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We are made of matter, not antimatter. While this might seem obvious, it is a mystery
from the point of view of our current best theory of elementary particles, the Standard
Model (SM). The SM treats matter and antimatter nearly identically, and it is not known
how to explain why there is more matter than antimatter using SM physics alone.

Astrophysical and cosmological observations also point toward an excess of matter over
antimatter. These indicate that regular matter makes up about 5% of the energy density of
the universe, and consists nearly entirely of matter rather than antimatter. By mass (energy
density), this excess is dominated by baryons, and thus the excess of matter over antimatter
is often called the baryon asymmetry.

Baryogenesis refers to any process occurring in the early universe that creates a baryon
asymmetry. The standard picture for the evolution of the cosmos is that inflation happens
followed by reheating and (mostly) adiabatic expansion and cooling. Baryogenesis is expected
to occur either during or after reheating, creating a small excess of matter over antimatter.
As the universe eventually cools below the nucleon mass, 7' < 1 GeV, a net annihilation of
baryons and antibaryons occurs until essentially only the excess baryons are left.

The mystery of baryogenesis is that there is no known mechanism for it within the SM.
The baryon asymmetry is therefore a strong motivator for new physics beyond the SM.
In these notes we will discuss the observational evidence for baryogenesis, the necessary
ingredients needed for it to occur, and some proposed mechanisms for it. The notes to follow
will cover two of the most promising baryogenesis mechanisms — leptogenesis and electroweak
baryogenesis — in more detail. Some nice general reviews of baryogenesis can be found in
Refs. [T, 2, 3] [4].

0 Notation

Throughout these lectures we will use natural units with h = ¢ = kg = 1. This means that
mass, energy, momentum, and temperature all have units of energy, and length and time
have units of (energy)™!. We also use a mostly minus metric

N =" = diag{l, -1, -1, -1} , (1)

together with €"'?3* = +1. When dealing with fermions, we will mostly use a 4-component

notation in the chiral basis [5]. Finally, we will always use the reduced Planck mass Mp; =

1/vV8m G ~ 2.4 x 10" GeV.



1 Why Baryogenesis is Needed

Our local region of the universe is very clearly made of matter, with only very small amounts
of antimatter consistent with creation by cosmic rays, nuclear decays, and high-energy
particle colliders. This is good, because annihilating with a clump of antimatter would
not be much fun. Going beyond our local region, there is extremely strong evidence that
the baryon asymmetry persists throughout the entire visible universe based on observations
of the cosmic microwave background (CMB), light element abundances, and cosmic rays.

1.1 Total Baryons

The best determination of the total baryon density (i.e. baryons and antibaryons) of the
universe comes from measurements of the CMB temperature fluctuation power spectrum.
Baryons remain coupled to photons until recombination, and this modifies how density
perturbations evolve in time [0 [7]. The primary effect of this on the temperature power
spectrum is to modify the heights of the peaks, enhancing the odd peaks relative to the
even ones, as can be seen in the left panel of Fig. [l (taken from Ref. [8]) As a fraction
Qp = ps/pe of the critical energy density p, = 8.0992 h? x 10747 GeV*, current CMB data
combined with other data gives a baryon energy density of [10, [11]

Qph? = 0.0223 4 0.0002 , (2)

where h = 0.679 4 0.006 is the Hubble constant in funny units. The corresponding baryon
number density is frequently expressed as a ratio of the photon number density,

_ "B -10 Qph®
= "B _ g1x1 ~ (7.04)Y;
e (0.0223 (7.04)¥5 , 3)

where Yz = np/s is the present number density relative to the entropy density.

A second determination of the CMB value of the total baryon density comes from
primordial nucleosynthesis (BBN). As the early universe cooled below about 1 MeV, free
nucleons began to bind into more complex nuclei. By extrapolating known nuclear reaction
rates to the conditions expected in this era based on standard thermal cosmological evolution,
the primordial abundances of several light elements (up to about "Li) can be predicted and
compared to observations. The single input to this calculation is the baryon density 7, and
it is found that theory and experiment agree quite well for the value of n determined from
the CMB. This is illustrated in the right panel of Fig. [l (taken from Ref. [12])E

Together, these and many other cosmological observations give us confidence in the
standard cosmological model of inflation and reheating followed by ACDM with n ~ 6x1071°.
An obvious question, then, is how to explain this baryon density. Examining this question
suggests that the total baryon density consists nearly entirely of baryons, with very few
antibaryons.

1 See also Ref. [9] for a nice animation.
2Note that the observed abundance of “Li is a bit off from the prediction. It is not clear whether this is
evidence for new physics or an indication of a discrepancy in the astrophysical interpretation of the data [13].
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Figure 1: Left: Depedence of the CMB temperature power spectrum on the total baryon
density (from Ref. [§]). Right: Predictions for the light element abundances from primordial
nucleosynthesis as a function of 7 compared to the values deduced from observations (from
Ref. [12]).

1.2 Asymmetric Baryons

Suppose there were equal numbers of baryons and antibaryons early on in the cosmos, at
temperature 7' > m, ~ GeV. Assuming standard thermal evolution, a net annihilation
of baryons and antibaryons would begin near the QCD phase transition at T ~ Agcp ~
200 MeV. The annihilation would continue until it became too slow to keep up with the
Hubble expansion, similar to the freezeout of dark matter. Tracking the freezeout, one finds
that it occurs at T' ~ 20 MeV and yields n ~ 5 x 1071 [14], nearly ten orders of magnitude
too small! This most basic picture of baryon evolution is clearly incorrect.

Instead, let us assume that at some point prior to BBN an excess of baryons over
antibaryons was created. Repeating the argument above, a net annihilation will begin near
the QCD phase transition. However, in contrast to the symmetric case, the annihilation will
only continue until (nearly) all the antibaryons are used up. Once they are, the (effective)
conservation of baryon number in the SM implies that the remaining baryons will be stable
and remain until today. In this asymmetric scenario, the ultimate baryon density is set by
the initial asymmetry rather than rate of baryon annihilation. Given the observed value of
n = np/n., the asymmetry needed is only about one part in 10'°.



The asymmetric scenario of baryon formation is also consistent with the observation
that our local region of space (the Milky Way galaxy) consists of baryons. In fact, this
conclusion can be extended to our local galaxy cluster (Virgo), corresponding to a radius
of about 20 Mpc [15], 16]EI Evidence for a nearly complete asymmetry of baryons over
antibaryons can be extended even further based on observations of extragalactic gamma
rays. Regions consisting mainly of antibaryons would lead to significant annihilation at the
boundaries with regions of baryons, leading to gamma ray production. Using observations
of the diffuse gamma ray spectrum, Ref. [I7] concluded that such regions would have to be
at least 1000 Mpc in size. For the rest of these lectures, we will focus exclusively on the
asymmetric baryon scenario.

2 Baryogenesis Ingredients

Three basic ingredients are needed to create a baryon asymmetry in the early universe (up
to a few potential loopholes). They are called the Sakharov conditions after the person who
first formulated them [1§]:

1. Baryon number (B) Violation
2. C and CP Violation

3. Departure for Thermodynamic Equilibrium

We discuss each of these conditions below, with a focus on how they are realized within the
SM with ACDM cosmology.

2.1 B Violation

Baryon number (B) is the charge corresponding to an approximate global U(1) symmetry
of the SM under which quark fields have charge B = 1/3, and all other states have charge
zero. After confinement, baryons have B = 1, antibaryons have B = —1, and all other states
have B = 0. The very long lifetime of the proton, 7, > 1.6 x 103 yrs [19], indicates that B
is conserved to a very strong degree at the present time. Despite the apparent conservation
today, a significant violation of baryon number in the early universe is typically needed for
baryogenesis. The main reason for this is that we expect inflation to dilute away any pre-
existing baryon number. Thus, we want to go from a universe with B = 0 to one in which
B > 0, and this obviously requires the non-conservation of B number.

Many theories of physics beyond the SM predict new sources of B violation [20]. However,
baryon number is also violated in the SM itself! The way this occurs is somewhat subtle;
non-perturbative transitions between different vacuum states of the SU(2), gauge theory
change the combination of charges (B + L). These transitions occur by quantum tunnelling
at zero temperature with an unobservably slow rate, but can proceed much more quickly
in the hot early universe at 7' 2 100 GeV through thermal fluctuations. The net result is

3 For reference, the size of the observable universe today is about 10* Mpc.
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rapid (B + L) violation at high temperatures and approximate (B + L) conservation at low
temperatures.

Since the violation of (B 4 L) in the SM is not very obvious, and because it plays an
important role in every baryogenesis mechanism operative at temperatures 7' 2 100 GeV, it
is worth spending a bit of time on the topic [2, 3, 14, 2T, 22]. The first thing to notice is that the
classical SM Lagrangian is invariant under independent U(1)p and U(1), transformations.
For these transformations to be a full quantum symmetry, the path integral measure used to
define the theory must also be invariant, and it turns out that it is not. Instead, a one-loop
calculation gives the result

. . n a Na v 2 oy v
ujp = Oujr = 32—;2 (92WHUW " —g¢" B, B" ) J (4)
where n, = 3 is the number of generations, W, and B, are the SU(2);, and U(1)y field
strength tensors, WeH = L¢P Wy, is the dual tensor (with ¢ = 41 = —€g123), and the
Noether currents of the classical symmetry (summed over generations) are
. 1 ~i i i i T i
jp = 3 Z (Qpy" QY + Upy"ufp + dpydy) (5)
jt = 30 (TAtLy + eyel) - (6)

i
An important feature of the right-hand side of Eq. () is that it can be written as a total
divergence:

2

g a N[l v
3271'2 W,U,VW = 8#KH ’ (7)
with
g9 38 9 cab b
Ky = St (Wi, W5 — St wawaws) | (8)

where € = fe is the SU(2), structure constant. A similar expression with f® — 0
applies for the U(1)y term.

While Eq. (@) implies the non-conservation of (B + L), it does not tell us how it actually
occurs. To understand the underlying mechanism, we must make a brief detour and discuss
the vacuum structure of pure non-Abelian gauge theories. It can be shown that such theories
have many independent classical vacua that can be labelled by integers Ngg € Z, shown
schematically in Fig. [2. These integers correspond to the topology of the mapping of the
non-Abelian group space to the Euclidean spacetime boundary at infinity, and are called the
Chern-Simons number of the mapping. Let us now define the time- and gauge-dependent
quantity N¢g(t) by

Ncs(t) = /d?’l’ K20 (9)

3
g iJ Hm”r ”rc a a
9672 /dgl’“k UL (W5 — 0 gauge, Wi, = 0)

b}
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Figure 2: Cartoon of the vacuum structure of a non-Abelian gauge theory.

where W¢ refers to an SU(2) gauge field. When this quantity is evaluated on a classical
vacuum configuration with Wg = 0 (which can be achieved by a choice of gauge) and W, (so
that it is a vacuum configuration), it becomes time-independent and coincides with the N¢g
value of that vacuum. Beyond just having a non-trivial vacuum structure, there also exist
solutions of the Euclidean space non-Abelian field equations with finite action that connect
between vacua with different Neg values [21], 22]. These solutions correspond to quantum
tunnelling between the vacua, and they are called instantons because they have finite extent
in both space and time.

Let us now return to Eq. (@) and compute the change in the charge B = [d®z j9 between
t = —o0 and t = 400,

AB - / dt % /d3xjg (10)

- [ [ [ e g (e 5]

The spatial gradient term above gives zero because it reduces to a surface term involving the
fermion fields. For the gauge terms above, let us focus on the SU(2), piece and evaluate it
using Eq. (@) in a gauge with W¢ =0,

2 __ 00 5 5
/ d'e oW, W = / dt/ 'z (O Ky =V - K3) (11)

3272
- /d3I Kg‘t—)oo - /dgx KS}t—)—oo + 0
= Ncg(t — OO) — Ncs(t — —OO) .

Here, we have used the fact that field strengths must vanish at spacetime infinity to identify
the spacial integral of K° with Ngg and set K* — 0 on the spatial boundaryly The same
arguments show that the corresponding expression for the hypercharge gauge field vanishes.

4 Any sensible field configuration has finite total energy (Euclidean action). Since the Hamiltonian density
for a pure gauge theory is H = 0% = F* 4 [, — %F;}UF“ m = %(E“E“ +B®*“B®) > 0, a neccessary condition
for finite energy is vanishing field strengths at spatial infinity [22] [23].



Combining Eq. (I0) with Eq. (II), the net result is [24]
AB = ngANCS . (12)

Therefore baryon number violation corresponds directly to changes in the vacuum state of
the SU(2)r, non-Abelian gauge theory! As discussed above, this can occur through quantum
tunnelling transitions called instantons. On very general grounds, it can be shown that the
Euclidean action for a such a tunnelling event is Sg > 872|ANgs|/g?, implying a tunnelling
rate proportional to

I x e 5 < ¢®7/9 ~ 10710 (13)

This tiny dimensionless factor makes the instanton transitions much too slow to be observed,
and consistent with the apparent stability of the proton.

The situation is very different at finite temperature. Instead of tunnelling through the
barriers between vacua, thermal fluctuations can push the system over top of them. The
rate for these thermal transitions is closely linked to energy of the lowest saddle point
configuration in field space connecting a pair of classical SU(2);, vacua. This configuration
involves both the vector fields W and the Higgs field H, and is called the sphaleron [25].
When the Higgs vacuum expectation value (VEV) is non-zero, (H) = v, the sphaleron energy
is [26]

Ey(T) ~ Mf

(ma/mw) , (14)
for some function f(my/my ) of order unity. This leads to a sphaleron rate per unit volume
at temperature 1" of [27] 28]

7
I, ~ A(awT)* [E”T(T)} e~ B (/T (15)
where A is a constant, ay = g%/4m, and the exponential can be understood as a Boltzmann
suppression factor. At very high temperatures, 7' > myy, the Higgs VEV is expected to van-
ish and a different estimate of the transition rate is needed based on the likelihood of certain
N¢s-changing gauge field configurations to occur in the plasma. The best determination of
the rate comes from lattice studies, which give [29] 30]

I, = (18 +3)af, T*, (16)
which is notable for the lack of Boltzmann suppression

While our discussion has concentrated on SU(2),, a similar story applies to the strong
group SU(3); it has a non-trivial classicial vacuum structure and there exist transitions
that connect these states. In contrast to SU(2)r, however, B and L are not anomalous
with respect to SU(3)., and thus SU(3),. instantons and “strong sphalerons” do not violate
baryon or lepton number. Even so, we will see that these transitions can be important for
baryogenesis.

SThese transitions are still called sphaleron transitions (or just sphalerons), even though they do not
actually involve the sphaleron gauge-Higgs field configuration.
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2.2 ( and CP Violation

The second Sakharov condition of C' and C'P violation is less obvious than B violation.
These are needed to distinguish matter from antimatter in order to drive the B violating
reactions to produce more baryons than antibaryons [3]. We will illustrate how this works
in specific examples later on in the lectures. For now, it will be useful to review the action
of C, P, and C'P on the SM [5, 31], 32].

To begin, consider a theory with a complex scalar field ¢ and Lagrangian
& = 0| —m?|o|* . (17)
In this form, we see that the theory has a global U(1) = SO(2) global symmetry, with a
corresponding Noether current
Ju = 2¢ au ¢ . (18)
In terms of mode expansions in the free-field limit, we have

o(x) = / dk [a(E)e—i'f'ubT(E)em] , (19)
Q0 = / &z 0 = / d [aT(E)a(E)—bT(E)b(E)] , (20)

where dk = d3k /2E,(27)3. Based on these mode expansions, we identify af(k) as the creation
operator for a particle with positive charge and bT(E) for a particle with negative charge.
Since the underlying global U(1) symmetry forces the masses of these particles to be equal
and their charges to be opposite, we call the b-species the antiparticle of the a—speciesﬁ The
natural definition of charge conjugation (C') on this theory is the exchange of particles and
antiparticles in the sense

a(k) < bk) . (21)
In terms of the field operators, this implies
¢(z) < ¢'(z), (22)

as well as ) — —(@). It is clear that the scalar Lagrangian is invariant under this transfor-
mation.

For a Dirac fermion, written in 4-component notation in the chiral representation, the
mode expansion in the free theory is

b(z) = / &y [aS(E)u(k;, s)e—ik'ubL(E)v(k,s)ei'f'x] . (23)

6 Note that this only works to the extent that there is an underlying global symmetry. For example,
adding a small explicit breaking term of the form .Z — .2 — Am? [(¢)? + (¢*)?] would lead to two real
scalar mass eigenstates with mass-squared eigenvalues of m? F Am? [33].
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The standard free Dirac theory has a built-in U(1) symmetry with current j# = ¢y*1 and
charge

Q= [d Y [al@a.®) - vEw®) - (24)

We identify al(lg) as the creation operator for a fermion of momentum k and spin s, and
bi(k) as the creation operator for an antifermion with the same momentum and spin, but
opposite charge. The natural defintion of C' on the mode operators is thus

as(k) ¢ by(k) . (25)

The spinors appearing the mode expansions complicate the result of acting C' on the field
variables. Without going into details (which can be found in Refs. [5, [34]), the effect in the
chiral representation is

P(a) = (=P, D) = PH(=ir?0) . (26)

Based on this result, let us define T'c = —iy?q? = —T'f, = —FTC. The action of C' on fermion
bilinears is then [34]

Yhix = YT'TiTe)y = mixLiv, (27)

where 7; = +1 for I'; = 1, iy, 4#9° and 17; = —1 for ; = 7#, 0. In particular, the current
Yy*) is odd under C as expected from the mode expansion. The free Dirac action is also
invariant under this transformation.

The action of C' on vector bosons can be deduced the result from the way the photon
field couples to the electromagnetic current in QED,

Lopp D —eAujl, = —eAYy Qb . (28)

Since the current is odd under C, j# — —jk . the theory will be invariant under C' if the
photon field is odd as well,

A, - —A,. (29)

A similar story applies in QCD with one important modification [31]. The matter current is
now

jg)gD = Zqﬂuta%’ - = Zqﬂ”(ta)t%’ ’ (30)

where t is a generator of the fundamental representation of SU(3).. It is possible to choose
these generators such that they are either symmetric or antisymmetric for each value of
a=1,...,(N? —1). This implies that under C'

Joep = —n(a)igep (31)
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where n(a) = +1(—1) if ¢* is symmetric (antisymmetric). With some work, one can show
that this is consistent with the gluon self-interactions of QCD provided we assign

G, — —n(a)G} . (32)

With this, the QCD field strength G, is also odd up to the n(a) factor. With these
definitions, both QED and QCD are invariant under C'

To apply C' to the full SM, we must consider chiral fermions coupling to vector bosons.
Recall that in the chiral representation, a Dirac fermion has chiral components

¢=(§f§) (33)

Using the action of C defined above on the chiral components, one finds
v = 0y, YR — —ioY] (34)

We also define the action of C' on the electroweak vectors bosons in the same way as for the
photon and gluon above [31]. Together, this implies that the SM violates C' since the chiral
¥y, and g components of the SM fermions (written as 4-component Dirac objects) come
from different representations of the underlying SU(2);, x U(1)y gauge group.

Turning next to parity (P), recall that it acts on spacetime according to
t —>t, I¥—-T. (35)
For scalar fields this produces
o(t, %) = o(t, —7) , (36)
while for Dirac fermions it gives (up to a possible phase)
W(t, @) = (¢, —T) . (37)

This implies that the spatial components of the QED and QCD matter currents are odd
under P, and thus parity is maintained in these theories if

Al = —n(p) AL, —T) (38)

with n(u = 0) = —1 and n(p = i) = 1 For the SM with chiral fermions, the Dirac fermion
transformation law implies for the chiral components that

wL(t,f) — wR(t, —f), wR(t,f) — QﬂL(t, —f) . (39)

We also take the SM vector bosons to transform in the same way as the photon [31].
Thus, just like C, P is violated in the SM by the chiral fermion representations under
the electroweak group.
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While C and P are broken by the presence of chiral fermion reps in the SM, the
combination C'P is not. Combining the two operations, a C'P transformation on a Dirac
fermion ¢ gives

Y(t, 7)) - —Te*(t, —7) . (40)

In terms of chiral components,

wL(tvf> - - ’i02¢2(t, _f) ) wR(tvf) — ia2w}k%(t7 _f> : (41)

Since each chiral component transforms into itself, it is consistent with the chiral represen-
tations of the SM. Turning to the action, a C'P transformation basically just replaces each
operator by its complex conjugate while leaving the numerical coefficients unchanged. For
example,

erin" (0, —ig'B,)er — eriv*(0, —ig'B,)er (42)

(yu)is@QriHur; + () ;un; H'Qri —  (yh)jir;H'Qri + (y3)iQpHur; (43)

The operator in Eq. ([@2) is clearly invariant, while that of Eq. (43]) is invariant if the Yukawa
coupling matrix is real.

The result of Eq. (A3]) is more general than just the SM: C'P violation is typically
associated with the presence of complex couplings in the action. However, while the presence
of complex couplings in the action can give rise to C'P violation, it does not guarantee it. Let
us see how this works in the SM. After electroweak symmetry breaking, the fermion fields
are usually transformed by making field redefinitions in flavor space to obtain diagonal mass
matrices with positive mass eigenvalues [32]. The only remnant of these transformations in
the interactions of the theory is the Cabbibo-Kobayashi-Maskawa (CKM) matrix. To be
precise, the flavor transformations take the form

ur, — VuLuL , UR — VuRuR , dL — VdeL , dR — VdeR R (44)
which gives the CKM matrix
Vexm =V, Va, . (45)

This is a 3 x 3 unitary matrix, and can be parametrized by three rotation angles and six
phases. The phases in the CKM matrix are a potential source of C'P violation. However,
not all of these phases are physical since we can make further field redefinitions that do not
alter the positive diagonal fermion mass matrices but do change the CKM matrix. These
have the form

Vo, = diag{e™, e "} =V, , Vy, = diag{e™, e s} =V, . (46)

There are six phases here, and these can be used to remove five of the six independent
phases in the CKM matrix!] This leaves a single irreducible phase in the CKM that leads to

"The universal overall phase with o; = 3; coincides with baryon number and does not change Vg .
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physical C'P violation in the SM. This counting also implies that a version of the SM with
ny generations would have a CKM matrix with (n, — 1)(n, — 2)/2 physical C'P violating
phases. Experiments have measured CKM phase C'P violation in Kaon and B-meson mixing
and decay [111, [35].

There is an additional potential source of C'P violation in the SM that presents a serious
puzzle. It corresponds to the allowed operator [311 [36]

2
L D 506G (47)
This operator violates P (and 7' but not C) and therefore C'P. Its origin is connected
to the non-trivial vacuum structure of SU(3)., and represents a quantum superposition of
the classical N¢g vacua [21], 22]. The potentially observable effect of a non-zero © is a T-
violating permanent electric dipole moment (EDM) of the neutron. Current limits on the
neutron EDM imply

e<107 . (48)

The strong C'P problem refers to the mystery of why this dimensionless parameter (with
natural range © € [0,27)) is so small. Note as well that © term can also be written
for SU(2);. However, unlike for SU(3). (with massive quarks), the SU(2); term is not
observable because it can be removed by making a (B + L) transformation without altering
any other part of the SM action.

While C, P, and CP are all broken explicitly in the SM, the combination CPT is
respected. This is a very general requirement for any reasonable Lorentz quantum field
theory [37]. Very bad things tend to happen when C'PT is violated, and the limits on C' PT
breaking from data are extremely severe [38].

2.3 Departure from Thermodynamic Equilibrium

Thermodynamic equilibrium corresponds to the state of a system left to settle down for
an infinitely long amount of time. Expectation values are time independent in equilibrium,
and therefore it would not be possible to from a (B = 0) state to a (B # 0) state if full
thermodynamic were maintained throughout. The cosmological expansion of the universe
implies a departure from thermodynamic equilibrium, but it is usually too small to be
effective in realistic mechanisms of baryogenesis. Before illustrating explicitly how departures
from thermodynamic equilibrium enter into baryogenesis, let us review here a few aspects of
thermodynamics in the early universe.

Particles in the cosmological plasma can usually be described by distribution functions
in momentum space corresponding to a dilute gas of temperature 7" and chemical potentials
w; [14L 39]. If thermodynamic equilibrium is maintained, these take the form

. . -1
fz(p7 Tv ,uz) = [6(EZ wi)/T + 1} ) (49)
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where 7 refers to the particle species, E; = y/m? + p?, and the minus (plus) sign corresponds
to bosons (fermions). The distribution function is defined such that the mean number density
is of the species i is

&p gz‘fi(n)%TS i T>my,
ni(T,p) = gi /W fi(p) = 3/ (50)
i ()7 e tmimm /T T (my — )
where g; is the number of internal degrees of freedom, 52-(") =1 (3/4) for i a boson (fermion),
and ((3) ~ 1.2026. Similarly, the mean energy density due to the species is

&p gi£§”)§—§T4 ; T>my, p;
pTn) = o [ G5 Bn) = NG
min; ;o T << (my — )

with 52-(’) J=1 (7/8) for i a boson (fermion). The partial pressure of species i is obtained by
integrating with p2/3m;, and is given by p; = p;/3 in the relativisitc limit and p; = n,T < p;
in the non-relativistic limit.

Chemical potentials play an important role in baryogenesis, and it is worth looking at
them in a bit more detail. In full thermodynamic equilibrium the only independent chemical
potentials are those for conserved charges, rather than those for individual particle species.
This is because interactions relate the species-specific chemical potentials p; to each other.
If the process A + B <» C + D is allowed, full equilibrium implies the relation

pa+ pp = pe + fip - (52)

Full equilibrium also implies that photons and gluons have p = 0 (e.g. ete™ — ete v is
allowed), and that particle-antiparticle pairs have equal and opposite chemical potentials
since they can annihilate:

[y = —Hj - (53)

This relation implies that p, sets the number density asymmetry between a particle ¢ and
its antiparticle 1,

d*p , ,
Ny — N5 = Gy /W oD T, pg) — fu (05 Ty —pay)]
(54)
gV () + () 4] T m
P 6 T w2\ T ) P
2 sinh (%w) 9y (mzLWT) e~/ T < my,

where 52@) =2 (1) for ¢ a boson (fermion). Note that for p, < T, the number asymmetry
is approximately linear in the chemical potential.
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The energy density of the cosmological plasma causes the universe to expand with scale
factor a(t). The expansion rate is controlled by the equation

N2
2 _ (a2 _ 1
3

where p is the total energy density and Mp; = 2.4 x 10'® GeV is the reduced Planck mass.
Extrapolating the SM back in time, the early universe was dominated by radiation with total
energy density

7T2

Pr = EQ*T4 ) (56)

with g, an effective total number of “light” degrees of freedom given by
7\*

where we have allowed for different individual temperatures 7;. The energy density dilutes
with the scale factor as dictated by entropy conservation, which follows from the continuity
equation. Specifically,

0= —(sa®), (58)

where s is the entropy density defined by

p+p 272
( T ) = EQ*ST?’ ) (59)

with
w. (T
gxs = E & 9i <?) O(T; —my) . (60)

For constant g.s we see that a(t) o< 1/T. When radiation is dominant, the Hubble rate is

n2g, T2

H ~ —_—.
90 Mp

(61)

Compared to radiation with p, ~ a~*, the density of decoupled non-relativistic matter
dilutes as p,, ~ a=3. The era of radiation domination ended fairly recently, at redshift

z = a(ty)/a(te,) — 1 =~ 3600, corresponding to a temperature close to T,, ~ 1eV.

Much of the evolution of the early universe can be described by near-equilibrium thermo-
dynamics with an adiabatically changing temperature 7'(¢). The condition for equilibration
is usually that the processes that lead to it occur much faster than the rate of expansion of the
universe as determined by the Hubble “constant” H(t) = a/a. In discussing thermodynamic
equilibrium, it helpful to separate two differnet aspects of it: kinetic equlibrium, and chemical
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equilibrium. Kinetic equilibrium is usually maintained fairly easily among light particles
through rapid scattering and decay processes that transfer energy efficiently among them,
and implies that all the particles participating in these processes have the same temperature
T'(t). This is also sufficient to ensure that the distribution functions of these particles take
the form of Eq. (9) with chemical potentials u;(t). Chemical equilibrium occurs when the
chemical potentials of these particles also satisfy the constraints of Eq. (52]) for all possible
reactions.

In practice, chemical equilibrium is more challenging to maintain in the early universe
than kinetic equilibrium. Deviations from chemical equilibrium (with kinetic equilibrium)
can described by Boltzmann equations for number densities. A possibly familiar example is
the evolution of the number density of a massive dark matter species y that can annihilate
with itself into SM final states [14]:

dn

o = —3Hn, — (Gann) [ni — (neq)z} : (62)

X

n$? is the number density in full equilibrium with g, = 0 and (04,,v) is the thermally
averaged annihilation cross section. For n, (04umv) > H, the second term on the right-hand
side of Eq. (6Z) dominates and n, — n{? enforcing p, — 0. Conversely, if n, (Fannv) < H
the number of density of x simply dilutes with the expansion of the universe proportionally
to 1/a®, and this usually requires a non-zero chemical potential x,(t). As a general rule of
thumb, a reaction must have a rate greater than Hubble H(t) to contribute to equilibrium.
For inelastic processes contributing to chemical equilibrium, this means that we should only
expect equalities of the form of Eq. (52) if their rates are greater than Hubble.

A particularly important set of processes for baryogenesis are the (B + L) violating
sphaleron transitions discussed above. When they are in equilibrium, they imply

0= (g, +pe) - (63)

where the sum runs over generations. To estimate when the sphaleron transitions are fast
enough to maintain equilibrium, we should compare the rates of Eqs. (I5JI6) within a volume
of size V'~ 1/T3 (corresponding to a typical interparticle spacing) to the Hubble rate during
radiation domination [2]. At high temperature T > my Eq. (I0) is relevant and one finds
sphaleron equilibration for

T < 10" GeV . (64)

This equilibrium is maintained until electroweak symmetry breaking occurs at T ~ myy, at
which point the sphaleron rate becomes exponentially suppressed and quickly turns off. A
detailed study within the SM finds that this occurs for [30]

T ~ (131.7 £ 2.3) GeV . (65)

Thus, sphaleron transitions are in equilibrium in the SM for T' € [132, 10'?] GeV.
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3 Baryogenesis Mechanisms

Beyond just the Sakharov ingredients, explaining the baryon asymmetry requires a concrete
mechanism for how it occurs. A number of potentially viable mechanisms for baryogenesis
have been proposed, and they all require new physics beyond the SM in one form or another.
We present here a toy model of baryogenesis that illustrates qualitatively how the ingredients
combine to make baryons, and we give an overview of some of the most popular mechanisms
on the market.

3.1 A Toy Model for Baryogenesis

Consider a theory containing a complex scalar X and a pair of two-particle decay modes,
X — A; and X — A,, where A; and Aj refer to the two-particle final states [14], 2]. Assume
further that state A; has baryon number B; and state As has baryon number By. By CPT),
the antiparticle X* must have decays to A; and A,, each with baryon numbers —B; and
—B5. Note that these decays violate B number if By # Bs.

A baryon asymmetry can be created from the decays of X and X*, even if they have no
initial asymmetry, ux = px+ = 0, provided there is C' and C'P violation. With both, the
partial decay widths of X and X* can differ, taking the form

F(X-)Al) = F1—|—€AF, F(X—>A2):F2—5AF,
(66)
F(X*%Zl) = Fl—éAF, F(X*%XQ)IFQ—F&AF
Note that the total decay width of X is equal to that of X* I'y = I'x» = I'1 + 'y, as

required by C'PT invariance, and the dimensionless coefficient ¢ is non-zero only with C' and
C'P violation.

Next, let us assume that X and X* decay in the early universe at time t = 7 = 1/I'y
when the yields of both states are

€C n €C
YiE(r) = == = V() (67)

where s is the entropy density at time 7. The baryon asymmetry created immediately after
these decays is

T AT Ty — Al 'y — Al T AT
Ygec = Y)C(lec<31 1re + By 2_° — B i — B, 1+e ) (68)

I'x I'x I'x I'x
= 2eAT(B; — By)Yiee

This result illustrates two of the three Sakharov conditions: B; # Bs requires B violation;
and € # 0 requires C' and C'P violation.

To see the role of the third condition, departure from equilibrium, we must think a bit
more carefully about what processes can occur in the early universe. On top of decays, there
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can also occur inverse decays like A1 — X and 2 — 2 processes such as A; <+ A, through an
off-shell intermediate X boson. If these processes are active, they will tend to wash out the
baryon asymmetry created by the decays. For example, the asymmetry here arises from an
excess of A, over Ay and a deficit of A; over A,. This means that following the decays, the
process A; — A, will have a greater rate than Ay — A; and tend to cancel the asymmetry
made by the decays. It is not hard to check that full chemical equilibration leads to zero
final baryon asymmetry. Instead, if the decays of X and X* occur very late at temperature
T < mx with nx(7) = nx«(7) > n$(7), the inverse decay and 2 — 2 washout processes
will be too slow relative to Hubble to restore chemical equilibrium, and the final baryon
asymmetry today will be very close to the value at decay given in Eq. (€S).

3.2 Some Baryogenesis Mechanisms

We give here a brief description of some of the most popular mechanisms of baryogenesis.
In the lectures to follow, we will study leptogenesis and baryogenesis in more detail.

Leptogenesis

In leptogenesis, an asymmetry in lepton number L is created, and then reprocessed by
electroweak sphaleron transitions into a non-zero B asymmetry. A very nice proposal to
generate the L asymmetry is through the decay of a very heavy SM-singlet neutrino. Such
neutrinos arise in many models for the masses and mixings of the neutrinos we observe, and
they can give rise to explicit L violation. If their decays also involve C' and C'P violation
and occur out of equilibrium, they can generate an initial lepton asymmetry L;. Sphaleron
transitions then transfer some of this lepton charge to baryon charge, creating the baryon
asymmetry we observed today.

Electroweak Baryogenesis

Electroweak baryogenesis (EWBG) is a class of mechanisms to create baryons in the
electroweak phase transition in the early universe, in which the Higgs field goes from (HTH) =
0to (HTH) = v? ~ (174 GeV)?2. If the transition is strongly first order, it proceeds through
the nucleation of bubbles of broken phase within the surrounding plasma of symmetric phase.
These bubbles expand, collide, and coalesce until they eventually fill the entire universe.
Baryon creation in EWBG occurs in the vicinity of the bubble walls, which provide a strong
departure from thermodynamic equilibrium. Particle scattering off the bubble walls with C
and C'P violation can generate net chiral asymmetries (e.g. more left-handed quarks than
right-handed quarks) which bias the sphaleron transitions outside the bubbles to create more
baryons than antibaryons. Once the baryons are created, they are quickly swept up into the
interior of the expansing bubbles where they are effectively stable.

GUT Baryogenesis

In many grand unified theories (GUTSs) where SU(3). x SU(2) x U(1)y gauge factors
are embedded in a simple unified gauge group, the SM quarks and leptons are combined
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into irreducible representations of the GUT gauge group. For example, in minimal SU(5)
the matter representations are 5 = (d%, L) and 10 = (Q, u%, €%) for each generation [40].
These combinations imply that B and L are violated in the GUT, specifically by interactions
involving exotic gauge and Higgs bosons [41]. The exotic gauge and Higgs states are assumed
to get very large masses on the order of Mgyr from course of GUT symmetry breaking
SU(5) — SU(3). x SU(2), x U(1)y. If the exotic states decay out of equilibrium with C'
and C'P violation, they can generate a net B asymmetry (similar to in our toy model) [11, 42].

A significant challenge for GUT baryogenesis scenarios is that many simple GUTs break
(B+L) but preserve (B—L) [2]. We will see that this implies that the asymmetries created by
heavy GUT particle decays will be washed out by sphaleron transitions. Furthermore, it can
be difficult to create enough of the very heavy exotic states in standard models of inflation for
the values of Mgyr = 106 GeV typically implied by direct searches for nucleon decay [20].
Very high reheating temperatures can also lead to the overproduction of topological defects
or gravitinos (in supersymmetric realizations) [43].

Affleck-Dine Baryogenesis

Affleck-Dine baryogenesis (ADBG) is a mechanism to generate baryons from the decays
of an oscillating scalar field that carries baryon number [44] [45]. Consider a scalar field ¢(x)
with non-zero B (or L) charge Qp. The contribution of the field to the baryon Noether
charge is

AL = iQudl (0" — I . (69)

Now suppose we expand the scalar as ¢(z) = () exp[—if(x)]/+/2 with real fields () and
O(x). The contribution to the baryon number density obtained from Eq. (69)) is then

Ang = A% = Qp rZZ—f : (70)
Thus, an angular variation of the scalar field produces a non-zero baryon charge provided
the radial amplitude is non-zero. Note that such an amplitude implies the spontaneous
breaking of B, so we expect that the minimum of the potential for ¢ is located at r = 0.
Even so, non-zero initial scalar field amplitudes arise readily in the early universe from
inflationary effects If the scalar effective potential also contains terms that violate C, C'P,
and B, the subsequent time evolution will lead to a non-zero “kick” in the angular direction
that produces a non-zero df/dt and thus a B charge. This charge can then be transferred
to the SM fermions through B-conserving decays of the scalar field or scattering with the
thermal background.

The ingredients needed for ADBG emerge very naturally in supersymmetric extensions
of the SM [46] [47]. Scalar fields with non-zero B or L charge come from the superpartners
of the SM fermions. Supersymmetry also puts severe constraints on the form of the scalar
potential, and a common feature are flat directions in the scalar potential along which the
scalar fields are only stabilized very feebly. A simple example is the H,-L direction, with a
potential of the form

Vo~ (gz+g’2)(\Hu\2—|Z|2)2+%(H-Z)er(h.c.)Jr... (71)

|~
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The first term vanishes for |H,| — (0, v)" and |L| — (v, 0), and corresponds to the would-
be flat direction, while the second term provides a higher-dimensional operator suppressed
by a large mass M that lifts the flat direction and very weakly stabilizes the potential at
the origin, and also violates L. When inflation and soft supersymmetry breaking are added,
additional terms arise in the potential and these can violate C', C'P, such as

1 ~
V D (am3/2+bH)M(Hu-L)2 (72)

where a and b can be complex and provide C'P violation, ms/, is the scale of soft supersym-
metry breaking, and H is the Hubble constant. Parametrizing the flat direction by the gauge
invariant L = —1 scalar ®* = (H, - L), the evolution of ® can satisfy all the requirements
needed for ADBG. In particular, the very flat potential for ® implies that it can very easily
be displaced during inflation, leading to a large fluctuation amplitude (i.e. 72 in Eq. (70))
and a correspondingly large L charge.

Asymmetric Dark Matter and Dark Sector Baryogenesis

An interesting numerical observation is that the observed dark matter density is about a
factor of five larger than the baryonic matter density. In most existing theories, dark matter
and baryons are formed by completely independent processes, and from this point of view
the similarity in their densities is a little puzzling. This might simply be an accident, but it
could be suggestive of a link between the mechanisms of dark matter and baryon creation
in the early universe.

Scenarios of asymmetric dark matter (ADM) scenarios can make such a link by connecting
the dark matter density to the baryon asymmetry [48] [49]. The key feature of ADM models
is that the DM density is set by an asymmetry between distinct DM and anti-DM particles,
with efficient DM—-anti-DM annihilation removing all but the excess of DM over anti-DM,
in analogy to how the baryon asymmetry determines the baryon density. This stands in
contrast to most WIMP DM scenarios, where the DM density typically arises from standard
thermal freezeout. The DM density can also be connected to the baryon density if the DM
charge is related to the baryon charge.

A simple example of ADM consists of new Dirac fermions X and Y and a complex scalar
® that are all neutral under the SM together with the couplings (in 2-component fermion
notation) [50, [51]

A
-Z D WXuﬁzdﬁzdﬁz + (XY D+ (h.c.) (73)
where u§, = I'ctly. This coupling breaks standard B number, but it respects a generalized
B number in which the charges are [X] = 1, [Y] = y, and [®] = —(1 4+ y). Suppose an

asymmetry is created in the generalized baryon number. This could arise from dynamics
involving only the new SM-neutral dark sector states such as X, Y, and ®, or through a more
conventional baryogenesis mechanism in the visible sector. In either case, the first operator
of Eq. ([73)) will share the asymmetry among the dark and visible sectors, corresponding to
the equilibrium relations

Ux = fup + 204, = — fy — Ho - (74)
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If Y or & (or bot_h) are stable, they can make up the dark matter. Moreover, if the
annihilation of Y-Y and ®®* is very efficient, the final DM density will be set by the
asymmetry, related to the visible baryon asymmetry by Eq. (4.
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