model. If there are right-handed neutri-
nos there are also the terms @ (L'Cv I ) and (v I Cv I ).

(b) 4 (LCll+), N (LCvt), N (LCll ), and N (LCvL )

(but not vt Cvt or vt CvL because of X conservation),
which are the analogous Yukawa terms for the new lep-
tons and give them all mass of order M~.

(c) 4&' (L'CSO), 4&' (LCS, ), and 4' (LCS, ). These
couple the doublet leptons to the singlet fermions and
thus allow the former (which are produced by anomaly
processes) to decay into the latter (which are the dark
matter).

(d) h (S+„CS i ), (S+,CS, ), h (SOCSO), (SOCSO ),

TABLE I. The assignments of lepton number (L) and the
new quantum number X to the fields of the illustrative model.
The first set of fields with the family index a (a =1,2, 3), are the
known families of leptons; the second set is the exotic lepton
family; and the third set is the exotic mirror lepton family. The
S; (i =+1,0) are standard-model singlet fermions whose sub-
scripts refer to the value of X. + is the standard-model Higgs
doublet. W' and h are additional scalars.

Field X L

and a mirror family of leptons

I +

) lL, ) VL,V

L Q—

I+Q
L

~ L(~)

I
—Q

, L
+1

These will obtain mass, as do the known leptons

aI, , l~+', and perhaps vL

V
L

I L

from the standard-model Higgs doublet
0

0

(a here is a family label and is not carried by the new lep-
tons. ) The new leptons do not mix with the known lep-
tons and carry the conserved (up to anomalies) quantum
number X, as shown in Table I. Note that while L is a
lepton and L is an antilepton, both doublets L and L car-
ry the same value of X. If they carried the opposite
values then X would have no electroweak anomaly. In
addition to these leptons there are some
SU(3) X SU(2)I XU(1)r-singlet fermions that will be
denoted S+&, S

& Sp ~ These are left-handed and the

IL

VL

S+)
S
So

yO

+1
0
0
0
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P(u ) Pq+ 2Pw

P(d ) Pq 2Pw ~

P(v ) PI+ 2Pw ~

P(l ) Pi 2Pw

(2a)

(2b)

(2c)

(2d)
I

and h, h, h . These all involve only singlet particles.
These couplings allow the S particles to annihilate with
their antiparticles into h particles [see step (6) below].

The cosmological evolution was as follows. (1) At very
early times when the temperature was far above M~,
some processes —perhaps grand unification processes—
generated B =LAO. Whether XWO was also generated
at this point does not matter, but let us say not. (2) When
anomaly processes were in equilibrium (down to about
T=200—300 CreV, see [8]) they violated B, L, and X (but
not B L) a—nd converted some of the asymmetry in B
and L into an asymmetry in X, as described in Eq. (1).
The X-bearing particles that are generated by the anoma-
ly processes are the doublets, L and L. (3) Anomaly pro-
cesses went out of equilibrium, i.e., "froze-out. " (4) When
the temperature fell below the masses of L and L, annihi-
lations occurred between L and L and their antiparticles
leaving only the excess of L and L (due to the X asym-
metry). (5) These excess L and L decayed through N'-
mediated processes into ordinary leptons and the X-
bearing singlets S &, as follows, L —+L'+So+S"& and
L ~L"'+So"+S",. Here (c) means antiparticle.
Thus since S"& has X= + 1, the X asymmetry existed
(and still exists) as an asymmetry in S,. This is the dark
matter. (6) When the temperature further dropped below
the masses of the S+ and So, annihilations occurred be-
tween them and their antiparticles to give h particles.
Only the asymmetry in S I now remains of the singlet
fermions, S;. (7) When the temperature dropped below
the mass of h, they decay away into ordinary particles.
For example, the loop diagram shown in Fig. 1 can give
h ~2 leptons. One is left, finally, with the B, L, and X
asymmetries resulting from step (2). The B asymmetry is
today in the form of protons and neutrons. The X asym-
metry is in the form of S &, which being the lightest par-
ticles having X are stable. To compute the relative abun-
dances of B, L, and X it is thus only necessary to compute
what they were when the anomaly processes froze out.
This is an elementary thermodynamic exercise. Given
the processes that are allowed by the couplings (a)
through (d) above one can write the chemical potentials
of all the particles in terms of four quantities:
pq p p/ p p pJ p p+ One finds for the particles of the stan-
dard model

-b

FIG. 1. Diagram showing how the h particle can decay into
ordinary matter in the illustrative model described in the text.

P(~+)=Pw
P(N)=0 .

For the new particles

P(&)=Pt+Px+ ~Pw ~

p(l )=pl+px pw (v—l

p(v) = pI+ px —,'p w (v—l+—«»

P(l+ ) = PI+Px+ P

P(S+1)= P(S 1)=PX-
P(SO) =0,
P(4 )=PI+ 2Pw

P(4 ) =PI Pw-
P(h)=0 .

(2e)

(2g)

(2h)

(2i)

(2j)

(2k)

(21)

(2m)

(2n)

(2o)

One can now eliminate p~ using the condition that the
Universe has net electric charge zero [9]. From the con-
dition that the anomaly processes be in equilibrium, and
from the condition B —L =0, one can solve for pz and
p& to get everything in terms of p . The ratio of B and X
can then be determined.

For simplicity, we will make the following plausible as-
sumptions, m, =m o„m -=m, , and m =—m, +. These
are plausible because to assume otherwise would give
significant contributions to the p parameter. (These
masses are all assumed to be in the 100—300-GeV range. )
Also it is assumed that mi —=m +. If T* is the tempera-

I

ture at which the anomaly processes froze out, we assume
thai m~ «T*.

+1
Charge neutrality implies that

0= 18(—,
' )p(u')+ 18( ——,

' )p(d')+6( —1)p(l' )+2nl (+1)[fF(m,+/T" )/f~(0)]p(l+)
+2n&. ( —1)[fz(m&. /T*)/fz(0)]p(P ')+3(+1)[fz(Mw/T*)/fF(0)]p(8'+) .

Here fF and f~ represent the fermion and boson distri-
bution functions

1 f~ ydy
4' o cosh ( —,'+y +x )

f,(x)= ',f"—
4~ 0 sinh ( —,'+y +x )

We have assumed that the chemical potentials are the
same for the three known generations and have used that
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the masses of the known quarks and leptons are small
compared to T'. Using also that Miq/T'«1 and that
fii(0)/fz(0)=2, the last term in the equation becomes
6p( W+). n& and nL are the number of fiavors of @' and
I., respectively. We will define px /p

6
c (n)nl

(10)

c(0)=—,'4, —=0.92; c(1)-=1.02; c(3)-=1.12; (10)=-1.23;
and c(~)=1.33. For realistic values of n=2nI +n&
c (n) = l.2+0. 1. In terms of this Eq. (9) becomes

2n&. =n&. [—fz(m&. /T')/fF(0)],

nL = nI [f F(mi /T*) /fz(0) ] .

Then using Eqs. (2) one has

(3)
Now if we call the number of species of S, by nz the
value of X ( T) /B ( T) is given by

X(T)/B(T) =(8nL +2nz)px/12pq

or

0=6p —(6+4nI —2n& )pi

+p~(18+2nL+n& )

Or,

nL +—,'n~

nL
c(n)

—6p +(6+4nL +2n&. )pi

(18+2nl +np )
(4)

Q~
Q~ —=

+DM

1 mp nL

4 mDM nL+ —ns
L

c(n) . (12)

Moreover lepton and baryon number are given by

B ( T*)~ 12p

6(Pi 2PR )+3(Pi+ 2PN )

+ 8nL pi+4n y' pt

=(9+8nL+4n~. )pi —2ps

(sa)

(5b)

12p =(9+4n)pi ——3P~ .

Equation (4), which can be rewritten as

p~=[ 6pq+(6+2n)pi]/(18+n ),
allows Eq. (6) to be expressed as

(207+12n)p =(153+78n +4n )pi .

(6)

(7)

Finally, there is the condition that anomaly processes are
in equilibrium. This gives

0=9pq+3pl +2nLp»
This comes from the fact that a weak instanton emits 9
quark lepton doublets (3 families), and nI each of the
doublets L and L. Equations (7) and (8) imply that

PI
2nL px pq +

Pq

666+246n + 12n 2

153+78n +4n
(9)

We will define a function

2 153+78n +4n
111+41n +2n

which can be seen to be very slowly varying:

(Here we have used the fact that there is only one polar-
ization of the neutrinos, v, and two polarizations of the
charged leptons, I'.) Since the combination (2nL+n& ).
appears in several places we will call this n. Thus the
condition B —I.=0 gives

mp
Q8

mDM
(13)

For mL approximately equal to or larger than T* the fac-
tor nL /(nL + ,'n&) be—comes larger, but is still of order
unity.

The above model is certainly not unique. There are
several simple sets of fermions that could be added to the
standard model and given an anomalous but otherwise
conserved global quantum number. Nevertheless, the
qualitative features should remain unaffected, and one ex-
pects to find

Q~ —km /mDM, (14)

where k is a number roughly of order unity determined
by simple thermodynamic considerations, and involving
the details of the model. The dark-matter particle is then
a standard model singlet with mass in the 10—100-GeV
range. It would be hard to see this particle directly. But
as we have noted there must be some X-bearing fermions
that have SU(2)I XU(1)r quantum numbers (in this
model L and L ). These can be produced in the laborato-
ry, in pairs because of the X conservation. Then they will
decay, as in the early Universe, into ordinary leptons (or
quarks) and the dark-matter particles. In that way the
properties of the dark-matter particle and the other parti-
cles in the 'X sector' could be indirectly inferred.

A general consideration in any model of dark matter
where the dark matter abundance is supposed to be en-
tirely due to an asymmetry, as here, is whether the sym-
metric component has sufficient annihilation cross section

The factor c (n) is indistinguishable from unity in prac-
tice since Qii will probably never be known to 10%. All
of the practical uncertainty is in the factor
nL /(nI + ,'ns). If ml —issignificantly less than T', then
this factor is just (1+ ,'n, /nL —)

This is a simple rational number characterizing the
model and is for small values of ns and nL (and therefore
for the simplest models) also indistinguishable from uni-
ty. Thus it is fair to say that if nslnl 1 that within
about 20%
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to disappear [6]. A problem can arise if the cross section
required for the symmetric component to annihilate
makes the dark matter so interactive that it would have
been seen in laboratory searches. This problem does not
arise here because the annihilations of the S; and their
antiparticles happen through the coupling to the singlet
scalar h. This interaction can be supposed to be fairly
strong without leading to any problems because it in-
volves only exotic, gauge-singlet particles. The h does
not mediate any interaction of the dark-matter particle,
S „with ordinary quarks and leptons.

A final remark is in order about how the primordial B
and I. asymmetries might have arisen. One possibility is

through conventional grand unified theories in the famil-
iar "drift and decay" scenario. For example, one can
embed the illustrative model outlined above in the most
straightforward way in an SU(5) model, assigning the new
lepton family and mirror family to ( 10+5+ 1 ) and
(10+5+1), respectively, and the standard model singlet
fields S; and h to SU(5) singlets. One finds that the SU(5)
gauge interactions (or the exchange of color-triplet sca-
lars) violate B and L as in minimal SU(5), but both B L—
and X (which is assigned to whole SU(5) multiplets in the
way consistent with Table I) are exactly conserved—
except that X is anomalous, of course. Thus the primor-
dial asymmetry would be B=L&0, X=O.
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