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How did the Universe begin?
Does it have an end?
What is it made of?
How does it work?
Why do we exist?

Questions since the dawn of
humankind now with science!

Where do we come from?

What are we?

Where are we going?

dark energy

dark m
atter

at
om

s



• New intl research 
institute in Japan

• astrophysics

• particle theory

• particle expt

• mathematics

• official language: 
English

• >30% non-Japanese

• ~$14M/yr for 10 years

• launched Oct 1, 2007

• ~80 now

• excellent new faculty, 
young and dynamic!

• will hire about 10~15 
postdocs each year, 
some more faculty

• support visitors!

• new building

• intl guest house

• workshops about once 
every other month
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Career Path
IPMU postdocs and students so far went to

Yasuhiro Shimizu: Assist. Prof. @ Tohoku
Yuji Sano: Assist. Prof. @ Kyushu
Damien Easson: Assist. Prof.@ Arizona State
Shuji Harashita: Assist. Prof. @ Kobe
Tathagata Basak: Assist. Prof. @ Iowa State
Yogesh Srivastava: Assist. Prof. @ NISER
Simon Dedeo: Pierre Omidyar Fellow@Santa Fe Institute
Brian Powell: Pentagon
Matthew Buckley: Prize Fellow @ Caltech
Daniel Krefl: postdoc @ Berkeley
Daniel Hernandez: postdoc @ CERN
Rajat Thomas: postdoc @ Toronto
Jan Schümann:  Massachusetts General Hospital
Masahito Yamazaki: postdoc @ Princeton
Vikram Rentala: postdoc @ Arizona



occupancy since Jan 18, 2010
~5900 m2



interaction area ~400m2

like a 
European town square

Piazza Fujiwara

Obelisk
“L’Universo é scritto in

lingua matematica”
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Baryogenesis
• A question about “Why do we exist?”
• another way to phrase it is “Where did the 

anti-matter go?”
• big mystery in modern cosmology
• a fascinating subject!
• need to explain a number called “baryon 

asymmetry of the Universe”
• connections to flavor physics experiments 

(“intensity frontier”)
• possibly also to LHC



too many theories
for a single number



Outline

1. Why baryon asymmetry is a problem at all
2. Review of the Sakharov's conditions
3. Why old models based on GUT did not 

work.
4. Electroweak baryogenesis
5. Leptogenesis
6. Connections to the near-future 

experiments



1. baryon asymmetry



1. baryon asymmetry

• Introduction

• Observation

• Need for baryon asymmetry

• Anti-matter domain

• Initial condition





Energy Budget 
of the Universe

• Stars and galaxies are only ~0.5%

• Neutrinos are ~0.1–1.5%

• Rest of ordinary matter 

(electrons, protons & neutrons) are ~4.4%

• Dark Matter ~23%

• Dark Energy ~73%

• Anti-Matter 0%

• Dark Field ~1062%??

stars neutrinos
baryon dark matter
dark energy
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The prospective increase in the budget 
deficit will place risk at future living 

standards of our country



Five questions beyond 
the standard model

• Now it is clear that the standard model is 
incomplete

• five empirical questions (w/o aesthetics)
• neutrino mass
• dark matter
• accelerated expansion (dark energy)
• acausal density fluctuation (inflation)
• baryon asymmetry

18



Why do we exist?

• I told my Berkeley colleagues that this was 
one of the problems I work on

• Rhetorician: “You are asking a wrong 
question.  Why implies purpose.  You must 
ask How.”

• Philosopher: “I can see why he asks why.”

• I didn’t get to explain what I meant....

How did we survive?



Anti-matter



Matter Anti-matter



Discovery

1928 1932



1933

electronpositron
=anti-electron

Produced in a pair

Irène

Frédéric 
Joliot-
Curie



1955
anti-proton

matter and anti-
matter annihilate 
into pure energy

Berkeley

Emilio
Segrè

Owen
Chamberlain







E=mc2

300 million times more efficient 
than regular gasoline



• CERN!

• A scientist produced a 
quarter gram of anti-
matter without the 
knowledge of the 
Director General

• falls into wrong hands!

billion trillion 
trillion dollars







Anti-matter 
in the Universe

• Now we can make anti-matter with 
accelerators

• the ultimate accelerator: Big Bang must 
have made them

• apparently not around us

• where did they go?



Observation



WMAP

• acoustic peaks in the 
CMB anisotropy 
power spectrum are 
due to the sound 
waves (oscillations) in 
photon-baryon fluid at 
T~3000K

• amount of baryon 
particularly affects the 
ratio of even and odd 
peaks

Ωbh2=0.02258±0.00057
Ωb=0.0449±0.0028

Wayne Hu



notations

• Hubble “constant” is 
the expansion rate of 
the Universe

• critical density is 
related to H0 by 
Einstein’s equation

• Omega is the ratio to 
the critical density 
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ȧ

a

�2

=
8π

3
GNρ− k

a2
+

Λ
3

ρc =
3

8πGN
H

2
0 = 1.05× 10−5

h
2GeV/cm3

h = 0.710± 0.025(WMAP7)

H0 =
ȧ
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19. Big-Bang cosmology 9

Figure 19.1: The type Ia supernova Hubble diagram [23–25]. The first panel
shows that for z ! 1 the large-scale Hubble flow is indeed linear and uniform;
the second panel shows an expanded scale, with the linear trend divided out, and
with the redshift range extended to show how the Hubble law becomes nonlinear.
(Ωr = 0 is assumed.) Comparison with the prediction of Friedmann-Lemâıtre
models appears to favor a vacuum-dominated Universe.

July 25, 2008 14:17



Big Bang 
Nucleosynthesis

• At T>MeV, the soup of 
e+, e–, ν, ν

• small amount of p, n

• they start to fuse, 
forming light elements

• abundance of light 
elements depends on 
amount of baryon

20. Big-Bang nucleosynthesis 3
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Figure 20.1: 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 systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

In recent years, high-resolution spectra have revealed the presence of D in high-
redshift, low-metallicity quasar absorption systems (QAS), via its isotope-shifted Lyman-α
absorption [23–28]. It is believed that there are no astrophysical sources of deuterium [29],

July 24, 2008 18:04
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deuterium abundance

• believed to be the 
most accurate, most 
primordial

• hydrogen backlit by 
quasar, Lyman 
absorption lines

• reduced mass different 
by 1/4000 between H 
and D
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end result

• WMAP7 (T~3000K)

• BBN based on D/H (Kirkman 2003) 
(T~0.1–1 MeV)

η =
nb

nγ
= (5.9± 0.5)× 10−10

Ωbh
2 = 0.0214± 0.0020

Ωbh
2 = 0.02258± 0.00057



Big Bang 
Nucleosynthesis

• there appears to be a 
discrepancy between 
7Li and D/H & CMB

• 7Li abundance 
measured at surface of 
stars

• convection?  new 
physics?
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Figure 20.1: 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 systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

In recent years, high-resolution spectra have revealed the presence of D in high-
redshift, low-metallicity quasar absorption systems (QAS), via its isotope-shifted Lyman-α
absorption [23–28]. It is believed that there are no astrophysical sources of deuterium [29],
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Particle Universe

• The best information 
we have on the 
number of particles in 
the universe (assumes 
0.1–1 TeV WIMP)

The Particle Universe
photons neutrinos

protons electrons

neutrons
dark matter

nu
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more convenient 
quantity

• in late universe, both nb and nγ dilute as a–3

• however nγ has been “heated up” earlier on 
by e+e– annihilation, QCD phase transition, 
etc

• “yield” nb/s has been conserved unless 
injection of heat (entropy) or baryon 
number violation

Yb =
nb

s
= (0.84± 0.07)× 10−10

η =
nb

nγ
= (5.9± 0.5)× 10−10



quark asymmetry

• for all quarks and anti-quarks in thermal 
equilibrium, we can translate

• need to specify the particle content.  Let us 
take the whole SM at T > TeV

Yb =
nb

s
= (0.84± 0.07)× 10−10

Aq =
nq − nq̄

nq + nq̄
= 1.8× 10−9
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Need for baryon 
asymmetry



Baryo-symmetric 
Universe

• At high temperatures T>100MeV, Universe 
was a soup of quarks and gluons

• with the confinement transition, quarks and 
anti-quarks end up in mesons and baryons

• mesons decay, baryons and anti-baryons 
annihilate

• end up with a plasma of e+, e–, ν, ν, γ, and a 
very small density of p, p, n, n

–
– –

Ωb ≈ g
−1/2
∗

xf

M
3
Pl�σannv�

s0

H
2
0

≈ 10−12



• Once T<mp, no more p 
created

• if stable, only way to lose 
them is annihilation

• but universe expands and 
p get dilute

• at some point they can’t 
find each other

• their number in comoving 
volume “frozen”

G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 

thermal relic



• WIMP freezes out 
when the annihilation 
rate drops below the 
expansion rate

• Yield Y=n/s constant 
under expansion

• stronger annihilation 
⇒ less abundance 

H ≈ g
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T
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Baryo-symmetric 
Universe

• At high temperatures T>100MeV, Universe 
was a soup of quarks and gluons

• with the confinement transition, quarks and 
anti-quarks end up in mesons and baryons

• mesons decay, baryons and anti-baryons 
annihilate

• end up with a plasma of e+, e–, ν, ν, γ, and a 
very small density of p, p, n, n

–
– –

Ωb ≈ g
−1/2
∗

xf

M
3
Pl�σannv�

s0

H
2
0

≈ 10−12



Baryo-asymmetric 
Universe

• At high temperatures T>100MeV, Universe 
was a soup of quarks and gluons

• with a confinement transitions, quarks and 
anti-quarks end up in mesons and baryons

• mesons decay, baryons and anti-baryons 
annihilate, asymmetric component remains

• end up with a plasma of e+, e–, ν, ν, and a 
small density of p and n

–



Early Universe

1,000,000,002 1,000,000,000

matter anti-matter



Current Universe

2

We won!  But why?

us

matter anti-matter





How we survived 
the Big Bang

• We (matter) have annihilated anti-matter

• we won at the expense of a billion friends

• why was there a tiny asymmetry so that we 
could survive?

• was it planted (initial condition) or was it 
generated (evolution)?



Initial Condition?



Creation
nb(t=0)≠0



Or Evolution?
nb(t=0)=0 ⇒ nb(t>tb)≠0



Why same T0=2.75K?

• Like having found two 
remote islands in 
different parts of the 
world

• but the locals speak 
the same language

• even the same dialect 
with 10-5 accuracy

• we would suspect 
they communicated, 
must have come from 
the same place
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inflaton
• a scalar field displaced 

from the minimum at the 
beginning

• rolls down slowly: inflation

• constant potential leads 
to exponential expansion

• quantum fluctuation 
source of later structure, 
become classical after they 
go out of the horizon

φ

V(φ)

t

log R

H
2 =

�
ȧ

a

�2

=
8π

3
GNρ = const

a(t) = a(0)eHt



Can the initial condition 
survive inflation?

• No, in the Standard 
Model

• baryon density 
extrapolated 
backwards leads to 
fermi degenerate gas

• energy density will 
exceed inflaton and 
can’t inflate the 
universe as much as 
we need N>60–100

ρf ∝ a−4

assume instant reheating
at the end of inflation

to obtain the most 
conservative limit

N ≤ 8



Inflation
• density fluctuation is 

apparently acausal
• Also T-E correlation 

shows photons flowed 
out from dense 
region, unlike in causal 
mechanisms (e.g. 
strings)

• beautifully Gaussian

WMAP SEVEN-YEAR OBSERVATIONS: POWER SPECTRA AND WMAP-DERIVED PARAMETERS 5
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Figure 3. The 7-year temperature-polarization (TE) cross-power
spectrum measured by WMAP. The second trough (TE<0) in the
spectrum in the vicinity of l = 450 is now clearly detected. The
green curve is the ΛCDM model best fit to the 7-year WMAP data,
as in Figure 1. The plotted errors depict the diagonal elements
of the covariance matrix and include both cosmic variance and
instrument noise. A complete error treatment is incorporated in
the WMAP likelihood code. Note that the plotted spectrum is
(l + 1)CTE

l
/(2π), and not l(l+ 1)CTE

l
/(2π).

2.4. Temperature-Polarization (TE, TB) Cross Spectra

The 7-year temperature-polarization cross power spec-
tra were formed using the same methodology as the 5-
year spectrum (Page et al. 2007; Nolta et al. 2009). For
l ≤ 23 the cosmological model likelihood is estimated
directly from low-resolution temperature and polariza-
tion maps. The temperature input is a template-cleaned,
co-added V+W band map, while the polarization in-
put is a template-cleaned, co-added Ka+Q+V band map
(Gold et al. 2009). In this regime, the spectrum can be
inferred from the conditional likelihood of Cl values (in-
dividual or binned), but these estimates are only used
for visualization.
For l > 23, the temperature-polarization spectra are

derived using the MASTER quadratic estimator, ex-
tended to include polarization data (Page et al. 2007).
(As above, the MASTER spectrum is evaluated from
l = 2, but the result from l = 2 − 23 is discarded.) The
temperature input is a template-cleaned, co-added V+W
band map, while the polarization input is a template-
cleaned, co-added Q+V+W band map. The inclusion of
W-band data in the high-l TE and TB spectra is new
with the 7-year data release (Jarosik et al. 2010). Since
the W band radiometers have the highest angular resolu-
tion, the inclusion of W band significantly enhances the
sensitivity of these high-l spectra.
The 7-year TE spectrum measured byWMAP is shown

in Figure 3. For all except the first bin, the MAS-
TER values and their Gaussian errors are plotted. The
first bin shows the conditional maximum likelihood value
based on the pixel likelihood mentioned above, and the
MASTER error bar. The slight adjustment for fsky,TE
is included in the error bars. With two additional years
of integration and the inclusion of W band data, we now
detect the TE signal with a significance of 21σ, up from
13σ with the 5-year data. Indeed, for l < 300 the TE er-
ror is about 60% of the 5-year value, and for l > 300 the
sensitivity improvement is even larger due to W band’s
finer resolution. At l = 800 the 7-year TE error is 35% of

the 5-year value. A qualitatively new feature seen in the
7-year spectrum is a second trough (TE<0) near l = 450.
See Figure 4 for a comparison of the 7-year to 5-year er-
ror bars, for the TE and TB spectra. Overall, the TE
data are quite consistent with the simplest 6-parameter
ΛCDM model; we discuss its goodness-of-fit in §5.
The observed TE signal is the result of a specific polar-

ization pattern around hot and cold spots in the temper-
ature anisotropy. In particular, the acoustic peak struc-
ture in TE corresponds to a series of concentric rings of
alternating radial and tangential polarization (relative to
a radial reference direction). Komatsu et al. (2010) per-
form a stacking analysis of the 7-year temperature and
polarization maps and show that the effect is detected in
the 7-year WMAP sky maps with a significance of 8σ.
The 7-year TB spectrummeasured byWMAP is shown

in Figure 5. In this case, because the signal-to-noise ra-
tio is low, the MASTER points and their Gaussian errors
are plotted over the full l range, including the first bin.
The measured spectrum is consistent with zero: the χ2

for the null hypothesis (TB=0) is 851 for 777 degrees of
freedom. The probability to exceed that amount is 3.2%,
which is somewhat low but not compellingly so. The ab-
sence of a detectable signal is consistent with the ΛCDM
model, which predicts zero. It is also an indication that
systematic errors and foreground contamination are not
significant at the level of ∼ 0.1 µK2 in (l + 1)CTB

l .
Komatsu et al. (2010) use the 7-year TE and TB data

to place limits on polarization rotation due to parity vio-
lating effects. Polarization rotation would cause TE sig-
nal generated at the last scattering surface to transform
into observed TB power. The absence of TB signal leads
to an upper limit on rotation of ∆α = −1.1◦±1.3◦(stat)±
1.5◦(sys).

2.5. Polarization (EE, EB, BB) Spectra

The most reliable way to estimate the low-l polar-
ization spectra is to use the pixel-space likelihood code
to generate the posterior distributions of individual (or
binned) Cl values. In the 7-year data, this code is based
on a co-added Ka+Q+V map. The most conservative,
but costly, method is to produce a Markov Chain that
allows each Cl to vary independently; the resulting dis-
tribution of any single Cl will be the marginalized dis-
tribution for that multipole moment. A Gibbs sampling
technique could also be used, but this works best with
a high signal-to-noise ratio. However, Gibbs sampling in
lower signal-to-noise regions can be performed success-
fully, as shown by Jewell et al. (2009). A much more
tractable approach is to compute the conditional likeli-
hood in which the likelihood of a single Cl is evaluated
while all other moments are held fixed. We adopt the
latter approach to visualize the low-l EE and BB spec-
tra. In the context of parameter fitting, the estimated
Cl are constrained to vary according to the model.
Figure 6 shows the conditional likelihood for the EE

multipoles from l = 2–7 for two different reference spec-
tra. The black curves show the likelihood of CEE

l when
the CEE

l′ are fixed to the best-fit ΛCDM model for l′ $= l.
The red curves are the analogous distributions when the
reference spectrum is taken to be the maximum likeli-
hood spectrum. This maximum likelihood spectrum was
obtained by numerical maximization of the likelihood



Can the initial condition 
survive inflation?

• logically possible if 
there are baryonic 
scalars

• need the super-super-
Planckian initial 
conditions

• need extremely flat 
potential

• gauge-mediation?
• all baryon number may 

end up in Q-balls

nb = i(φ∗φ̇− φ̇∗φ)

φ̇(tRH) = φ̇(0)e−3Ht

m < (HIMPl)1/21010
e
−3N ≈ 10−70GeV

φ(0) > (HIMPl)1/210−10
e
3N ≈ 1090

MPl

We assume evolution for the remainder



Anti-matter domain?
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Anti-matter domain?

• Big Bang made 
presumably both 
matter and anti-matter

• Where did it go?

• Are there anti-matter 
domains in the 
universe?

• Could the universe be 
baryosymmetric?
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Solar system

• Landing on the 
moon

• Past asteroid/
meteor impact

• Solar cosmic rays
• Voyager spacecraft



largest concentration
of anti-matter

• KEK-B has 1014 
positrons inside the 
ring

• Fermilab Tevatron has 
3 1012 anti-protons
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Galactic Scale

• There are anti-protons 
in cosmic rays

• ~10-4 of protons

• Consistent as 
secondaries due to the 
interaction of cosmic-
ray protons in the ISM 
(InterStellar Medium)

• Certainly not 1:1

cies and for the loss of particles in the instrument itself. It is assumed that all antiprotons

and protons interacting with the payload material above and inside the tracking system are

rejected by the selection criteria. The resulting antiproton-to-proton flux ratios are given in

Table I and Figures 3 and 4. The reported errors are statistical only. The contamination
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FIG. 3: The antiproton-to-proton flux ratio obtained in this work compared with theoretical cal-

culations for a pure secondary production of antiprotons during the propagation of cosmic rays in

the galaxy. The dashed lines show the upper and lower limits calculated by Simon et al. [15] for

the standard Leaky Box Model, while the dotted lines show the limits from Donato et al. [16] for a

Diffusion model with reacceleration. The solid line shows the calculation by Ptuskin et al. [17] for

the case of a Plain Diffusion model. The curves were obtained using appropriate solar modulation

parameters (indicated as φ) for the PAMELA data taking period.

was not subtracted from the results and should be considered as a systematic uncertainty.

It is less than a few percent of the signal, which is significantly lower than the statistical

uncertainty. Figure 3 shows the antiproton-to-proton flux ratio measured by the PAMELA

experiment compared with theoretical calculations assuming pure secondary production of

antiprotons during the propagation of cosmic rays in the galaxy. The PAMELA data are in

excellent agreement with recent data from other experiments, as shown in Figure 4.

We have presented the antiproton-to-proton flux ratio over the most extended energy

range ever achieved and we have improved the existing statistics at high energies by an

order of magnitude. The ratio increases smoothly from about 4 × 10−5 at a kinetic energy

of about 1 GeV and levels off at about 1 × 10−4 for energies above 10 GeV. Our results

8
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FIG. 4: The antiproton-to-proton flux ratio obtained in this work compared with contemporary

measurements [8, 9, 10, 18, 19, 20, 21].

are sufficiently precise to place tight constraints on parameters relevant for secondary pro-

duction calculations, e.g.: the normalization and the index of the diffusion coefficient, the

Alfvén speed, and contribution of a hypothetical “fresh” local cosmic ray component [22].

Furthermore, an important test criteria for cosmic ray propagation models is their ability

to reproduce both the antiproton-to-proton flux ratio and the secondary-to-primary nuclei

ratio. Our high energy data (above 10 GeV) places limits on contributions from exotic

sources, such as dark matter particle annihilations. The antiproton-to-proton flux ratio will

be modified according to values of the dark matter particle mass, annihilation cross section,

and structure in the density profile (boost factor).

PAMELA is continuously taking data and the mission is planned to continue until at

least December 2009. The increase in statistics will allow higher energies to be studied. An

analysis for low energy antiprotons (down to ∼100 MeV) is in progress and will be the topic

of a future publication [13].

We would like to acknowledge contributions and support from: Italian Space Agency

(ASI), Deutsches Zentrum für Luft- und Raumfahrt (DLR), The Swedish National Space

Board, Swedish Research Council, The Russian Space Agency (Roscosmos) and The Russian

Foundation for Basic Research.
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Extragalactic
Anti-Helium

• Anti-nuclei unlikely form 
as secondaries

• Anti-helium product of 
BBN in anti-matter 
domains

• Extragalactic anti-matter 
within ~10Mpc should 
give ~10-6 anti-helium flux 
(Stecker)

• BESS 2002 excluded this 
level

• Not conclusive?
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Galaxy Clusters

• No gamma rays 
from other X-ray 
emitting clusters 
(sure to have 
intracluster gas)

• No coexistence of 
matter and anti-
matter within 
~20Mpc scale

• >1013_1014M⦿ only 

matter, little anti-
matter



collision of clusters at 4500 km/sec

You don’t want to be 
there
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Diffuse Gamma Ray 
Background

• Most of the gamma 
rays from π0 are 
still around

• Contributing to the 
diffuse gamma ray 
background

• d0<1Gpc excluded

• M(d0)>1020M⦿

d0=20Mpc

d0=1Gpc

Cohen, De Rujula, Glashow (1997)
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Causality
• We learned that matter and anti-matter 

domains (if they exist) must be separated 
beyond >1Gpc, basically the size of the 
visible universe now.

• A new force that repels matter and anti-
matter?

• Distance of ~1Gpc has just come to see 
each other

• No causal mechanism could separate them
• Think what could have happened in earlier 

universe well before recombination
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Requirement for 
separating domains

• Domains of matter and 
anti-matter must have 
been well separated 
before the QCD phase 
transition to avoid this 
near-total annihilation

• Horizon size back then 
~10-7M⦿ 

• Need to separate 
>>1013M⦿

• Need acausal 
mechanism



2. Sakharov’s Conditions
3. Why old models died



Beginning of Universe

1,000,000,001 1,000,000,001

matter anti-matter



fraction of second later

1,000,000,002 1,000,000,000

matter anti-matter

1

turned a billionth of anti-matter to matter



Universe Now

2

This must be how we survived the Big Bang!

us

matter anti-matter



Sakharov’s conditions

• Need to reshuffle matter and anti-matter

• baryon-number violation

• need to prefer matter over anti-matter

• CP violation

• need an irreversible process

• departure from equilibrium



Progress!

• Head-to-head competition between 
Stanford/Berkeley and KEK (Japan)

• Super high-tech machine with micron 
precision over 4 miles and colliding beams 
every 4 nanoseconds at speed of light



CP Violation

• Is the world of anti-
matter an exact 
mirror?

• 1964 Fitch and 
Cronin: εK

• 1998 CPLEAR:          
T-violation

• 1999 NA48, KTeV: ε’K

• 2002 B-factories:      
sin 2β=sin 2ϕ1
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CKM
f i t t e r

Kobayashi-Maskawa

• Known CP-violating 
phenomena can all be 
explained by 
Kobayashi-Maskawa 
theory

• There is only a single 
CP-violating phase 
(2002)

• Not enough!  Can’t 
create excess quarks 
over anti-quarks



New Puzzle

• We could explain the subtle difference 
between matter and anti-matter thanks to 
Kobayashi and Maskawa

• Can we then explain the difference of 10-9 
in our Universe?

• We can only explain 10-10 of what we need!
• more differences are needed
• we also need to see how anti-matter can 

turn into matter



Need new
source of CP

• Now the KM theory is established

• KM phase requires full three generations, 
quark mixing, the only invariant is (v=1):

• Absolutely not enough (need 10-9!)

• Need new source(s) of CP violation

J = �m
�
det[M2

u , V †
CKMM2

dVCKM ]
�
≈ 10−20



B-violation
• Grand Unification was prime example:    

e.g. p→e+π0                                        
(now >1034 years!  Nov. 09 Super-K)

• strong limit MGUT>1015 GeV
• monopole problem requires TRH<MGUT/α
• can’t count on GUT-scale particles for 

baryogenesis (loophole: preheating)
• B–L conserved
• getting enough CP violation was a challenge
• “best” scenario was to rely on color triplet 

Higgs ~ 1011GeV, requires multi-Higgs

DEA
D



‘t Hooft

• Standard Model actually violates the baryon 
number from the triangle anomalies

• conserves B–L

• can in principle lead to 3He→e+μ+ντ
• my back-on-envelope estimate τ∼10150 yrs

• but can have impact in early universe

∂µjµ
L = ∂µjµ

B =
Ng

64π2
�µνρσW a

µνW a
ρσ

_



Anomaly!

• W and Z bosons 
massless at high 
temperature

• W field fluctuates just 
like in thermal plasma

• solve Dirac equation in 
the presence of the 
fluctuating W field

change #q, #l



1D vs 3D
• 3+1 D gauge theory

• π3(SU(2))=Z

• Atiyah-Patodi-Singer index 
theorem says instanton 
number corresponds to 
the number of zero 
crossing

• change B & L by 
Ng×Ninstanton

• same story with 1+1 D    
U(1) gauge theory

• π1(U(1))=Z

• U(1) can have instantons = 
constant electric field

• E=±(k–eA1), k=n/L

• change eA1 from 0 to 1/L

• change fermion numbers

∂µjµ
L = ∂µjµ

B =
Ng

64π2
�µνρσW a

µνW a
ρσ



washout

• estimate of B-violating transition rate is 
Γ≈20 αW

5 T (Shaposhnikov & co.)

• in thermal equilibrium below T<1012 GeV

• all preexisting B washed out if B–L=0



choices

• produce B–L asymmetry above TEW

• e.g. leptogenesis from heavy nR

• produce B=L at TEW

• e.g. electroweak baryogenesis

• produce B below TEW

• e.g. exotic scalar field decays



out-of-equilibrium

• detailed balance: process and inverse 
process have the same rate

• even if CP and B violated, B-increasing and 
B-decreasing processes cancel each other

• need to go out of equilibrium

• long-lived particle decays out of equilibrium

• first-order phase transitions



Questions?



Baryogenesis II
Hitoshi Murayama

UC Berkeley, LBNL, and IPMU Tokyo
CERN Academic Training Lectures

May 26, 2010



Recap

• No significant anti-matter within ~1Gpc
• Both CMB and BBN suggest Ωb≈0.044
• need an asymmetry of a few times 10–9

• given the success of inflation, the 
asymmetry is not the initial condition 
(unless extreme measures)

• need to generate the baryon asymmetry in 
the course of evolution of the Universe



Beginning of Universe

1,000,000,001 1,000,000,001

matter anti-matter



fraction of second later

1,000,000,002 1,000,000,000

matter anti-matter

1

turned a billionth of anti-matter to matter



Universe Now

2

This must be how we survived the Big Bang!

us

matter anti-matter



Sakharov’s conditions

• Need to reshuffle matter and anti-matter

• baryon-number violation

• need to prefer matter over anti-matter

• CP violation

• need an irreversible process

• departure from equilibrium



too many theories
for a single number



choices

• produce B–L asymmetry above TEW

• e.g. leptogenesis from heavy nR

• produce B=L at TEW

• e.g. electroweak baryogenesis

• produce B below TEW

• e.g. exotic scalar field decays



13.7 

billion 

years

400K 

years

afterglow

one 

m
inute

chemical
elementsdark-matter!

10 -10 seconds



Outline

1. Why baryon asymmetry is a problem at all
2. Review of the Sakharov's conditions
3. Why old models based on GUT did not 

work.
4. Electroweak baryogenesis
5. Leptogenesis
6. Connections to the near-future 

experiments



Prototypical Model
that doesn’t work



Grand Unification

• grand unified theories violate B

• most models based on SU(5) preserve B–L

• Standard Model Higgs is a part of 5-plet

• remainder is color-triplet

• Yukawa couplings may violate CP

• HC can decay as





H
−1/3
C

H
−1/3
C

H
−1/3
C
H

+

H
0





H
−1/3
C → u

+2/3
e
−1

H
−1/3
C → ū

−2/3
d̄
+1/3

B=1/3

B=–2/3



Out of equilibrium

• A static system would eventually relax to an 
equilibrium

• fortunately the universe is not static!

• expansion rate H≈T2/MPl

• if a process has a rate Γ<H, it would drop 
out of equilibrium

• the simplest possibility: decay Γ=1/τ



assume long life

• in thermal equilibrium, the abundance 
decreases with the Boltzmann factor e–m/T

• once created, they disappear by decay e–t/τ

• if the lifetime long, they hang out for a while
• go out of equilibrium

0 2 4 6 8 10

0.2

0.4

0.6

0.8

1.0

e–m/T

e–t/τ
out of equilibrium

t

Y



CP conservation

H
−1/3
C → u

+2/3
e
−1

H
−1/3
C → ū

−2/3
d̄
+1/3

H
∗+1/3
C → u

+2/3
d
−1/3

H
∗+1/3
C → ū

−2/3
ē
+1

33%

67%

33%

67%

1/3

–2/3

–1/3

2/3

B



direct CP violation

H
−1/3
C → u

+2/3
e
−1

H
−1/3
C → ū

−2/3
d̄
+1/3

H
∗+1/3
C → u

+2/3
d
−1/3

H
∗+1/3
C → ū

−2/3
ē
+1

33%+ε

67%–ε

33%–ε

67%+ε
Whey they decay away, net baryon asymmetry!

1/3

–2/3

–1/3

2/3

B

1

0

–1

0

L

but no B–L asymmetry and B & L washed out



Anomaly!

• W and Z bosons 
massless at high 
temperature

• W field fluctuates just 
like in thermal plasma

• solve Dirac equation in 
the presence of the 
fluctuating W field

change #q, #l



washout

• 1,000,000,001 q

• 1,000,000,000 q

• 1,000,000,001 ν

• 1,000,000,000 ν

_

_

• 1,000,000,000 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,000 ν

_

_



Morale

• If baryogenesis happens at T>>TEW, need to 
generate B–L asymmetry

• then the standard model anomaly takes 
care of the rest

• How do generate B–L asymmetry?

nB

s
≈ 0.35

nB−L

s



Encouragement

• direct CP violation in neutral kaon ε’ in ’99

• ε’≈3.7×10–6

�π+π−|K0� ∝ 1 + ��

�π+π−|K0� ∝ 1− ��

�π0π0|K0� ∝ 1√
2
−
√

2��

�π0π0|K0� ∝ 1√
2

+
√

2��



Leptogenesis



A new direction

• generate first the lepton asymmetry L<0

• Then the anomaly in the standard model 
converts it to the quark asymmetry B>0



A new input

• progress in neutrinos

• 1998 & 2002

• Now now question 
that neutrinos have 
mass!

Cl 95% 

Ga 95% 

νµ↔ντ 

νe↔νX 
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νe↔νµ 
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KamLAND
95%

SNO 
95% 

Super-K 
95% 

all solar 95%

http://hitoshi.berkeley.edu/neutrino 

SuperK 90/99% 

All limits are at 90%CL
unless otherwise noted

LSND 90/99% 

MiniBooNE 

K2K
MINOS



Super-Kamiokandecosmic
rays

cosmic
rays

cosmic rays are isotropic
atmospheric neutrinos are up-down symmetric

Earth

atmosphere



A half of νµ lost!

Neutrinos sense time ⇒ have mass!



Location, Location, Location

1kt

KamLAND



KamLAND
Reactor neutrinos do oscillate!

≈Proper time τL0=180 km

2008



Homer Simpson can taste 
only strawberry, not chocolate



Homer Simpson can taste 
only strawberry, not chocolate



Homer Simpson can taste 
only strawberry, not chocolate
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Homer Simpson can taste 
only strawberry, not chocolate



Homer Simpson can taste 
only strawberry, not chocolate



Homer Simpson can taste 
only strawberry, not chocolate



Homer Simpson can taste 
only strawberry, not chocolate

He tastes only a half of the size!



tiny masses

e µ

u

d

c

s b

t

TeV

G
eV

M
eV

keV

eVm
eV

neutrinos

How do we explain tiny masses?



Seesaw Mechanism
• Why is neutrino mass so small?

• Need right-handed neutrinos to generate 
neutrino mass

νL νR( )
mD

mD

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
νL
νR

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ νL νR( )

mD
mD M
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
νL
νR

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ mν =

mD
2

M
<< mD

To obtain m3~(Δm2
atm)1/2, mD~mt, M3~1014GeV

, but νR SM neutral



Leptogenesis

• Presumably three νR

• One of them lives long and decays late

• Majorana: νR = νR

• @tree-level, decays 50:50 to νL+h, νL+h*

• @one-loop, 

_

_

Γ(νR → νL + h) ∝ 1− �

Γ(νR → ν̄L + h∗) ∝ 1 + �



What anomaly can do

• 1,000,000,000 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,002 ν

_

_

!• 1,000,000,001 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,001 ν

_

_



How does it work?

• absorptive (imaginary) part of the amplitude
log(m2 − p2 − i�) = real part− iπθ(p2 −m2)

Γ(νR1 → νih)− Γ(νR1 → ν̄ih
∗)

∝ �m(h1jh1kh∗lkh∗lj)

A(νR1 → νih) ∼ h1j − iπh∗1khlkhlj

A(νR1 → ν̄ih
∗) ∼ h∗1j − iπh1kh∗lkh∗lj



Non-trivial success!

m̃1 (eV)

M
1

(G
eV

)

Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 # 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].

31

successful
region

m̃1 =
(m†

DmD)11
M1

di Bari, Plümacher,
Buchmüller



How do we test it?

build a 1014 GeV collider



indirect evidences

• Are all mixing angles 
large-ish?

• Is CP violated in 
neutrino sector?

• Is neutrino Majorana?

• collect archaeological 
evidences



Mixing Angles
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08.03.25 suekane @ JPS 8

 Double Chooz Experiment to 
detect 

P=8.4GWth
1.05km

0.4km
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Daya Bay
NPP

Ling Ao
NPP

Ling Ao-ll NPP
(under const.)

Empty detectors: moved to underground 
halls through access tunnel.

Filled detectors: swapped between 
underground halls via horizontal tunnels.

Total tunnel length: ~2700 m

230 m
290 m

73
0 

m

570 m

91
0 

m

Daya Bay Near
360 m from Daya Bay

Overburden: 97 m 

Ling Ao Near
500 m from Ling Ao
Overburden: 98 m 

Far site
1600 m from Ling Ao
2000 m from Daya
Overburden: 350 m 

Mid site
~1000 m from Daya
Overburden: 208 m 

Entrance 
portal

also
RENO

in 
Korea

Daya
Bay
near
Hong
Kong
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Tokai-to-Kamioka (T2K) 
long baseline neutrino oscillation experiment

 Goal

 νe appearance measuremeasure θ13
 precision measurement of νµ disappearance

 Intense narrow spectrum νµ beam from J-PARC MR
 Off-axis w/ 2~2.5deg 

 Tuned at osci. max.

 SK: largest, high PID performance

Δm2 = 3.0 x 10-3 eV2

Goal  @ 3.75MW.107s: 
δ(sin22θ23)~0.01,

δ(Δm2
23) <1×10-4 [eV2]

1600νµCC/yr/22.5kt
(2.5deg)



137

NOνA
Fermilab to Minnesota

32-plane
block

Admirer

25ktMINOS
NOνA

L=810km



Murayama, IHEP, June 12, 2006 138

3σ sensitivity on sin2 2θ13



CP violation

• all parameters came out to be large

• θ13 is the key

• CP violation may be probed on terrestrial 
scale experiments

! 

P("µ #"e ) $ P("µ #" e ) = $16s12c12s13c13
2 s23c23

sin% sin &m12
2

4E
L

' 

( 
) 

* 

+ 
, sin

&m13
2

4E
L

' 

( 
) 

* 

+ 
, sin

&m23
2

4E
L

' 

( 
) 

* 

+ 
, 



Shoot neutrinos over a thousand 
miles

-120!

-120!

-100 !

-100!

-80!

-80 !

25! 25 !

30! 30 !

35! 35 !

40! 40!

45! 45!

50 ! 50!

0 400

km

Homestake

WIPP

BNL

Soudan

HendersonSan Jacinto

Icicle Creek

Kimballton

FermilabFermilab

Homestake

Try to see difference between 
neutrinos and anti-neutrinos

CP Violation?



Need large detectors

• 1Mt is the right order of 
magnitude

• Super-K is 22.5kt 
(fiducial)

e+
!

!

p

K. Nakamura    December 16, 2005

54
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WELCOME

A new research infrastructure supporting deep underground cavities able to host a very large
multipurpose next-generation neutrino observatory of a total volume in the range of 100.000 to
1.000.000 m3 will provide new and unique scientific opportunities in the field of particle and
astroparticle physics, attracting interest from scientists worldwide to study proton decay and neutrinos
from many different natural sources, very likely leading to fundamental discoveries. 

The Superkamiokande Water Cerenkov Imaging detector with a total volume of 50.000 m3 and the T2K
long baseline neutrino oscillation experiment in Japan represent today the state-of-the-art in this field,
addressing neutrino astrophysics and studying neutrino properties. Swiss groups are visibly engaged in
the T2K experiment since 2006. First physics results are expected in summer 2010.

One of the main reasons for a new observatory beyond Superkamiokande is to find direct evidence for
the Unification of all elementary forces, by searching for a rare process called proton decay. The new
underground detector will pursue the only possible path to directly test physics at the GUT scale,

significantly extending the proton lifetime search sensitivities up to 1035 years, a range compatible with
several theoretical models.

While searching for proton decays, the continuously sensitive underground observatory will offer the
opportunity to concurrently detect several other rare phenomena. In particular, it will sense a large
number of neutrinos emitted by exploding galactic and extragalactic type-II supernovae, allowing an
accurate study of the mechanisms driving the explosion. The neutrino observatory will also allow
precision studies of other astrophysical or terrestrial sources like solar and atmospheric ones, and search
for new sources of astrophysical neutrinos, like for example the diffuse neutrino background from relic
supernovae or those produced in Dark Matter (WIMP) annihilation in the centre of the Sun or the Earth.

In addition, the recent measurements of neutrino oscillations point forward to the need to couple the new
neutrino observatory to advanced neutrino beams for instance from CERN, to study matter-antimatter
asymmetry in neutrino oscillations, thereby addressing the outstanding puzzle of the origin of the excess
of matter over antimatter created in the very early stages of evolution of the Universe.

WELCOME TO THE SEARCH FOR THE GRAND UNIFICATION AND TO THE OBSERVATION OF THE UNIVERSE
WITH NEUTRINOS

The proton can
spontaneously
disintegrate into lighter
elementary constituents
if the strong, weak and
electromagnetic forces
become unified at a
very high-energy scale

(1016 GeV or beyond,
at a much higher
energy scale than what
can be directly probed
by the LHC), as
predicted by Grand
Unified Theories
(GUT).
Superkamiokande did
not so far find proton
decay, implying that
the proton has a
lifetime greater than

1033 years. Precision
measurements
performed at the CERN
LEP collider in the
1990’s do support
GUT and further
information could come

LARGE UNDERGROUND OBSERVATORY FOR PROTON
DECAY, NEUTRINO ASTROPHYSICS AND CP-VIOLATION IN THE LEPTON
SECTOR
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Turn anti-matter
into matter

• Can anti-matter turn 
into matter?

• Maybe anti-neutrino can 
turn into neutrino 
because they don’t 
carry electricity!

• 0νββ: nn→ppe–e– with 
no neutrinos

• can happen only once 
1024 (trillion trillion) 
years

patience!



Need big underground
experiments

KamLAND=1000t

Cuore (Italy)
Majorana (US)

NEMO (France)
EXO (US)

KamLAND (Japan)
etc
etc



Supersymmetry



• Most exciting thing 
about superpartners 
beyond existence:

They carry information of 
small-distance physics to 
something we can 
measure

	

 “Are forces unified?”

LHC+LC
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Superpartners probe
high-scale physics
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Why neutrino mass?
• Neutrino mass likely 

comes from physics at 
>1010 GeV

• How will we ever 
know?

• Precision 
measurements at LHC/
ILC determine 
boundary conditions at 
1016 GeV

• With both ends fixed, 
we can constrain 
physics in between
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squark mixing

• Mixing among right-
handed quarks not 
physical because there 
is no right-handed 
charged current

• but mixing among 
right-handed squarks 
physical

• large neutrino mixing 
may show up in Bs
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Dimuon charge asymmetry

• We measure CP violation in mixing using 
the dimuon charge asymmetry of semileptonic B decays:

G.Borissov@Fermilab
May 14, 2010

Text



Comparison with other 
measurements

May 25@FPCP2010
Louise Oakes

LHCb will have a large sample
of Bs → J/ψ ϕ



How we survived 
the Big Bang

• νR without distinction between matter and 
matter (possibly only with neutral 
particles!)

• once they are produced, they eventually 
decay

• CP violation in Yukawa couplings let νR 
decay preferentially into anti-leptons (L<0)

• SM anomaly converts it to baryons (B>0)
• anti-baryons annihilated by baryons
• we won!



13.7 

billion 

years

400K 

years

afterglow

one 

m
inute

chemical
elementsanti-matter!

10 -26 seconds

dark-matter!

10 -10 seconds



Electroweak 
Baryogenesis



testable baryogenesis?

• If the energy scale of baryogenesis is the 
electroweak scale, it may be directly 
testable!

• Lower the energy=temperature, slower 
then expansion rate H≈T2/MPl

• less likely to go out of equilibrium

• need something “violent”
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Standard Model

• Standard Model has all three ingredients

• Baryon number violation

• Electroweak anomaly (sphaleron effect)

• CP violation

• Kobayashi–Maskawa phase

• Non-equilibrium

• First-order phase transition of Higgs 
Bose–Einstein condensate
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Electroweak 
Baryogenesis

• Two big problems in the Standard Model
• First order phase transition requires 

mH<60GeV

• Need new source of CP violation 
because

	

 J ∝ det[Mu
† Mu, Md

† Md]/TEW
12 ~ 10–20 << 

10–10 
• Minimal Supersymmetric Standard Model

• First order phase transition possible if
• New CP violating phase

	

 	

 e.g., (Carena, Quiros, Wagner), (Cline, Joyce, Kainulainen) 

m˜ t R < 160GeVarg(µ*M2 )



B-violation in
the Standard Model

• Start with B=L=0

• B–L preserved

• some process creates B=L≠0

• immediately shut off anomaly to protect it

• Key: right-handed fermions do not couple 
to W and not subject to anomaly



What anomaly can do

• 1,000,000,000 q

• 1,000,000,000 q

• 1,000,000,000 ν

• 1,000,000,000 ν

_

_

!• 1,000,000,001 q

• 1,000,000,000 q

• 1,000,000,001 ν

• 1,000,000,000 ν

_

_



Order of phase 
transition

�1.0 �0.5 0.5 1.0

�0.1

0.1

0.2

0.3

2nd order

T>Tc Tc

<Tc

V=(T–Tc)x2+x4

0.2 0.4 0.6 0.8 1.0

0.02

0.04

0.06

0.08

0.10 V=(T–Tc)x2–x3+x4

T>Tc

Tc

<Tc

1st order
in relativistic QFT, ϕ3 term possible from a loop

of massless boson coupled to ϕ



Phase Transition

• If Higgs light, its own loop contributes to H3 
term and can achieve the 1st order PT

• But it would require mh<60 GeV

• need a new massless scalar with a 
substantial coupling to Higgs

• scalar top quark t in supersymmetry an 
excellent candidate

⇒mt ∼ mt~

~



CP Violation

• Minimal Supersymmetric Standard Model 
has many parameters that can violate CP

• Example: mixing between charged wino and 
charged higgsino

• Both M2 and μ complex
• their relative phase arg(M2μ*) physical

M2 2mW cosβ
2mW sinβ µ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 





163

Scenario

• First order phase 
transition

• Different reflection 
probabilities for chargino 
species

• Chargino interaction with 
thermal bath produces an 
asymmetry in top quark

• Left-handed top quark 
asymmetry partially 
converted to lepton 
asymmetry via anomaly

• Remaining top quark 
asymmetry becomes 
baryon asymmetry
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Parameters
• Chargino mass 

matrix

	

 Relative phase

	

 unphysical if tanβ→∞

• Need fully mixed 
charginos ⇒ µ∼M2

	

 (Cline, Joyce, Kainulainen)

M2 2mW cosβ
2mW sinβ µ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

arg(µ*M2 )
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SUSY Mass Spectrum
• To avoid LEP limit on lightest Higgs boson, 

need left-handed scalar top > TeV

• Light right-handed scalar top, charginos

• Need arg(M2μ*)~O(1) with severe EDM 
(two-loop!) constraints from e, n, Hg

	

 ⇒ 1st, 2nd generation scalars > 10 TeV

cf. Carena, Quiros, Wagner claim  arg(M2μ*)>0.04                          
enough 

EDM constraint is weaker, but rest of phenomenology 
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Signals of 
Electroweak Baryogenesis
• ~20% enhancements to Δmd, Δms with the 

same phase as in the SM	

(HM, Pierce)

• Find Higgs, stop, charginos
• Eventually need to measure the phase in the 

chargino sector at LC to establish it (Barger et 
al)
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(HM, Pierce)
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B-physics Challenges

• Lattice QCD: need B parameters at 5%
	

	

 ⇒ then Bs mixing in business

• Vtd has been determined from B mixing
	

Not legitimate in presence of SUSY loop
• Need to determine Vtd from other sides, 

angles for consistency check
• K+→π+νν a clean measurement of Vtd 

_



Caveat
• Many of the tensions in the model are 

specific to MSSM
• CP violation requires small tanβ
• first order PT requires light t
• Higgs limit requires heavy t, large tanβ
• nearly maximal CP vs EDM

• More general Higgs sector not studied in 
detail

• some of them may lead to interesting flavor 
physics signature

~
~



Caveat

• dynamics of phase transition quite 
complicated and all prediction are subject 
to some large uncertainties



gravitational wave

• 1st order phase transition at the 
electroweak scale may produce gravitational 
waves from bubble coalescence in the LISA 
frequency range



too many theories
for a single number



Baryogenesis

• Why do we exist?
• No wonder it is a big question
• it involves many areas of particle physics 

and cosmology
• LHC/LC, flavor, neutrino, LFV, CMB B-

mode, dark matter, gravitational wave
• many experiments now and in the near 

future relevant to this question
• Small step at a time!


