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Explaining VbaryonÉ0.2Vdark through the synthesis of ordinary matter from mirror matter:
A more general analysis

R. Foot* and R. R. Volkas†

School of Physics, Research Centre for High Energy Physics, The University of Melbourne, Victoria 3010, Australia
~Received 25 February 2004; published 9 June 2004!

The emerging cosmological picture is of a spatially flat universe composed predominantly of three compo-
nents: ordinary baryons (VB'0.05), nonbaryonic dark matter (Vdark'0.22) and dark energy (VL'0.7). We
recently proposed that ordinary matter was synthesized from mirror matter, motivated by the argument that the
observed similarity ofVB andVdark suggests an underlying similarity between the fundamental properties of
ordinary and dark matter particles. In this paper we generalize the previous analysis by considering a wider
class of effective operators that nongravitationally couple the ordinary and mirror sectors. We find that while all
considered operators implyVdark5few3VB , only a subset quantitatively reproduce the observed ratio
VB /Vdark'0.20. The;1 eV mass scale induced through these operators hints at a connection with neutrino
oscillation physics.

DOI: 10.1103/PhysRevD.69.123510 PACS number~s!: 95.35.1d, 11.30.Er, 12.90.1b, 98.80.Cq
-
e

-

is
h
e

m
ive
n

a
an
si
ifi

th
r

r-
a

as
n-

er-
ed
d

all

s in
ns,
ror
the
that
usly
ir-
ggs
ling

eir
ter-
ity,
ect

ant
ons
n–

n-5

It
nd

by

to
s.
I. INTRODUCTION

A variety of evidence, culminating in the Wilkinson Mi
crowave Anistropy Probe~WMAP! measurements of th
cosmic microwave background@1#, points to a spatially flat
universe composed of approximately 5% baryons (B), 22%
nonbaryonic dark matter~DM! and roughly 70% dark en
ergy. These fractions, while different, are suspiciously sim
lar in magnitude. From a theoretical point of view, this
surprising, as one mighta priori expect the physics of eac
component to be rather different. This is a new naturaln
puzzle.

The similarity of the positive and negative pressure co
ponents, roughly 30% and 70% respectively, has rece
some attention in the literature. However, the similar mag
tudes ofVB andVdark are also puzzling.~As usual,VX de-
notes the ratio of the energy density of componentX and the
critical density.! In Ref. @2#, we began an exploration of
possible solution. We proposed that the similar baryonic
dark matter densities suggest that the internal microphy
of each component are actually similar or identical. Spec
cally, this will be case if the dark matter is identified wi
mirror baryonic matter,B8.1 The purpose of this new pape
is to extend the analysis of Ref.@2#.

A theoretical motivation for mirror matter@4,5# is to retain
the full Poincare´ group, including improper Lorentz transfo
mations such as parity inversion and time reversal, as
exact symmetry group of nature, despite theV2A character
of weak interactions. Mirror matter theories have aG^ G
gauge group structure, with ordinary and mirror particles
signed to (R,1) and (1,R) representations, respectively. U

*Electronic address: foot@physics.unimelb.edu.au
†Electronic address: r.volkas@physics.unimelb.edu.au
1The VB;Vdark issue was very briefly touched upon by Ben

and Berezhiani@3# also in the context of mirror matter model
Note, though, that their mechanism producesVB5VB8 for the sym-
metric mirror model.
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der parity transformations, a given ordinary particle int
changes with its mirror partner. For fermions, a left-hand
~right-handed! ordinary particle is paired with a right-hande
~left-handed! mirror partner. Time-reversal invarianceT8 fol-
lows from theCPT theorem, withT8P8[CPT whereP8 is
the exact mirror parity operation defined above. We sh
focus on the simplest mirror matter model, whereG is the
standard model gauge group, there are no exotic fermion
addition to the mirror partners of known quarks and lepto
and there is just one Higgs doublet paired with one mir
Higgs doublet. We shall consider only the case where
vacuum also respects improper Lorentz transformations,
is, the discrete spacetime symmetries are not spontaneo
broken@5#. This means that an ordinary particle and its m
ror partner have the same mass. A large region of Hi
potential parameter space allows this aesthetically appea
scenario@5#.

Mirror particles interact amongst themselves through th
own versions of the strong, weak and electromagnetic in
actions. The two sectors are inevitably coupled by grav
but various nongravitational interactions can also conn
them. Within the class of renormalizable, gauge-invari
and mirror-symmetry-invariant operators, these interacti
are photon–mirror-photon kinetic mixing and Higgs-boso
mirror-Higgs-boson coupling through af†ff8†f8 term~we
denote mirror fields with a prime! @5#. The implications of
these interactions have been explored in several papers@5,6#.

The mechanism under study here employs dimensio
effective operators of the formlepton–Higgs-boson–lepton8
–Higgs-boson8 to couple the ordinary and mirror sectors.
also requires an assumption about the initial lepton a
baryon asymmetries~prior to reprocessing!. In Ref. @2#, a
particular such operator with natural initial asymmetries~see
below for a review! was found to yield

VB

Vdark
.0.20–0.21, ~1!

in excellent agreement with the allowed range suggested
WMAP @1# 0.2060.02.
©2004 The American Physical Society10-1



a-
n
-

a

th

o
n
ns

a

n

m
ith
nt
or
o

ng
,

n
-

m

pl
a
on
.’’

t

m
n

s.
ar

n

r
e

W
of
pe

y-
ption

o-
ted

i-
ble,
fun-
ble
ns,

s

ther-

lid
are

rate.
i-

e

,
and
ng

by

ng
the

q.
ne
tes

ec-

e
g-

ass
it is
nct

R. FOOT AND R. R. VOLKAS PHYSICAL REVIEW D69, 123510 ~2004!
We would now like to know if this encouraging quantit
tive success is unique to the effective operator we happe
to consider in Ref.@2#. The purpose of this paper is to exam
ine a wider class of operators. We shall find that while
selected operators yieldVB /Vdark,1, only a subset are
quantitatively consistent with the observations, and that
operator of Ref.@2# is not uniquely favored~from this cos-
mological perspective!.

The next section reviews the dynamical framework
Ref. @2# and the section after that presents our calculatio
We end by discussing our results and drawing conclusio

II. REVIEW OF THE DYNAMICAL FRAMEWORK

A fundamental feature of mirror matter cosmology is th
the temperature of the mirror sector,T8, is expected to be
different from that of the ordinary sector,T, at least during
certain epochs. For the late epoch during which big ba
nucleosynthesis takes place,T8/T&0.5 should hold in order
to constrain the expansion rate of the universe at that ti
From a later period still, large scale structure formation w
mirror DM suggests a slightly more stringent constrai
T8/T&0.2 @7#. The smaller this ratio is, the more does mirr
DM resemble standard cold DM during the linear regime
density perturbation growth~they obviously must differ in
the nonlinear regime because mirror DM is self-interacti
chemically complex and dissipative! @7#. For earlier epochs
however, we have no observational constraints thatT8/T
must satisfy. IfVdark5VB8 , our fundamental hypothesis, the
the inequality ofVB8 andVB strongly suggests that the tem
peratures were also different for at least part of the ti
during baryogenesis.

A temperature difference can be created, for exam
through inflation@8#. Imagine that there is an inflaton and
mirror inflaton, and that inflation is seeded by a fluctuati
through whichever of these fields the fluctuation ‘‘favors
Upon reheating, themacroscopicordinary-mirror asymmetry
generated by the amplified fluctuation will translate intoT8
ÞT provided the two sectors are weakly enough coupled
each other. The subsequent evolution ofT8/T depends on the
precise nature of the ordinary-mirror coupling terms. We e
phasize that the macroscopic temperature asymmetry is
at all inconsistent with an exactly symmetric microphysic

We can now review the main dynamic events our scen
requires:

Step 1.Suppose that reheating after inflation leaves a u
verse with

T8@T, ~2!

that is, the universe is totally dominated initially by mirro
matter. This would happen if inflation was driven by th
vacuum energy of a mirror inflaton.

Step 2.Around a certain temperature,T85T1, mirror
baryon and/or mirror lepton asymmetries are created.
prefer not to specify the mechanism. It might be the out-
equilibrium decays of the heavy neutral mirror leptons as
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leptogenesis@9#, or something else. No significant ordinar
sector asymmetries are generated—a reasonable assum
in the limit of Eq. ~2!.

Step 3.These initial asymmetries are chemically repr
cessed. In particular, ordinary asymmetries are crea
through effective dimension-5 operators of the form

L5S 1

MN
D

i j

,̄ iLfc, jR8 f81H.c., ~3!

where,L is a left-handed ordinary lepton doublet,,R8 is its
mirror partner,f is the ordinary Higgs doublet, andf8 is its
mirror partner. The indicesi , j 51,2,3 denote the three fam
lies. These are the lowest dimension nonrenormaliza
gauge-invariant operators one can construct out of the
damental fields. They may be generated from renormaliza
operators through the exchange of gauge-singlet fermio
hence the notationMN . They also induce termsmn

[^f&2/MN in the light neutrino mass matrix. As well a
contributing~with sphaleron and other effects! to the chemi-
cal reprocessing of asymmetries, these interactions also
mally equilibrate the sectors, that is, induceT5T8. They
operate during the temperature regime

MN*T*T2[1010~eV/mn!2 GeV. ~4!

For T*MN , the effective Lagrangian approach is not va
and the parent fundamental, renormalizable interactions
slower than the expansion rate, while forT&T2 the effective
interactions are themselves slower than the expansion
The issue explored in this paper is how different family h
erarchy assumptions for the (1/MN) i j affect VB /VB8 .

Step 4.A second but relatively brief inflationary episod
~or some alternative process! must then occur~beginning at
some temperature,T3) in order to set up the mild hierarchy
T8/T&0.2–0.5, as required for big bang nucleosynthesis
the later linear perturbation growth periods. It is interesti
that this hierarchy is in the opposite sense to that created
the first inflationary episode@see Eq.~2!#. If the mirror infla-
ton induces the earlier inflationary burst, then it is tempti
to ascribe the later burst to a largely failed attempt by
ordinary inflaton to reciprocate.

III. CALCULATING VB ÕVdark

The main issue is the family structure assumed for E
~3!. We shall take for simplicity and definiteness that o
flavor combination for the effective operators domina
@through having the largest (1/MN) i j ], with all the others too
small to affect the chemical reprocessing. Given the conn
tion with neutrino mass, we shall assume the relevantMN is
of order^f&2/(1 eV), since the;1 eV scale is a reasonabl
upper ‘‘bound’’ on neutrino mass, and is even directly su
gested by the Liquid Scintillating Neutrino Detector~LSND!
anomaly@10# @see also Ref.@11# for discussions of ordinary-
mirror neutrino mixing#.

In Ref. @2#, we examined only one case, where thei 5 j
52 term dominates. Assuming that there is just one eV m
term connecting the ordinary and mirror sectors and that
approximately flavor diagonal, then there are just 6 disti
0-2
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cases to consider~including i 5 j 52 to be called case 1 from
now on!:

case 1: L5
1

MN
,̄2Lfc,2R8 f81H.c., ~5!

case 2: L5
1

MN
,̄1Lfc,1R8 f81H.c., ~6!

case 3: L5
1

MN
,̄3Lfc,3R8 f81H.c., ~7!

case 4: L5
1

MN
,̄2Lfc,3R8 f8

1
1

MN
,̄2R8 f8c,3Lf1H.c., ~8!

case 5: L5
1

MN
,̄1Lfc,3R8 f8

1
1

MN
,̄1R8 f8c,3Lf1H.c., ~9!

case 6: L5
1

MN
,̄1Lfc,2R8 f8

1
1

MN
,̄1R8 f8c,2Lf1H.c. ~10!

These operators affect chemical reprocessing by constrai
the chemical potentials of the species concerned. We
need to review how the reprocessing is analyzed.

For temperatures below about 1012 GeV, QCD @12# and
electroweak@13# nonperturbative processes plus the Yuka
interactions for the fermionsc, t, b and t are faster than the
expansion rate of the universe@14#. The Yukawa interactions
for eR , uR , dR , mR andsR do not become fast enough un
the temperature drops below about 1010 GeV. Diagonal and
off-diagonal weak interactions involving left-handed quar
are also happening rapidly. ByT2.1010 GeV @see Eq.~4!#,
the selected effective operator, one of Eqs.~5!–~10!, has also
induced rapid interactions, affecting the chemical compo
tion and inducingT5T8. At about T51010 GeV, all the
quarks, leptons, Higgs bosons and their mirror partners ar
thermal equilibrium with distribution functions governed b
the temperature and chemical potentials for all the involv
species. We denote the chemical potential for speciesX by
mX (X8 by mX8 ). The rapid processes listed above relate
m ’s. In addition, we impose electric charge or hypercha
neutrality, and mirror electric/hypercharge neutrality, for t
universe.

The chemical constraint equations are@14#
12351
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9mq1(
i 51

3

m, i
50 ~electroweak nonperturbative!,

6mq2(
i 51

3

~mui
1mdi

!50 ~QCD nonperturbative!,

3mq12mf1(
i 51

3

~2mui
2mdi

2m, i
2mei

!50

~electric charge neutrality!,

mq2mf2md3
50 ~b-quark Yukawa!,

mq1mf2mu2
50 ~c-quark Yukawa!,

mq1mf2mu3
50 ~ t-quark Yukawa!,

m,3
2mf2me3

50 ~t-lepton Yukawa!, ~11!

plus the corresponding seven equations from the mirror s
tor. The simplified notation here ismq[mq1L

5mq2L
5mq3L

,
where the equalities are enforced by off-diagonal weak in
actions;mui

[muiR
, mdi

[mdiR
andm, i

[m, iL
. We are work-

ing in the Yukawa-diagonal basis~sou3R becomes the right-
handed component of the mass eigenstatet quark after the
electroweak phase transition, and so on!.

Then there are one or two more constraint equations,
duced by the dimension-5 operator~s!:

case 1:2m,2
2mf1m,

28
1mf850, ~12!

case 2:2m,1
2mf1m,

18
1mf850, ~13!

case 3:2m,3
2mf1m,

38
1mf850, ~14!

case 4:2m,2
2mf1m,

38
1mf850;

2m,2
8 2mf8 1m,3

1mf50, ~15!

case 5:2m,1
2mf1m,

38
1mf850;

2m,1
8 2mf8 1m,3

1mf50, ~16!

case 6:2m,1
2mf1m,

28
1mf850;

2m,1
8 2mf8 1m,2

1mf50. ~17!

So cases 1–3 have 15 constraint equations, while cases
have 16. With 28 chemical potential variables, this leaves
free m ’s for cases 1–3, and 12 for cases 4–6. The free v
ables correspond to conserved quantities.

The solution strategy is simply to~i! select the appropriate
number ofm ’s ~13 or 12! as independent variables,~ii ! solve
for the remaining chemical potentials in terms of them,~iii !
identify the independent, conserved quantities for each c
0-3
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TABLE I. The a andb coefficients in the expansions ofB andL for cases 1 and 2 as defined in Eqs.~19!
and ~20!.

a05
69

316
b05

289
316

a15
43263
98276

a185
2345
98276

b15
255803
98276

b185
445

98276

a25
7050

24569
a285

414
24569

b25
216571
24569

b285
2534
24569

a35
45189
98276

a385
26003
98276

b35
31443
98276

b385
7743

98276

a45
23385
98276

a485
15801
98276

b45
59567
98276

b485
220381
98276

a55
2963
24569

a585
2829

24569
b55

5515
24569

b585
23649
24569

a65
2963
49138

a685
2829

49138
b65

5515
49138

b685
23649
49138
om

r

e
o
ow

n

ix
th

-

y a

.
e-

on

ase
and write the associated chemical potential as a linear c
bination of the independent chemical potentials chosen
step~i!. Finally, ~iv! solve for the baryon/lepton and mirro
baryon/lepton asymmetries atT.1010 GeV in terms of the
conserved charges. Below 1010 GeV, other processes com
into play in determining the final, low temperature values
the baryon and mirror baryon asymmetries via a by n
standard procedure~see below!.

We now examine each case defined by Eqs.~5!–~10!
separately. In the main text, we shall write down the co
served charges and give the expressions forB, L, B8 andL8
at T.1010 GeV in terms of those charges. In the Append
we give the algebraic details for case 1 to illustrate the me
odology.

A. Cases 1 and 2

Considering first case 1, atT;1010 GeV there are 13 con
served charges:

L05
1

3
B2L21

1

3
B82L28 ,

L15
1

3
B2L1 , L185

1

3
B82L18 ,

L25
1

3
B2L3 , L285

1

3
B82L38 ,

L35Le1R
, L385Le1R

8 ,

L45Le2R
, L485Le2R

8 ,

L55Bu1R
2Bd1R

, L585Bu1R
8 2Bd1R

8 ,
12351
-
at

f
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L65Bd1R
2Bd2R

, L685Bd1R
8 2Bd2R

8 . ~18!

The notation is thatLi is the lepton number of familyi, B
(L5L11L21L3) is the total baryon~lepton! number,BqiR

is

the charge for right-handed quarkq from family i, andLeiR
is

the charge for the right-handed charged lepton of familyi.
The corresponding quantities from the mirror sector carr
prime.

In terms of these quantities,

B5a0L01(
i 51

6

a iLi1(
i 51

6

a i8Li8 ,

L5b0L01(
i 51

6

b iLi1(
i 51

6

b i8Li8 . ~19!

Under mirror symmetry,B↔B8, L↔L8, Li↔Li8 ~and L0

→L0). Hence,

B85a0L01(
i 51

6

a iLi81(
i 51

6

a i8Li ,

L85b0L01(
i 51

6

b iLi81(
i 51

6

b i8Li . ~20!

The values of thea andb parameters are given in Table I
Results for case 2 follow from case 1 with the replac

ments L2→L1 , L28→L18 in L0 and L1 (L18)→L2 (L28) in
L1 (L18). Because both muon– and electron–Higgs-bos
Yukawa interactions are negligible above 1010 GeV, thea,b
coefficients for case 2 are trivially the same as those for c
1 which were given in Table I.
0-4
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TABLE II. The a andb coefficients in the expansions ofB andL for case 3.

a05
12
79

b05
255
158

a15a25
735

1738
a185a285

12
869

b15b25
242
79

b185b285
25
158

a35a45
71

158
a385a485

24
79

b35b45
67

237
b385b485

55
474

a55
246
869

a585
112
869

b55
88

237
b585

270
237

a65a5/2 a685a58/2 b65b5/2 b685b58/2
s

B. Case 3

In this case, we again have 13 conserved charges, a
Eq. ~18!, but with L3→L2 (L38→L28) in L2 (L28), and L2

→L3 , L28→L38 in L0. Thea andb values are listed in Table
II.

C. Cases 4 and 5

Considering first case 4, atT;1010 GeV, there are 12
conserved charges:

L05
1

3
B2L31

1

3
B82L28 , L085

1

3
B82L381

1

3
B2L2 ,

L15
1

3
B2L1 , L185

1

3
B82L18 ,

L25Le1R
, L285Le1R

8 ,

L35Le2R
, L385Le2R

8 ,
12351
in
L45Bu1R

2Bd1R
, L485Bu1R

8 2Bd1R
8 ,

L55Bd1R
2Bd2R

, L585Bd1R
8 2Bd2R

8 . ~21!

In terms of these quantities,

B5(
i 50

5

~a iLi1a i8Li8!,

L5(
i 50

5

~b iLi1b i8Li8!. ~22!

Under mirror symmetry,B↔B8, L↔L8, Li↔Li8 . Hence,

B85(
i 50

5

~a iLi81a i8Li !,

L85(
i 50

5

~b iLi81b i8Li !. ~23!
s.
TABLE III. The a andb coefficients in the expansions ofB andL for cases 4 and 5 as defined in Eq
~22! and ~23!.

D5328321

a05
53484

D
a085

66132
D

b05
2123061

D
b085

285644
D

a15
140874

D
a185

4908
D

b15
2177434

D
b185

25105
D

a25
165018

D
a285

234188
D

b25
72793

D
b285

58037
D

a35
90276

D
a385

14388
D

b35
164583

D
b385

259919
D

a45
248288

D
a485

78192
D

b45
156188

D
b485

2126284
D

a55
a4

2 a585
a48

2
b55

b4

2 b585
b48

2

0-5
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TABLE IV. The a andb coefficients in the expansions ofB andL for case 6.

D51343 D2[3D54029

a05a085
3519
12D

b05b085
213617

12D2

a15
362
D

a185
46
D

b15
22627

D2
b185

2178
D2

a25a35
4793
12D

a285a385
1633
12D

b25b35
25597
12D2

b285b385
26319
12D2

a45
2637
3D

a485
943
3D

b45
4567
3D2

b485
23649

3D2

a55
a4

2 a585
a48

2
b55

b4

2 b585
b48

2
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The values of thea andb parameters are given in Table II
Results for case 5 follow from case 4 with the replac

ments L28→L18 (L2→L1) in L0 (L08) and L1→L2 (L18
→L28) in L1 (L18). Because both muon– and electron
Higgs-boson Yukawa interactions are negligible abo
1010 GeV, thea,b coefficients for case 5 are trivially th
same as those of case 4~given in Table III!.

D. Case 6

This case is similar to case 4, except thatL1→L3 (L18
→L38) in L1 (L18) and L3→L1 (L38→L18) in L0 (L08). The
a,b coefficients are given in Table IV.

IV. RESULTS AND CONCLUSIONS

The values of the conserved charges,Li , Li8 andL0 de-
pend on theinitial asymmetry generation mechanism. As
Ref. @2#, we consider, for definiteness, the simple case
non-zeroB8 and/or L8: B85X08 , L85Y08 , B5L50 ~with
L,1

8 5L,2
8 5L,3

8 [Y08/3 and Bu1R
8 5Bd1R

8 5Bd2R
8 ). The only

nonzero conserved charges are then

L185L285L05
1

3
~X082Y08![Z, cases 1 –3,

L185L085L0[Z, cases 4 –6. ~24!

After chemical processing, the baryon and mirror bary
asymmetries atT.1010 GeV are then

B5Z~a01a181a28!, B85Z~a01a11a2!, cases 1 –3,

B5Z~a01a081a18!, B85Z~a01a081a1!, cases 4 –6.
~25!

The ordinary matter/dark matter ratio at that temperatur
therefore

B

B8
5

a01a181a28

a01a11a2
5

3795

15487
.0.25, cases 1 and 2,
12351
-

e
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n
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B

B8
5

a01a181a28

a01a11a2
5

52

289
.0.18, case 3,

B

B8
5

a01a081a18

a01a081a1

5
20754

43415
.0.48, cases 4 and 5,

B

B8
5

a01a081a18

a01a081a1

5
1265

1897
.0.67, case 6. ~26!

The value of this ratio changes to some extent at low
temperatures as different chemical processes become im
tant. However, at temperatures near that of the electrow
phase transition,T5TEW;200 GeV, the values ofB andB8
depend only on the values ofB2L and B82L8. These
charges are separately conserved forT!1010 GeV, because
the interactions in Eqs.~5!–~8! chemically connecting the
ordinary and mirror sectors are slower than the expans
rate. This yields the well-known relation betweenB and B
2L @15#,

B5
28

79
~B2L !, ~27!

with an identical relation forB8 in terms ofB82L8. Below
the electroweak phase transition temperature, there are
processes fast enough to further affectB and B8. Thus the
final, low temperature value of the ratioB/B85VB /VB8 is
simply given by (B2L)/(B82L8) evaluated at T
.1010 GeV:

VB

VB8
5

a01a181a282b02b182b28

a01a11a22b02b12b2
5

55

256

.0.22, cases 1 and 2,
0-6
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VB

VB8
5

a01a181a282b02b182b28

a01a11a22b02b12b2
5

13

53

.0.25, case 3,

VB

VB8
5

a01a081a182b02b082b18

a01a081a12b02b082b1

5
214

409

.0.52, cases 4 and 5,

VB

VB8
5

a01a081a182b02b082b18

a01a081a12b02b082b1

5
55

98

.0.56, case 6. ~28!

If there is some brief period of inflation betweenT
;1010 GeV andTEW , as suggested by Step 4, then the
sults depend on when this second period of inflation occ
T5T3, as well as the subsequent ordinary and mirror se
reheating temperatures,TRH and TRH8 respectively ~with
TRH8 ,TRH required for successful big bang nucleosynthe
and large scale structure formation!.

At one extreme, ifT3;TEW , then the results of Eq.~28!
hold irrespective of the reheating temperatures. The o
extreme case,T351010 GeV, allows three outcomes. I
TRH.TEW andTRH8 .TEW , then Eq.~28! again holds. In the
opposite situation,TRH,TEW andTRH8 ,TEW , the final val-
ues are simply given by Eq.~26!, because no further repro
cessing can take place. The acceptable intermediate situa
TRH.TEW and TRH8 ,TEW , has further ordinary sector re
processing but a frozen mirror sector. For this situation,
final ratios are given by

VB

VB8
5

28

79

a01a181a282b02b182b28

a01a11a2
5

3080

15487

.0.20, cases 1 and 2,

VB

VB8
5

28

79

a01a181a282b02b182b28

a01a11a2
5

182

867

.0.21, case 3,

VB

VB8
5

28

79

a01a081a182b02b082b18

a01a081a1

5
1578892

3429785

.0.46, cases 4 and 5,

VB

VB8
5

28

79

a01a081a182b02b082b18

a01a081a1

5
440

813

.0.54, case 6. ~29!

These results all reproduce the qualitative observation
there is more dark matter than ordinary matter. Intuitive
12351
-
s,
or

s

er

on,

e

at

this is because the Friedmann-Robertson-Walker univers
born full of mirror matter~under our assumptions!, and only
some of the net mirror baryon/lepton number is chemica
reprocessed into an ordinary baryon asymmetry. But it is a
interesting that there is a subset of effective dimensio
operators which arequantitativelysuccessful, namely case
1–3 @with case 3 marginal unless the circumstances lead
to Eq. ~29! obtain#. Given that the effective operators als
contribute to the light neutrino mass matrix throug
ordinary-mirror neutrino mixing, a tentative connection b
tween the dark matter problem and neutrino oscillation ph
ics can be made. The connection must be tentative, bec
some important assumptions lie behind our results, es
cially the microphysical desert between the electrowe
scale and physics at 1010–1012 GeV ~as emphasized in Ref
@2#!.

In conclusion, we have shown that the ratio of baryonic
nonbaryonic dark matter,Vb /Vdark50.2060.02, inferred by
WMAP @1#, can bequantitativelyexplained if mirror matter
is identified with the nonbaryonic dark matter. Our explan
tion involves a set of assumptions about the physics gov
ing the early evolution of the Universe, which are not uniq
but are nevertheless plausible. Our approach also has im
tant implications for neutrino physics, suggesting eV sc
neutrino masses, which can be tested/constrained from
coming neutrino experiments such as miniBooNE.
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APPENDIX: SOLVING THE CASE 1 EQUATIONS

We show the algebraic technique for solving case 1. T
other cases follow similarly.

The aim is to use Eqs.~11! and ~12! to extract the total
baryon numberB, total lepton numberL, and their mirror
matter analoguesB8 andL8 at T.1010 GeV. These 15 equa
tions reduce the 28 variablesmq , mui

, mdi
, m, i

, mei
, mf and

their primed counterparts to 13 independent variables.
number of independent variables corresponds to the num
of conserved charges, Eq.~18!. The problem at hand is to
find B, L, B8 andL8 in terms of the conserved charges.

One systematic way of doing this is the following. Fir
identify 13 independent variables. One possible choice is
following: mq , m,2

, m,3
, me1

, me2
, md1

, md2
, mq8 , m,3

8 ,

me1
8 , me2

8 , md1
8 andmd2

8 . Then use Eqs.~11! and~12! to write

the 15 dependentm variables in terms of the chosen ind
pendent variables. Doing this we have

m,1
529mq2m,2

2m,3
,

mf5
1

6
~221mq13md1

13md2
1me1

1me2
1m,3

!,
0-7
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md3
5

1

6
~27mq23md1

23md2
2me1

2me2
2m,3

!,

me3
5

1

6
~21mq23md1

23md2
2me1

2me2
15m,3

!,

mu3
5mu2

5
1

6
~215mq13md1

13md2
1me1

1me2
1m,3

!,

mu1
5

1

6
~39mq29md1

29md2
2me1

2me2
2m,3

!,

m,2
8 5m,2

1mf2mf8 ,

m,1
8 529mq82m,2

2mf1mf8 2m,3
8 ,

mf8 5
1

6
~221mq813md1

8 13md2
8 1me1

8 1me2
8 1m,3

8 !,

md3
8 5

1

6
~27mq823md1

8 23md2
8 2me1

8 2me2
8 2m,3

8 !,

me3
8 5

1

6
~21mq823md1

8 23md2
8 2me1

8 2me2
8 15m,3

8 !,

mu3
8 5mu2

8 5
1

6
~215mq813md1

8 13md2
8 1me1

8 1me2
8 1m,3

8 !,

mu1
8 5

1

6
~39mq829md1

8 29md2
8 2me1

8 2me2
8 2m,3

8 !,

~A1!

where it is understood that in them,1,2
8 equations,mf andmf8

are to be substituted with the respective right hand si
above. In terms of the chosen independentm i , the baryon
and lepton numbers are

B56mq1(
i 51

3

~mui
1mdi

!

512mq ,

L5(
i 51

3

~2m, i
1mei

!

5
229

2
mq2

1

2
md1

2
1

2
md2

1
5

6
me1

1
5

6
me2

1
5

6
m,3

. ~A2!
12351
s

The next step in the calculation is to write the conserv
charges,Li in Eq. ~18!, in terms of the 13 independent var
ables. For example,2

L15
1

3
B2L1

52mq1
1

3 (
i 51

3

~mui
1mdi

!22m,1
2me1

522mq12m,2
12m,3

2me1
, ~A3!

where Eq.~A1! has been used in the last step. The results
the otherLi are given below:

L0511mq24m,2
2

4

3
me2

2
1

3
me1

2
1

3
m,3

2md1
2md2

23mq8

1md1
8 1md2

8 1
1

3
me1

8 2
2

3
me2

8 1
1

3
m,3

8 ,

L25
1

6
~3mq13md1

13md2
1me1

1me2
217m,3

!,

L35me1
,

L45me2
,

L55
1

6
~39mq215md1

29md2
2me1

2me2
2m,3

!,

L65md1
2md2

,

L18529mq827mq1md1
1md2

1
1

3
me1

1
1

3
me2

12m,2
1

1

3
m,3

2md1
8 2md2

8 2
4

3
me1

8 2
1

3
me2

8 1
5

3
m,3

8 ,

L285
1

6
~3mq813md1

8 13md2
8 1me1

8 1me2
8 217m,3

8 !,

L385me1
8 ,

L485me2
8 ,

L585
1

6
~39mq8215md1

8 29md2
8 2me1

8 2me2
8 2m,3

8 !,

2The conventional definition of, say, the ‘‘baryon number of t
universe’’ is the rationB /s wherenB is the net baryon number pe
unit volume, whiles is entropy density. There is a proportionalit
factor relating this definition of baryon number to the simple o
convenient for our application~just the appropriate linear combina
tion of chemical potentials!.
0-8
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L685md1
8 2md2

8 . ~A4!

For the given set of values for the conserved quantitiesLi

and Li8 , the baryon number can be found by solving t
identities

B512mq5123mq103m,2
103m,3

1 . . .

[a0L01(
i 51

6

~a iLi1a i8Li8!, ~A5!

where it is understood that theL8s are also functions of the
13 independentm variables@using Eq.~A4!#. By equating
coefficients of each of the 13 independent variables a se
13 simultaneous equations for thea results:

12511a0122a11
1

2
a21

13

2
a527a18 ,

052a124a012a18 ,

052a12
17

6
a22

1

6
a52

1

3
a01

1

3
a18 ,

052a11
1

6
a21a32

1

6
a52

1

3
a01

1

3
a18 ,

05
1

6
a21a42

1

6
a52

4

3
a01

1

3
a18 ,
r

tt.
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05
1

2
a22

5

2
a51a62a01a18 ,

05
1

2
a22

3

2
a52a62a01a18 ,

0523a0129a181
1

2
a281

13

2
a58 ,

05
1

3
a01

5

3
a182

17

6
a282

1

6
a58 ,

05
1

3
a02

4

3
a181

1

6
a281a382

1

6
a58 ,

05
22

3
a02

1

3
a181

1

6
a281a482

1

6
a58 ,

05a02a181
1

2
a282

5

2
a581a68 ,

05a02a181
1

2
a282

3

2
a582a68 . ~A6!

These 13 equations can easily be solved for the 13a ’s; the
results are as displayed in Table I.

A similar procedure withL instead ofB in Eq. ~A5! yields
results for theb ’s.
d
i,
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