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New intl research
institute in Japan

® astrophysics

® particle theory
® Dparticle expt

® mathematics

official language:

>30% non-Japanese
~$ 14M/yr for 10 years
launched Oct |, 2007

~80 now

excellent new faculty,
young and dynamic!

will hire about [0~15
postdocs each year,
some more faculty

support visitors!

intl guest house

workshops about once
every other month
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Full-time scientists
paid by IPMU
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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. @ lowa State
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Baryogenesis

A question about “Why do we exist!”
another way to phrase it is “VWhere did the
anti-matter go?”

big mystery in modern cosmology

- a fascinating subject! |
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too many theories
for a single number




Outline

Why baryon asymmetry is a problem at all
Review of the Sakharov's conditions

Why old models based on GUT did not
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. baryon asymmetry

® Introduction

Observation
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of the Universe

stars @® neutrino

%‘ baryon @® dark mat

® Stars and galaxies are only ~0.5 e

® 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 ~10%%%??

budget deficit!
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B
"1 Five questions beyond:

the standard model

® Now itis clear that the standard model is
incomplete

® five empirical questions (w/o aesthetics)
® npeutrino mass
® dark matter
® accelerated expansion (dark energy)
® acausal density fluctuation (inflation)

» ® baryon asymmetry




Why do we exist!

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

Rhetorician:“You are asking a wrong
question. Why implies purpose. You must
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Berkeley

1955
anti-proton

: :., tter annihilate
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ON JUNES.

ADVENTURE
AND IMAGINATION
WILL MEET
Al THE

TURBINE + EXHAUST
PUMP

FROM H2 TANK
HOT BLEED LINE o
st

STORAGE

T

POSITRON
CONDUIT ATTENUATING ~ 'NLET PLENUM

E =t c

300 million times more efficient
than regular gasoline



| New York Times Bestselling Author of The Da Vinci

" DAN BROWN
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m | e CERN!

T L hei 4
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f’.!t,. _ ' | ® A scientist produced a
Sl | ;‘“* : quarter gram of anti-
matter without the
knowledge of the
 SPECIAL [LLUSTRATED EDITION Director General

A | \ l LS ® falls into wrong hands!

billion trillion

DE |\ . trillion dollars
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Anti-matter
in the Universe

® Now we can make anti-matter with
accelerators

° L]
® the ultimate accelerator: bl ang must
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Angular scale
2° 0.5°

VWMAP

8 4000
S
N
N
® acoustic peaks in the S

CMB anisotropy

power spectrum are

due to the sound 100 500

Multipole moment [
waves (oscillations) in o
photon-baryon fluid at ™ =0.005
T~3000K

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

(2,h?=0.02258+0.00057 it
(),=0.0449+0.0028
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0.01 0.02
redshift z

a
Hubble “constant” is Hy = o 100hkm /s/Mpc

the expansion rate of

the Universe h =0.710 + 0.025(WMAPT)
Y,

critical density is Gl ST i E é

related to Ho by (a) ik e ke 3
Einstein’s equation 2]

Ch H2 =1.05 x 10"°h2GeV /cm®

Omega is the ratio to il 0 0i

the critical density lan 0o

0 'h2 Pi

 1.05 x 10-5GeV /cm®



Big Bang
Nucleos hesis

______________________________________

R

At T>MeYV, the soup of o
et, e, V,V o

small amount of p, n

they start to fuse,
forming light elements

abundance of light
elements depends on
amount of baryon

2 3 4 5 6 7 8 910
Baryon-to-photon ratio 1 X 10710



QSO

deuterium abundance

Kirkman, Tytler, Suzuki, O’Meara, Lubin

® believed to be the
Most accurate, most
primordial

® hydrogen backlit by
quasar, Lyman
absorption lines

F;, x 10716 (ergs sec’! cm™ A‘l)

® reduced mass different ~~
by /4000 between H e o Ll
and D
H gas

Ll
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e, - -100 0
L) Velocity (km sec)



end result

e WMAP7 (T~3000K)
0.02258 £+ 0.00057
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Big Bang
Nucleos hesis

______________________________________

there appears to be a

discrepancy between - ; _— NN _
’Li and D/H & CMB i \ RN

’Li abundance
measured at surface of
stars

convection! new
physics!?

2 3 4 5 6 7 8 910
Baryon-to-photon ratio 1 X 10710



Particle Universe

The best information
we have on the
number of particles in

the universe (assumes
0.1-1 TeVWIMP)

The Particle Universe
103
102
10!

100
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protons electrons

neutrons
dark matter




more convenient
quantity

2

= — = (BY = 0H) se 10~
T
® in late l?niverse, both np and ny dilute as a3

® however ny has been “heated up” earlier on
by e"e™ annihilation, QCD phase transition,
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quark asymmetry

® for all quarks and anti-quarks in thermal

equilibrium, we can translate
Ty i
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Need for baryon




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
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. THEORETICAL PHYS|C8
thermal relic

® Once T<mp, no more p
created

e 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” o

x=m/T (time -)
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Freeze-out

172 12

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

H

%g*

Mpy

-

BERKELEY CENTER FOR
THEORETICAL PHYSICS




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
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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
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Early Universe

1,000,000,002




Current Universe







How we survived
the Big Bang

® We (matter) have annihilated anti-matter
® we won at the expense of a billion friends

® h th ti t that
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Creation

nb(t=0) %0




Or Evolution?

np(t=0)=0 = np(t>tp)*0




Why same To=2.75K!?

AT = 3.353 mK

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~ accuracy
we would suspect
they communicated,
must have come from
the same place



inflaton

® a scalar field displaced
from the minimum at the
beginning
® rolls down slowly: inflation
constant potential leads V((P)
to exponential expansion
H? = <2> = 8—7TGNp = Gons
a 3
a(t) = a(0)e'?

NV

80
60

log R

40

50 100 150 200 250 300 350 t

56



Can the initial condition
survive inflation?

No, in the Standard
Model

baryon density pf B Gl

extrapolated

4

assume instant reheating

backwards leads to H d of inflati




Angular scale
0.5°

Inflation '

® density fluctuation is
apparently acausal
Also T-E correlation
shows photons flowed
out from dense
region, unlike in causal

YL+1)C, /2m [uK?)
[oF] »
o o
o o
o o

N
o
o
o

-

-
E ool 10 gl ! !

mechanisms (e.g. T Nlkeote moment 1™
strings)
beautifully Gaussian

10 50 100
Multipole moment /




Can the initial condition
survive inflation?

logically possible if Wy = Z(¢ Qb €b ¢)

there are baryonic

Mtrm) = H0)e 3"

need the super-super-

Planckian initial

Ay 1/210—=10_3N .. 1,90
Gz ~conaitions it s\ bl L L LR ol i Gz U vl D)
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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!
61



Solar system

Landing on the
moon

Past asteroid/
meteor impact
Solar cos




largest concentration
of anti-matter

e KEK-B has 10'
positrons inside the
ring

Belle B2

® Fermilab Tevatron has
3102 anti-protons




There are anti-protons
in cosmic rays

~10 of protons

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

Certainly not |:I

Donato 2001 (D, $=500MV)
Simon 1998 (LBM, $=500MV)
Ptuskin 2006 (PD, $=550MV)

® PAMELA

10
kinetic energy (GeV)

¥ IMAX 1992

A BESS 2000

¥ HEAT-pbar 2000
O CAPRICE 1998

O CAPRICE 1994
/\ BESS-polar 2004
O MASS 1991

dh BESS 1995-97

* BESS 1999

@ PAMELA

10
kinetic energy (GeV)

64

10?




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-¢ anti-helium flux

(Stecker)

® BESS 2002 excluded this

level
® Not conclusive?

65

Y
Q
b

He/He limit (95% C.L.)

Smoot et al. (1975)

-t
o
)

Alzu et al. (1961) Evenson (1972)

Evenson (1972)

Antihelium/helium flux ratio

Smoot et al. (1975)

Badhwar et al. (1978)
Golden et al. (1997)

T. Saeki et al. (1998)

__ _J.Alcarazetal. (1999)

ThlS work*

*BESS experiment
10

10" 1 10 10°

Rigidity (GV)

E
i EL Ormes et al. (1987)*
|
L
E

|
4
Buffington et al. (1981) [
s
l
I

Figure 6. New upper limit of He/He obtained
in this work shown with previous BESS re-

sults(BESS 1993-1995 and 1997-2000), and with
other experiment results.




Galaxy Clusters

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

® No coexistence of

matter and anti-




You don’t want to be
there .

coII|51on of cIus.ters at 4500 km/sec :




Diffuse Gamma Ray
Background

Most of the gamma
rays from mt° are
still around
Contributing to the

+ COMPTEL

diffuse gamma ray I

O White etal. (1977)

background f
do<|Gpc excluded TP
M(d,)>10%M Cohen De Ru]ula Glashow (I997)

68



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-

P R ST S < g Sy z ) A A ' ) PRI e Gt Sk SRt ST B e T R e T
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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
oo | O'7M@

Need to separate
>>10'3M

Need acausal

mechanism
70



2. Sakharov’s Conditions




Beginning of Universe

1,000,000,001




fraction of second later

1,000,000,002 *




Universe Now




Sakharov’s conditions

® Need to reshuffle matter and anti-matter

® baryon-number violation

® need to prefer matter over anti-matter

e 5 B Bt % WA et S T2 s e 30 A
e, AT L AN s g My P 3 5 A5 <¥ .
SR I A b e e G R S S R SRR ARk

g O RS i
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Progress!

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

PEP Il
Low Energy
Ring (LER)

[3.1 G

i 'an ‘ ! 3
| | PEP Il High Energy Bypass (HEB)
South Damping SC‘C"?'T".S ’:EP I PEP Il —
an | S High Energy
1.15 GaV PEP Il Low Energy Bypass (LEB) *
[ ] EP Il Low Energy Bypass (LEB) Rlﬂg (HE )

~u_1rFr [ [9 GeV]

et inject
3 km

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



CPViolation

® |s the world of anti-
matter an exact

mirror?

® |964 Fitch and
Cronin: €k

e |998 CPLEAR:
T-violation

® 999 NA48,KTeV: €'«

e 2002 B-factories:

sin 2B=sin 2 5 25 0 25 5 75
-ngt(pS)






P p BEAY
Kobayashi-Maskawa

e 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 . e
create excess quarks % (e al L= 095

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~
in our Universe?

® We can only explain 10-'° of what we need!

more differences are needed

® we also need to see how anti-matter can
turn into matter
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L AP
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):
e cdet M2 2 il Dt
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3 U cg BEKNY
B-violation

® Grand Unification was prime example:
e.g. p—e*1rd
(now >103%* years! Nov. 09 Super-K)

® strong limit Mcur>10">GeV

® monopole problem Teauizs TRH<Mgur/X

® can’t count on CJT- cale particles for
baryogenesic (v o,k ole: preheating)

® B-| conserv.d

® getting enough CP violation was a challenge

® “best’ scenario was to rely on color triplet
Higgs ~ 10''GeV, requires multi-Higgs
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Standard Model actually violates the baryon
number from the triangle anomalies

conserves B—L
can in principle lead to 3He—e*u*Vvr
my back-on-envelope estimate T~10'°° yrs

but can have impact in early universe



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

m3(SU(2))=Z

Atiyah-Patodi-Singer index
theorem says instanton

same story with |+1 D
U(I) gauge theory

m(U(1))=Z

U(1) can have instantons =




washout

® estimate of B-violating transition rate is
[ =20 aw’ T (Shaposhnikov & co.)




choices

® produce B-L asymmetry above Tew
® e.g leptogenesis from heavy nR

produce B L at TEw

4»«. \. f“w,,:;. A
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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

¥ :
ST RN YT el Lt St T
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Recap

No significant anti-matter within ~1 Gpc
Both CMB and BBN suggest €),=0.044
need an asymmetry of a few times 10~
given the success of inflation, the
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Beginning of Universe

1,000,000,001




fraction of second later

I
1,000,000,002 *




Universe Now




Sakharov’s conditions

® Need to reshuffle matter and anti-matter

® baryon-number violation

® need to prefer matter over anti-matter
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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

4»«. \. f“w,,:;. A




Inflation

Key: W, Z bosons \/\, photon
q quark %) meson 7’ galaxy
g gluon &) # # baryon

€ electron o o * star
[Lmuon Ttau e
V neutrino @)atom , s




Outline

Why baryon asymmetry is a problem at all
Review of the Sakharov's conditions

Why old models based on GUT did not
i O rtk.ﬂ,n '.’; Klon SN0 1 (s S

S1 ke »\_;;‘_'. =
o




Prototypical Model




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(;l/?’ i (3l R=i3

TR e R ) T



Out of equilibrium

® A static system would eventually relax to an
equilibrium

® fortunately the universe is not static!
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assume long life

in thermal equilibrium, the abundance
decreases with the Boltzmann factor e ™'’
once created, they disappear by decay

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




CP conservation

33%




direct CP violation
B

A 33%+¢ 1/3
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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




wash

e 1,000,000,00I q 1,000,000,000 q

1,000,00 | L 000 g




Morale

® |[f baryogenesis happens at T>>Tgw, need to
generate B—L asymmetry

® then the standard model anomaly takes

b
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Encouragement

® direct CP violation in neutral kaon € in ’99

e £=37x|0°

(7T+7T_\KO> il







A new direction

® generate first the lepton asymmetry L<O




A new input

® progress in neutrinos
o |998 & 2002

e Now now question
that neutrinos have
mass!

All limits are at 90%CL
unless otherwise noted

http://hitoshi.berkeley.edu/neutrino




Super—Kamlokandecosm.c

cosmic
rays
cosmic rays are isotropic
atmospheric neutrinos are up-down symmetric



A half of v, lost!

ulti-GeV e-like ' | Multi-GeV y-like + PC

T —

N
-
=

7}
~
=
>
-
e
o
<
-
>,
e
=
-
Z

Neutrinos sense time = have mass!




Quter water tank
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KamLAND
Reactor neutrinos do oscillate!

° Data—BG—GeoVe ZOC
— Expectation based on osci. parameters
+ determined by KamLAND

%

.

e IIL
B Goesgen

A Savannah River
V¥ Palo Verde
o CHOOZ

Survival Probability :
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A Rovno
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Homer Simpson can taste
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strawberry, not chocolate




Homer Simpson can taste
strawberry, not chocolate

He tastes only a half of the size!




tiny masses

neutrinos

How do we explain tiny masses!?



Seesaw Mechanism

® Why is neutrino mass so small?

® Need right-handed neutrinos to generate
neutrino mass,

v v, el

e

To obtain my~(Am?__ )2, my~m, M;~10'4GeV



Leptogenesis

Presumably three VR

One of them lives long and decays late

Majorana: VR = VR

@tree-level, decays 50:50 to vi+h, Vi +h"

@one-loop, F(VR A LA ) h) Sale e
F(VR%ﬂL——h*) x1+¢€




What anomaly can do

e 1,000,000,000 q 1,000,000,001 q !

1,000,000000q N e 1,000,000,000 q




How does it work!?

® absorptive (imaginary) part of the amplitude
looilaenge il siealinantiin0lpeic e

A(VR1 T Vzh) > hlj srha khlkhlj
A(VRl = ﬂzh*) ~ h = Zﬂhlkhzkkhzkj



Non-trivial success!

successful
region

(m',mp)  di Bari, Plumacher,
M, Buchmuller




How do we test it!

X i # ¥

MEXT

MINISTRY OF EDUCATION,
CULTURE, SPORTS,
SCIENCE AND TECHNOLOGY-JAPAN

build a 10!'* GeV collider



indirect evidences

® Are all mixing angles
large-ish?

® |s CP violated in
neutrino sector?




Mixing Angles

atmospheric  reactor limit solar



Double Chooz Experiment to
detect




Daya 7

Far site

Ba)’ 1600 rfroriRnatAc Empty detectors: moved to underground
2000 m f Dg halls through access tunnel.
near m from Daya . '
Overburden: 350 m- Filled detectors: swapped between
Hong 2 o B . underground halls via horizontal tunnels.
> ' Lo T
Kong r ng Ao Near | At : e N
v . = 500 m from Ling Ao &% <. *
. Over'bur'den 98 m RO
also ot \ Weh < ' Llig Ao JII PP
RENO ~_ ~1000 m from Daya = ¥ o I B (uder EP)

s Overburden: 208 m

Daya Bay Near
8 360 m from Daya Bay



¢ Goal

*

¢ SK:largest, high PID performance

Tokai-to-Kamioka (T2K)

— |

+ Ve appearance measure=»measure 0,

precision measurement of vu disappearance

Intense narrow spectrum vu beam from J-PARC MR

Off-axis w/ 2~2.5deg 1600quC/yr/22-5kt
Tuned at osci. max. tz Sdeg)

baseline neutrino oscillation experiment

1683,




NOVA
Fermilab to Minnesota

Madison

Admirer

137



- -
30 sensitivity on sin* 20,

e .2
3 ¢ Sensitivity to sin“(26,,) =0

/<" L=810 km, 25 kT
lam,,2 =25 107 eV
2in(20,) = 1

T2K

- T2K2°6yrs
C e Am?s O
e AmZ< 0

30.2x10% pot
[ foreach v andv
— am?> 0

3 ¢ Sensitivity to sin®(26,;) = 0

L =810 km, 25 kT
Am,,? =26 10° oV*
sin“(26,,) = 1

Reactor

===+ Reactor with
o= 0.004

30.2x10% pot
foreach vand v
—AmS> 0
— am?< 0

Nsssunusn

, S
10 , 10
sin®(20,,) sin“(26,,)

Murayama, IHEP, June 12, 2006 138



CP violation

= = >
(v, = V,)—P(vu = ve) =-16515012513¢13523C23

u

2
L |sin LYitys L

Am123
4F 4F 4F

Am12 2

sin O sin L |sin

® all parameters came out to be large
® 03is the key

® CP violation may be probed on terrestrial
scale experiments



CPViolation?

o shemang AL Shoot neutrinos over a thousand
' miles
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Need large detectors

® [Mtis the right order of
magnitude

® Super-Kis 22.5kt
(fiducial)




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

***
*

* V * A High Intensity Neutrino Oscillation Facility in rEurope

***

MAIN MENU EUROnNu LATEST NE

. Home Governance

. What is EUROnu’? Structure
. Part|C|pants & b 7 EUROnu What is
*

[ ]
EURONu?




Turn anti-matter
INto matter

Can anti-matter turn

into matter? '
Maybe anti-neutrino can
turn into neutrino

because they don’t
carry electricity!

:nn—ppe e with
Nno neutrinos

can happen only once
10%# (trillion trillion)
years

batience!

[EX]



Need big underground
experiments

Cuore (Italy)
Majorana (US)
NEMO (France)
KamLAND (japan)

.......
A N A R



Supersymmetry

Minimal Supersymmetric Model

10° 106 10° 102 10% 10'
M [GeV]




&

high-scale physics

® Most exciting thing
about superpartners
beyond existence:

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

>
o)

S
0
%
®
S
@)

£
)
-
)
o)

“Are forces unified?”

108 10" 10™ 10'°
Energy (GeV)




: &.‘
H I @ BERKELEY CENTER FOR
THEORETICAL PHYSICS

Why neutrino mass!

® Neutrino mass likely
comes from physics at

>10/0 GeV
e How will we ever
know!?

® Precision
measurements at LHC/
ILC determine

boundary conditions at
10'¢ GeV

® With both ends fixed,
we can constrain
physics in between

Buckley, HM




: &‘
H I @ BERKELEY CENTER FOR
THEORETICAL PHYSICS

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 B

148



Dimuon charge asymmetry

X _
Ve, E *BO 4>/ZL

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

MNgi = N~
N,”+N,"

b _
Asl=

A’ = (-0.957 = 0.251 (stat) = 0.146 (syst) )%

A (SM) = (-0.0237700) %

G.Borissov@Fermilab
May 14, 2010




Comparison with other
measureman

CDF Run Il Preliminary L=52fb
8L — es%cL 5

i — 68% CL

—— SM prediction

LHCDb will have a large sample
of Bs = /Y ¢ May 25@FPCP2010
Louise Oakes




How we survived
the Big Bang

VR Without distinction between matter and

matter (possibly only with neutral
particles!)

once they are produced, they eventually

decay
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Key: W, Z bosons \/\, photon
q quark  €f) meson 7' galaxy
g gluon &) # # baryon

- * star

€ electron ion
[)Lmuon Ttau oo

V neutrino @)atom ,

black
hole

7
3 09}’ 7bda
'\'70 70 y
/4 "2x109
70‘79



Electroweak




testable baryogenesis!?

® |f the energy scale of baryogenesis is the
electroweak scale, it may be directly

testable!

—
ower the energy=temperature, siower
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Standard Model

® Standard Model has all three ingredients
® Baryon number violation

® FElectroweak anomaly (sphaleron effect)

G Say B IR e et g R Sl e s ol SR b e SR R Sl b SR s S S
§ ety v @ % | CNTIDT ; P W V. o ELLI RS S b il S e S e AT I RREE B O L) ey LT S
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Electroweak
Baryogenesis

® [wo big problems in the Standard Model
® First order phase transition requires
m,<60GeV

® Need new source of CP violation
because

SRA L ol i S SR S B ol x b SR/l T \ /i MWL | 8 AT T S, Y T ERERR l ARV o8 e \ T e SR e SR S
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B LR e sreenoey L0 SE0 @ (SN B B4 T 00 S8 4 BREREY A T SRR A T (R [ [ SRR et ] B O et e T e e S R e

m; < 160GeV
R

arg(u’ M, )




B-violation in
the Standard Model

® Start with B=L=0

® B-| preserved

® some process creates B=L+0

R A R A S i TRAL L Sy e e Iebions = e W e R s e B s bt Rt B VR b 1 s o B
B b i bt o o el B S i PN R G T e R S Vi e S WY e A ek ks N 5 ek et Tt S N e LS e
S g : 5 B Ao 2k Loy S 9TV ARt ISR L) b (b e AL AN S L S, S VT LGRS A3 By PR I B A B 3
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What anomaly can do

e 1,000,000,000 q 1,000,000,001 q !

1,000,000000q N e 1,000,000,000 q




Order of phase

2nd order | st order

in relativistic QFT, ¢3 term possible from a loop
of massless boson coupled to ¢




Phase Transition

e If Higgs light, its own loop contributes to H?
term and can achieve the |st order PT

® But it would require my<60 GeV
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CPViolation

Minimal Supersymmetric Standard Model
has many parameters that can violate CP
Example: mixing between charged wino and

TP -*'-I\" M2 \/ij SOk ﬁ
~2myy sin B u







BERKELEY CENTER FOR
5 o THEORETICAL PHYSICS

® First order phase
transition

e Different reflection
probabilities for chargino
species

® Chargino interaction with
thermal bath produces an

® |Left-handed top quark NN X1>%1 5 X <Ko
. A ++,\ +_a Y —
asymmetry partially X1 X =X o
converted to lepton %

asymmetry via anomaly
® Remaining top quark

A

asymmetry becomes y/ 'R
baryon asymmetry

t+t >t +p, i>L

163



Parameters

® Chargino mass
matrix

( M, N 2myy, cos /5)

N2myy sin 8 u

unphysical if tanf—

Relative phase

® Need fully mixed
charginos = u~M,

(Cline, Joyce, Kainulainen)

164



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(Mzu )~O(I) W|th severe EDM
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Signals of
Electroweak Baryogenesis

o to Am, Am_with the
same phase as in the SM (HM, Pierce)

® Find Higgs, stop, charginos

(Barger et
cl) 166



| B, Mixi‘ng: Enhancement over the SM value [A, |/|A,l

T = T T T | T

—
(0))
()

>
)
=
o
b=
2
©
L
EO

.

100 110 120 130 140 150 160 170 180 190
(HM, Pierce) my (GeV)

Hitoshi Murayama Trends in Neutrino Physics @ Argonne




B-physics Challenges

Lattice QCD: need B parameters at 5%
=> then B, mixing in business

0. th has been determlned from B mlxmg

LA™\ 7 < o o PREISEA Y TN Rt S G Sy O N
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Caveat

® Many of the tensions in the model are
specific to MSSM
® CP violation requires small tanf3
® first order PT requires light t

o nggs I|m|t requwes heavyt Iarge tanB

1111, _f,-‘\*'..'..”-‘--:;-.!-"---‘ *~: s, % 5“
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gravitational wave

® |st order phase transition at the
electroweak scale may produce gravitational
waves from bubble coalescence in the LISA

[ —



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




