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Matter-Antimatter Asymmetry

Solution to the Dirac equation

iγµ∂µψ(x, t)−mψ(x, t) = 0

predicts the existence of particles and antiparticles with equal energy.
In a CPT -symmetric universe, we expect equal number of particles and
antiparticles.

But the current universe contains mostly matter and no ambient antimatter.
So an asymmetry between matter and antimatter must have been generated
dynamically as the universe evolved.
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Observed Value

Defined in terms of the quantity

η =
nB

nγ
=

nb − nb̄

nγ

Number densities scale as a−3(t), but the ratio is constant (provided there is no
entropy production to change nγ , i.e. after BBN).

nB =
ρB

mB
=

ΩB

mB
ρc = 1.05× 10−5h2ΩB cm−3

nγ =
2ζ(3)

π2 T 3 = 410.7
(

T
2.7 K

)3

cm−3

Putting these together, we get

η = 2.6× 10−8ΩBh2

(
T

2.7 K

)−3

Using Planck 2015 data,

η = (6.04± 0.08)× 10−10 at 68% CL
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Observed Value

Can be measured at two different epochs: BBN (t ∼ 1 sec) and CMB (t ∼ 380, 000 yr).
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FIG. 1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard model of big bang

nucleosynthesis – the bands show the 95% CL range. Boxes indicate the observed light element

abundances (smaller boxes: ±2σ statistical errors; larger boxes: ±2σ statistical and systematical

errors). Taken from Ref. [5].

The primordial abundances of the four light elements can be inferred from various ob-

servations. The fact that there is a range of η which is consistent with all four abundances

gives a strong support to the standard hot big bang cosmology. This range is given (at 95%

CL) by [5]

4.7 × 10−10 ≤ η ≤ 6.5 × 10−10, 0.017 ≤ ΩBh2 ≤ 0.024. (6)

The dependence of the various light element abundances on η is depicted in Fig. 1.

The second way to determine ΩB is from measurements of the cosmic microwave back-

ground (CMB) anisotropies (for pedagogical reviews, see Refs. [8, 9]). The CMB spectrum

4

[Particle Data Group ’08]
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Effect on CMB
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Fig. 2. Dependence of the CMB Doppler peaks on η.

as large as the presently observable universe. There seems to be no plausible way
of separating baryons and antibaryons from each other on such large scales.

It is interesting to note that in a homogeneous, baryon-symmetric universe,
there would still be a few baryons and antibaryons left since annihilations aren’t
perfectly efficient. But the freeze-out abundance is

nB

nγ
=

nB̄

nγ
≈ 10−20 (1.7)

(see ref. [4], p. 159), which is far too small for the BBN or CMB.
In the early days of big bang cosmology, the baryon asymmetry was consid-

ered to be an initial condition, but in the context of inflation this idea is no longer
tenable. Any baryon asymmetry existing before inflation would be diluted to a
negligible value during inflation, due to the production of entropy during reheat-
ing.

It is impressive that A. Sakharov realized the need for dynamically creating
the baryon asymmetry in 1967 [5], more than a decade before inflation was in-
vented. The idea was not initially taken seriously; in fact it was not referenced
again, with respect to the idea of baryogenesis, until 1979 [6]. Now it has 1040
citations (encouragement to those of us who are still waiting for our most interest-
ing papers to be noticed!). It was only with the advent of grand unified theories,

[Cline ’06]
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Sakharov Conditions

η(t = 0) > 0 as an initial condition is futile, because
Requires huge fine-tuning (1 part in a billion) between quark and anti-quark number
densities.
Inflation would have exponentially diluted any η(t = 0) to negligible values.

So desirable to have a dynamical generation of baryon asymmetry after inflation
(but before BBN).

This dynamical mechanism is known as baryogenesis.

Three basic conditions must be satisfied. [A. D. Sakharov (JETP Lett. ’67)]

B violation
C & CP violation
departure from thermal equilibrium

Necessary but not sufficient.
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Sakharov Conditions Illustrated

Imagine a particle X that decays to quark/lepton final states.

particle final state branching ratio baryon number of final state
X → qq r 2/3
X → q̄l̄ 1− r −1/3
X̄ → q̄q̄ r̄ −2/3
X̄ → ql 1− r̄ 1/3

Since qq and q̄l̄ have different baryon numbers, the decays of X , X̄ violate B (1st
condition).
By CPT , X and X̄ must have the same total decay rate.
But C and CP are violated (2nd condition) if r 6= r̄ .
Now imagine a box containing equal number of X and X̄ , i.e. symmetric initial
condition.
Net baryon number produced by X decay is BX = r(2/3) + (1− r)(−1/3).
Net baryon number produced by X̄ decay is BX̄ = r̄(−2/3) + (1− r̄)(1/3).
Net baryon number produced by X ,X̄ pair is Btot = BX + BX̄ = r − r̄ .
For r 6= r̄ , a net baryon number is generated (2nd condition).
The out-of-equilibrium decay of X , X̄ (3rd condition) is needed to prevent the back
reactions from erasing this net asymmetry.
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Sakharov in the Standard Model

The Standard Model has the necessary ingredients to satisfy all three Sakharov
conditions.

B violation through electroweak sphalerons.
Maximal C violation due to weak interactions being chiral.
CP violation in the quark sector due to the K-M phase δ ∼ 69◦.
Out-of-equilibrium dynamics at the electroweak scale due to electroweak phase
transition.
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Electroweak Theory

The Glashow-Salam-Weinberg model of electroweak interactions is a spontaneously
broken QFT based on the SU(2)L × U(1)Y gauge group:

L = (Dµφ)†Dµφ− 1
4

FµνFµν − 1
4

W a
µνW aµν + V (φ) + Lfermions

where Dµ = ∂µ − i
g
2

τ · Aµ − i
g′

2
Bµ,

Fµν = ∂µBν − ∂νBµ,

W a
µν = ∂µAa

ν − ∂νAa
µ + gεabcAb

µAc
ν

V (φ) =
λ

4
(φ†φ− v2)2

Mark Trodden, University of Pennsylvania
Particle Physics and Cosmology I: The Baryon Asymmetry

Cosmology on the Beach Conference
Puerto Vallarta, Mexico 1/11/2011

The Electroweak Theory
The electroweak theory is a spontaneously broken quantum
field theory built on the SU(2)xU(1) gauge groups

L = (Dµ�)†Dµ�� 1

4
Fµ�F

µ� � 1

4
W a

µ�W
aµ� + V (�) + Lf

Fµ� = �µB� � ��Bµ W a
µ� = ⇥µAa

� � ⇥�A
a
µ + g�abcAb

µAc
�

Dµ = ⇥µ � i

2
g�.Aµ � i

2
g0Bµ

V (⇥) =
�

4
(⇥†⇥� v2)2
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Baryon Number in the EW Theory

The SM Lagrangian has accidental global U(1)B and U(1)L symmetries.
Applying Noether’s theorem, we obtain the associated symmetry currents JB

µ and
JL
µ, which are conserved at the Born level:

∂µJB
µ = ∂µ

∑
q

1
3

q̄γµq = 0, ∂µJL
µ = ∂µ

∑
l

l̄γµl = 0.

So B is conserved in all perturbative processes, i.e. Feynman diagrams respect B.

However, the gauge-invariant chiral currents are not conserved at the quantum
level (Adler-Bell-Jackiw anomaly).

∂µ f̄LγµfL = −cL
g2

32π2 F a
µν F̃ aµν , ∂µ f̄RγµfR = cR

g2

32π2 F a
µν F̃ aµν .

For SU(3)c , cQCD
L = cQCD

R , so no anomaly.
But for SU(2)L, cW

R = 0. Similarly, for U(1)Y , cY
L 6= cY

R .
Thus for the EW theory, we get the anomalous current

∂µJB
µ = ∂µJL

µ =
nf

32π2 (−g2W a
µνW̃ aµν + g′2Bµν B̃µν)

Thus, B − L is conserved, but neither B nor L nor B + L.
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B Violation in the SM

Integrate the anomalous currents over space-time and use Gauss’s law (to convert
volume integrals into surface integrals).
The Abelian part makes no contribution to the integral.
Only the non-Abelian part remains:

∆B = ∆L = nf [NCS(tf )− NCS(0)] ≡ nf ∆NCS

where NCS(t) is the Chern-Simons number, given by

NCS(t) =
g3

96π2

∫
d3xεijkεabcW aiW bjW ck

with the temporal gauge condition Wa0 = 0.

EW vacuum is periodic and the CS number changes by one between adjacent
vacua, causing B violation.

Mark Trodden, University of Pennsylvania
Particle Physics and Cosmology I: The Baryon Asymmetry

Cosmology on the Beach Conference
Puerto Vallarta, Mexico 1/11/2011

The Electroweak Vacuum

n=0 n=1 n=2
A,φ

]φV[A,

Sphaleron

The electroweak vacuum
is periodic, with vacua
related by “large” gauge
transformations

But: the coupling to fermions is anomalous - leading to 
violations of baryon number when moving from one
vacuum to another

⇥µjµ
B = ⇥µjµ

L = nf

✓
g2

32�2
W a

µ�W̃
aµ� � g02

32�2
Fµ� F̃

µ�

◆
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Rate of Transition

At zero temperature, only quantum tunneling possible.
Rate is exponentially suppressed: Γ(T = 0) ∝ e−4π/αw ∼ 10−164 (where
αw = g2/4π).

However, at finite temperatures, can go over the barrier.
Governed by the smallest possible barrier between vacua – the sphaleron.

Mark Trodden, University of Pennsylvania
Particle Physics and Cosmology I: The Baryon Asymmetry

Cosmology on the Beach Conference
Puerto Vallarta, Mexico 1/11/2011

Rate of Baryon Number Violation

At zero temperature however, you can rest easy - this is
a tunneling event, with a rate governed by the smallest 
possible barrier between vacua - the sphaleron.

n=0 n=1 n=2
A,φ

]φV[A,

Sphaleron

�(T = 0) ⇠ exp(�2SE) ⇠ 10�170

8TeV < Esph < 14TeV

This should all start to worry you a little.  You’re made of 
baryons, and I’ve told you that we know they aren’t stable.

Esph(T ) =
4π
g

vT f
(
λ

g

)
where vT is the Higgs VEV at temperature T and the parameter f varies between
1.6 and 2.7 depending on the Higgs self-coupling λ.
At T = 0, vT = 246 GeV and Esph ' 8− 13 TeV.
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Rate of Transition

Γsph(T ) = κ
( mW

αw T

)3
m4

W exp
[
−Esph

T

]
where mW (T ) = gvT/2 and κ is a dimensionless constant.

Boltzmann-suppressed at low temperatures.
For T > TEW ∼ 100 GeV,

Γsph ' κ′α5
w T 4 (with κ′ ∼ 30)

Sphaleron transitions will be active as long as Γsph(T ) & H(T ) ' 1.66
√

g∗ T 2

MPl
.

This happens for temperature range 100 GeV . T . 1012 GeV.
B violation is unsuppressed and copious!

28 J. M. Cline

We can now determine when sphalerons were in thermal equilibrium in the
early universe. To compute a rate we must choose a relevant volume. We can
take the thermal volume, 1/T 3, which is the average space occupied by a particle
in the thermal bath. Then

Γ = 10−6T (4.16)

which must be compared to the Hubble rate, H ∼ √
g∗T 2/Mp. At very high

temperatures, sphalerons are out of equilibrium, as illustrated in figure 9. They
come into equilibrium when

Γ = H ⇒ 10−6T =
√

g∗
T 2

Mp

T = 10−6g
−1/2
∗ Mp ∼ 10−5Mp ∼ 1013GeV (4.17)

Hence GUT baryogenesis is affected by sphalerons, after the fact. Of course
when T falls below the EWPT temperature ∼ 100 GeV, the sphaleron rate again
falls below H .

(time)

Γ
H

log(rate)

log 1 / T

Fig. 9. Sphaleron rate and Hubble rate versus time. The sharp drop in the sphaleron rate occurs at the
EWPT.

4.1. CP violation in the SM

Since the SM provides such a strong source of B violation, it is natural to wonder
whether baryogenesis is possible within the SM. We must investigate whether the
other two criteria of Sakharov can be fulfilled.

15
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early universe. To compute a rate we must choose a relevant volume. We can
take the thermal volume, 1/T 3, which is the average space occupied by a particle
in the thermal bath. Then

Γ = 10−6T (4.16)

which must be compared to the Hubble rate, H ∼ √
g∗T 2/Mp. At very high

temperatures, sphalerons are out of equilibrium, as illustrated in figure 9. They
come into equilibrium when

Γ = H ⇒ 10−6T =
√

g∗
T 2

Mp

T = 10−6g
−1/2
∗ Mp ∼ 10−5Mp ∼ 1013GeV (4.17)

Hence GUT baryogenesis is affected by sphalerons, after the fact. Of course
when T falls below the EWPT temperature ∼ 100 GeV, the sphaleron rate again
falls below H .

(time)

Γ
H

log(rate)

log 1 / T

Fig. 9. Sphaleron rate and Hubble rate versus time. The sharp drop in the sphaleron rate occurs at the
EWPT.

4.1. CP violation in the SM

Since the SM provides such a strong source of B violation, it is natural to wonder
whether baryogenesis is possible within the SM. We must investigate whether the
other two criteria of Sakharov can be fulfilled.
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Summary of the EW Vacuum

For T>Tew, things become very interesting - baryon number
violation is unsuppressed and copious!

10 J. M. Cline

the magnitude of its baryon asymmetry.) It is easy to see why these conditions
are necessary. The need for B (baryon) violation is obvious. Let’s consider some
examples of B violation.

2.1. B violation

In the standard model, B is violated by the triangle anomaly, which spoils con-
servation of the left-handed baryon+ lepton current,

∂µJµ
BL+LL

=
3g2

32π2
ϵαβγδW

αβ
a W γδ

a (2.1)

where Wαβ
a is the SU(2) field strength. As we will discuss in more detail in

section 4, this leads to the nonperturbative sphaleron process pictured in fig. 4.
It involves 9 left-handed (SU(2) doublet) quarks, 3 from each generation, and 3
left-handed leptons, one from each generation. It violates B and L by 3 units
each,

∆B = ∆L = ±3 (2.2)

L

L
L

Q

Q

Q
τ

e

µ

1

2

3
Fig. 4. The sphaleron.

In grand unified theories, like SU(5), there are heavy gauge bosons Xµ and
heavy Higgs bosons Y with couplings to quarks and leptons of the form

Xqq, Xq̄l̄ (2.3)

and similarly for Y . The simultaneous existence of these two interactions imply
that there is no consistent assignment of baryon number to Xµ. Hence B is
violated.

Leads to ∆B = ∆L = 3.
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An Electroweak Analogy
A simple pendulum

 
L = 1

2
ml2 θ 2 − mgl(1− cosθ)

Vacua:

θn = 2nπ  n ∈Z

New Definitions

 

χ ≡
θ
2

ω ≡
g
l

α ≡
ω
4mgl

<< 1

 

ω
2

−α
d 2

dχ 2
+
1
α
sin2 χ

%

&'
(

)*
ψ n (χ) = Enψ n (χ)

Schrödinger Equation

Perturbative Approach
(expand about a minimum)

 
sin2 χ = χ 2 − χ

4

3
+

Keep only first term:
Harmonic Oscillator!

Periodic potential
means periodic
wave-functions

•Approach valid for 
 Energies << barrier height
•Periodicity lost in approximation
•Only affects high-energy physics

At high temperatures, processes
probing the multiple vacua are
easily possible

This model is a useful
analogy for many features 
of the electroweak theory

L =
1
2

ml2θ̇2 −mgl(1− cos θ)

Vacua: θn = 2nπ with n ∈ Z (analogous to the CS
vacua).

Periodic potential implies periodic wave-functions.

Define χ ≡ θ/2, ω ≡ g/l , α ≡ ~ω/4mgl � 1.

Schrödinger equation:

~ω
2

(
−α d2

dχ2 +
1
α

sin2 χ

)
ψn(χ) = Enψn(χ)

Perturbative approach: sin2 χ = χ2 − χ4

3 + · · ·
First term: Harmonic oscillator.

Approach valid for energies� barrier height.

Periodicity lost in perturbative approximation (analogous
to the perturbative regime of the SM).
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Departure from Equilibrium

SM Higgs sector has also interesting behavior at finite temperature.
Without Yukawa interactions,

Veff(φ,T ) =
1
2

(gT 2 − µ2)φ2 +
λ

4
φ4

Phase transition at Tc = µ/
√

g.
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A Simple Phase Transition

T=0

C

effV !�"

�

T>>TC T>T In this simple model, there is a 
phase transition - the full
symmetry is restored at high
enough T. Only below a 
critical temperature is the
theory spontaneously broken.

Tc =
µp
g

But: in this example, the phase transition is continuous
(sometimes people say 2nd order). It is relatively calm, as
the field essentially rolls down its effective potential to its
nonzero value at the temperature drops.

The departure from equilibrium is insufficient

PT is continuous (2nd order), as the field calmly rolls down the effective potential
to its non-zero minimum as T drops below Tc .
Insufficient for baryogenesis.
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Departure from Equilibrium

Including Yukawa couplings yields a more interesting possibility.

V (1)
eff (φ,T ) =

(
3
32

g2 +
λ

4
+

m2
t

4v2

)
(T 2 − T 2

c )φ2 − 3
32π

g2Tφ3 +
λ

4
φ4

Tc = mH

(
3
8

g2 + λ− 9
256π2 g6 +

m2
t

v2

)−1/2

Mark Trodden, University of Pennsylvania
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Departure from Equilibrium

V
(1)
eff (⇤; T ) =

✓
3

32
g2 +

�

4
+

m2
t

4v2

◆
(T 2 � T 2

⇤ )⇤2 � 3g2

32⇥
T⇤3 +

�

4
⇤4

Tc = mH

✓
3

8
g2 + �� 9

256⇥2
g6 +

m2
t

v2

◆�1/2

However, in the standard model, a careful computation of
the finite-temperature effective potential yields a more
interesting possibility

As we’ll see, if this cubic term 
is present and large enough, 
then a strongly first order 
phase transition occurs, which
is very useful!

If the cubic term is large enough, a strongly 1st order phase transition occurs.
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SM Phase Diagram
Baryogenesis 39

1st order

2nd order smooth
crossover

mH
75 GeV

T
sym. phase

phase
broken 

Fig. 16. Phase diagram for the EWPT, from ref. [38]

5.2. EWPT in the MSSM

It is possible to implement this mechanism in the MSSM because top squarks
(stops) couple strongly to the Higgs [40]. The MSSM is a model with two Higgs
doublets, H1 and H2, of which one linear combination is relatively light, and
plays the role of the SM Higgs, as illustrated in figure 17.

H2

β = tan H2/H1
H1

−1

Fig. 17. Light effective Higgs direction in the MSSM (in the limit where the A0 is very heavy).

The stops come in two kinds, t̃L and t̃R, and have mass matrix

m2
t̃

∼=
!

m2
Q + y2H2

2 y(A∗
t H

∗
2 + µH1)

y(AtH2 + µ∗H∗
1 ) m2

U + y2H2
2

"
(5.30)

1st order PT not possible in the SM for the observed mH = 125 GeV.
Rules out SM baryogenesis.
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Classical Analogy

225th Particle Physics Workshop, Nov 20-25, Islamabad, Pakistan A. Höcker ⎯ Baryogenesis

(II) Baryogenesis through EW Phase Transition

Tv

( )TV v cT T>

cT T=

Tv

1st order phase 
transition

( )TV v

cT T=

-critTv cT T<

cT T>

cT T<

no degenerate minima 
no bubble expansion,   
adiabatic switching off 
of sphaleron processes

The bubbles must get filled with more quarks than antiquarks (CPV) Æ Baryogenesis has 
to take place outside the bubbles (since η must be conserved), while the sphaleron-
induced (B+L)-violating reactions must be strongly suppressed inside the bubbles

“spontaneous” phase transition                  
( time scale ~ particle reaction, DTE )

“continuous” phase transition      
( time scale ? particle reaction, DTE )

potential barrier

Higgs bubble expansion

Condensation of Higgs field

Higgs potential versus Higgs vacuum expectation value:

higher order phase 
transition

Phase transitions

phase diagram of water
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MSSM Baryogenesis
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Bounds and Tests
• In supersymmetry, sufficient asymmetry is generated for
   light Higgs, light top squark, large CP phases
• Promising for the LHC (and future colliders).
• Severe upper bound on lightest Higgs boson mass,  
   mh <120 - 130 GeV (in the MSSM)
• Lightest right-handed stop mass may be close to 
  experimental bound and must be < top quark mass.

(Carena, Quiros, Seco and Wagner, 2002)
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Why 1st Order?

Discontinuous change of vT leads to condensation of Higgs field at T ∼ Tc .

215th Particle Physics Workshop, Nov 20-25, Islamabad, Pakistan A. Höcker ⎯ Baryogenesis

(II) Baryogenesis through EW Phase Transition

In SM for T ?TEW, no departure from thermal equilibrium (reactions much faster than 
expansion of universe, H(T))

SM CP violation (KM mechanism) needs non-zero quark masses to occur, but fermions 
acquire masses only at TEW

Need 1st order phase transition at  Tc ~ TEW :

discontinuous change of                         , since vT = 0 for T > Tc
condensation of Higgs field at T ~ Tc

Higgs0 0T Tv φ=

new phase

cT T<

old phase

cT T>

schematic view 
of 1st order 
phase transition:

1T −

old phase & new phase

cT T≈

expanding bubble (Higgs condensates)

Asymmetric reflection and transmission of chiral fermions through the bubble wall.
CP violation at the boundary due to gradient in the Higgs phase.
If the PT is strong enough, overcomes washout and excess B is frozen in.

Mark Trodden, University of Pennsylvania
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•In exterior EW symmetry is restored - sphalerons unsuppressed. 
•Chiral asymmetry converted to an asymmetry in baryon number.
•BUT, particles injected into broken phase (interior) only diffuse by
 baryon number conserving decays (for a strong enough PT!).
• Hence, net asymmetry is generated!

Text

φ = v φ = 0

tL ,τ L

tR ,τ R

-J0 J0

vw

Γunbroken ~ (αWT )
4Γbroken ~ exp(−MW /T )

True vacuum
(broken symmetry)

False vacuum
(unbroken symmetry)

•Asymmetric reflection and transmission of L and R handed particles, 
 injected chiral current into the unbroken phase in front of bubble wall.
•Asymmetries diffuse both behind and in front of the wall left.
•Qualitative difference between the interior and exterior diffusion.
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SM CP Violation

Through the CKM quark mixing matrix VCKM.

1 CP phase for nf = 3.

Relevant quantity for us:

J = det[m2
u,m

2
d ] = (m2

t −m2
c )(m2

t −m2
u)(m2

c −m2
u)(m2

b −m2
s )(m2

b −m2
d )(m2

s −m2
d )K

where

K = Im[ViiVjjV ∗ij V ∗ji ] (with i 6= j)

Strength of CP violation can be estimated by calculating the dimensionless
quantity

J
v12

EW
∼ 10−18

Too small to account for the observed BAU η ∼ 10−10.

(see M. Bona’s lecture)
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Summary

CKM CP violation is too small (by ∼ 10 orders of magnitude).

Observed Higgs boson mass is too large for a strong first-order phase transition.

Requires New Physics!

New sources of CP violation.

Another mechanism for departure from equilibrium (in addition to EWPT) or
modify the EWPT itself.

Many interesting ideas, some of which are testable down to the EW scale and
below.

We will focus on one interesting scenario: Leptogenesis.
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Connection to Neutrino MassNon-zero neutrino mass 
At least two of 
the neutrinos 
are massive and 
hence they mix 
with each other. 

Seesaw Mechanism: a common link between neutrino mass and baryon asymmetry.

[Fukugita, Yanagida (Phys. Lett. B ’86)]
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