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Baryon Asymmetry of the Universe
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Big Bang Cosmology

3 great successes

1. Expanding universe — Hubble's law

1929 (Hubble)
I

1996 (Ries, et al. : SNla)
I I 1 T

[Kolb & Turner, The Early Universe]
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Friedmann Universe

dr?
1 — kr2

ds* = dt* — R*(t) [ + 1r%(d6? + sin? 0 d¢?)

R(t) : scale factor in the comoving coordinate
=1,0,—1 : closed, flat, open space

r N\ 2
R 8rG kA
H2==] =22, > 4+ —
< <R> 3 TRy
R 4AnG A
- _ 7 3 =
= g et + g
dp d d
R3 et R3 el R3(1+’Y) — 0
ot = al el g
p = energy density, p = isotropic pressure
B with 4 7= 1/3 (RD universe)
p=ar v <1 (MD universe)

For RD universe, the energy per degree of freedom is
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For the EW theory with N¢ generations and m Higgs

doublets, .
gy = 24+4m+§ X 30Ny

so that ¢, = 106.75 for the Minimal SM.

In RD universe, neglecting A,

871G T2
H o | p ~ 1.664/g——
3 mpj

mp; = G~ Y% = 1.22 x 109GeV

RD: pox R? R o tH/?
MD: pox R3 R o t2/3
| 100|GeV 1G|eV 1M|eV 1e|V 10!( ?I>K
| | | I I | 1 ;
10*s 10”s 1$ 10°y 10% 10"y
Electroweak quark-hadron  nucleosynthesis formation of galaxy
atoms formation

phase transition phase transition

Radiation Dominant €—— Matter Dominant

quark proton, H, D H, D, He atoms
9 Xo X lepton neutron 4He, ®*He nuclei
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significance of Hubble constant

1. expansion rate of the universe

R(1)
H(t) = —=
some process A < B is in equilibrium

2. (particle) horizon — causal region

t A
A 3o0 1 B
t, w
!B
AL X))
! /

light in the comoving co.: ds? = dt?> — R?(t)dr? =0

t() dt/
.. causally related region: Y (tp,t) = —/
y gion: x(lo,1) R

— proper distance at to: d = R(tg)x(to,1)

For R(t) ox t®, taking t — O,

t t _
dir = R(to)x (o, 0) = —>— ~ 2 = H~1(¢,)



3. Nucleosynthesis [http://ccwww.kek.jp/pdg/2000/bigbangnucrpp.pdf]
SM prediction vs Observation
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plan of this lecture

1. What do we need for the BAU ?
2. Sphaleron process
3. Electroweak phase transition (EWPT)

4. Electroweak baryogenesis

5. Baryogensis in the MSSM

6. Discussions




1. What do we need for the BAU ?

BB (0.2 — 0.9) x 10710
S S

— constant after the decoupling of AB # 0 process

evidence of the BAU [Steigman, Ann.Rev.Astron.Astrop.14('76)]

1. no anti-matter in cosmic rays from our galaxy

some anti-matter consistent as secondary products

2. nearby clusters of galaxies are stable
a cluster: (1 ~ 100) Mgajaxy ~ 10~ M

Starting from a B-symmetric universe ...

B 8% 107! at T = 38MeV
S S
~ 7x107% at T = 20MeV
N N-annihilation decouple
At T = 38MeV,

mass within a causal region = 10~ "M, < 102 M.

We must have the BAU "B _ (0.2 —-0.9) x 10719
S

before the universe was cooled down to T ~ 38MeV.




3 requirements for generation of BAU [Sakharov, '67]

(1) baryon number violation
(2) C and CP violation

(3) departure from equilibrium

" (2) If C or C'P is conserved, no B is generated:
This is because B is odd under C' and C'P.

indeed . ..
po . baryon-symmetric initial state of the universe s.t.
(np)o = Tr[ponp| =0

0
time evolution of p < Liouville eq.: zha—'z + [p, H] =0

If /1 is C- or C P-invariant, [p,C] =0 or [p,CP] =0
[ spontaneous C'P viol. = [p,CP] # 0]

Since CBC™! = —-B and CPB(CP) ' = -B

(ng) = Tr[png] = Tr[pCnpC '] = —Tr[png]
(ng) = Tr[pCPnp(CP) ] = —Tr[png]

Both C' and C'P must be violated to have (ng) # 0.




o (3):

If AB £ 0 processes are in equilibrium (pp = 0),

1
eVE /T |

ny = Ny =

since 1, = my from the C'PT" invariance.

possiblities 7

explicit violation  GUTs
e B violation spontaneous viol. (squark) # 0
chiral anomaly sphaleron process

It must be suppressed at present for proton not to decay.

e ( violation <— chiral gauge interactions (EW, GUTs)

KM phase in the MSM

e (P violation { beyond the SM ?

expansion of the universe
e out of equilibrium first-order phase transition
reheating after inflation

[AII these conditions must be satisfied at the same time.]
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the first example — GUTs [Yoshimura, PRL '78]
SU(5) model:
matter: { 5", > dple

10: x5 2 qr,uRk,€eR
i=1—-5 - (a=1—-3,a=1,2)

G,,B X oo
gauge: A, = ( i H )
H X W,, B,

Ling 2 gﬁv”flm + g'lr [)_C'YM{A,LM X}]
> 9X,, [50‘571_1%77“(][,5@ + €, (Qrary'ef + ZLW“CZCR@)]

process br. ratio B
X —qq r 2/3
X—gq | 1—r | —1/3
X — Gq 7 —2/3
X —ql| 1—7 1/3

in the decay of X-X pairs

2 1 2 1
(ABy=2r—(l—r)>r+ (1-7)=r—7

. C orCPis conserved (r=7) = AB =0

If the inverse process is suppressed, B o< r — 7 is generated.

XX < qq,ql : out of equilibrium

11



At T~ my,

decay rate of Xj =I'p~amx

a ~ 1/40 for gauge boson, o ~ 10~%~3 for Higgs boson

T2
' Hubble parameterj  H ~ 1.7/ —
mpi

g« ~ 10°™3 : massless degrees of freedom

L I'p>~HatT ~mx

— decay and production of X X are out of equil.

N.B.
The SU(5) GUT model conserves B — L.

i.e. B+ L-genesis

washed-out by the sphaleron process, as we see later

l
leptogenesis — BAU B=—-L

12



other candidates for generating BAU

(1) A(B+L) #0

FMajorana neutrino = L-violating interaction
[Fukugita & Yanagida, PL '86]
decoupling of heavy-v decay

o — Leptogenesis
C'P violation in the lepton sector } ptogs

sphaleron
—

BAU
[recent review: Buchmiiller & Plimacher, hep-ph/0007176]

Affleck-Dine mechanism in a supersymmetric model
[Affleck & Dine, NPB '86]

(squark) # 0 or (slepton) # 0 along (nearly) flat directions,

at high temperature
coherent motion of complex (), (I) £ 0 B, C', C'P viol.
— B- and/or L-genesis

Electroweak Baryogenesis

enhanced by sphaleron at T" > T
suppressed by instanton at 7" = 0

(2) C-violation (chiral gauge)

C'P-violation: KM phase or extension of the MSM

(3) first-order EWPT with expanding bubble walls

topological defects
EW string, domain wall ~ EW baryogenesis

effective volume is too small, mass density of the universe

13



2. Sphaleron process

* Anomalous fermion number nonconservation

axial anomaly in the standard model

Ouipyr = (G* Te(F F*) — g B, B

aujg—L = 0

N = number of the generations, =

integrating these equations,

B(ty) — B(t:)

ty 1
= /t d'z 9 [aﬂjg—i—L + auJ%—L]

7

_ Nf tfd4 2m (F ﬁv,uu)_ /ZB Buu
~o3aqz ), UL TV g P

= Ny [Nes(ty) — Nos(ti)]

where N¢o g is the Chern-Simons number:
in the Ay = 0 gauge,

1 2
Ncs(t) /d333 €ijk [QQTI' (FzJAk — ggAzAjAk)

3272
)2
—g BijBk] t

— gauge-dependent

14



classical vacua of the gauge sector E = %(E2 + B?) =0
Fi; =D8;; =0
A =iUtdU and B = dv with U € SU(2)
L U(x): S>3 —UeSU(2) ~8°
73(57) ~ Z= U(x) is classified by an integer N¢s.

energy functional vs configuration space

E s
>
-1 0 1  NgsOconfig. space

background U changes with ANqcg =1
— AB =1 in each (left-) generation

e |level crossing

e index theorem

Transition of the field config. with AB #0 7

> quantum tunneling low temperature
> thermal activation high temperature

transition rate with ANgg =1 WKB approx.

15



T =20
(valley or constrained) instanton = finite euclidean action

2/ 2
tunneling probability ~ e™2%mnst = ¢=577/9

for EW theory, e 20inst ~ 378 — 1164

[cf. QCD — 6-vacuum]

T #0 [Affleck, P.R.L.46('81)]

Jclassical static saddle-point solution with finite energy

0

top of the energy barrier dividing two classical vacua

sphaleron solution [Manton, P.R.D28('83)]
opalepoo = ‘ready to fall’

E A
sphaleron

instanton

>
NcglIconfig. space

A
Eopn(T = 0) = B (?) ~ 10TeV

X\:the Higgs self coupling, aw = ¢°/(4m)
1.5 < B < 2.7 for A/g? € [0, c0)

16



* Transition rate [Arnold and McLerran, P.R.D36('87)]

bw_/(2m) ST STe
w_:negative-mode freq. around the sphaleron

- T\ *
D0, o kN Ny o (O‘Wiﬂ> ) o Paon/ T

Mr:26

Niot = 5.3 x 10°
w? =~ (1.8~6.6)m7 for 1072 < A/g* <10

ko~ O(1)

zero modes — { for A = ¢°

1T >Tc symmetric phase — no mass scale
dimensional analysis :

—2I'V't

check by Monte Carlo simulation (N; (1)) = e as t — 0o

k> 04 SU(2) gauge-Higgs system
[Ambjgrn, et al. N.P.B353('91)]

kr=1.09+0.04 SU(2) pure gauge system
[Ambjgrn and Krasnitz, P.L.B362('95)]

‘'sphaleron transition’ even in the symmetric phase.

17



* Washout of B + L [Kuzmin, Rubakov, Shaposhnikov, PLB, '85]

[sphaleron process is in equilibrium <= I'qp, > H J

At T' =T ~ 100GeV,

R(t) T¢ 13
H(Tq) = —=% ~1.7/g,—=— ~ 10 ~GeV
( C) R(t) g mp;

g« ~ 100 : effective massless degrees of freedom

Dopn = T /T3 o kafy T ~ 1074 GeV> 11 (1)

— | B + L-changing process in equilibrium

relic baryon number after the washout
[Harvey & Turner, PRD, '90]
particle number density  [m/T < 1 and /T < 1]

B 43k 1 1
ny —n— = (2m)2 |eflwr—1) 71 - eBlentn) 71

( T3
for bosons

12

3
T3
6

’ﬂl“;’ﬂ

for fermions,
\

18



chemical equilibrium — all the gauge int., Yukawa, sphaleron

W~ | urr) | dur) | €inry | vie | ¢° | 07

gauge int. << pw = fa; — Bup = ML — Hi = B— T+ Ho
0) <> urdrdrvr < Np(pu, + 204, ) + Z pi =0

Quantum number densities [in unit of 7% /6]

= Ny(bup, + Hug + Hay, + prag) = AN, + 2N,

L = Z(Mi + pir + pir) = 310+ 2Ngpw — Ny
2 1
Q = § f(:LLUL+:LLuR)'3_§ f(MdL+MdR)'3

- Z(Nz’L + pir) — 2 2uw — 2mp—

= 2Ny, —2p0— (ANy + 4+ 2m)pw + (AN 4+ 2m) g

1

1
Iy = SNp(pu, = Ha,) -3+ 3 > (i — par)

1
=2 2uw — 2~ gm(po — k)

= —@Ny+m+4)uw

p=> .1, m: number of Higgs doublets

19



e symmetric phase =— () = I3 =0

Ny + 4
p= SNrtAm p Lo
22N/ + 13m

14Nf + 9m
22Nf + 13m

(B—1L)

e broken phase — ) =0 and ppy =20

8Nf—|—4m—|—8
B = B — L
24Nf+13m+26( )

16N 18
[ 6Ny + 9m + (B—1I)
24N¢ + 13m + 26

I (B — L)primordial = 0, B =L =0 at present !

To have nonzero BAU,

(i) we must have B — L before the sphaleron process
decouples, or

(ii)) B + L must be created at the first-order EWPT
and the sphaleron process must decouple
immediately after that

(i) < GUTs, Majorana v, Affleck-Dine

(ii) = Electroweak Baryogenesis

20



3. Electroweak phase transition (EWPT)

rate of any interaction at T : I'(T)) > H(T)

equilibrium thermodynamics can be applied to study
static properties

e transition temperature 1o
e order of the phase transition
e latent heat and surface tension for 1st order PT

i

free energy density = effective potential:
Veg(v;T) = —lTlogZ — —iTlog Ty {e—H/T}
(& 9 V V

(¢)=v

where

H = hamiltonian of the QFT
1 1
e.g. H = /d3a3 [§7T2 + §(V¢)2 + V(@]

v = (¢) = order parameter

when the symmetry of the theory is broken by v # 0

thermodynamic quantities

1 Vet

_ —H/T] _ B 4
BV = =T [He ] Ver = T8 = o

- Veg(v = 0;T) = —const.T*

s= gy = et (+F=E—TS)

oT

21



Ve (v; T') < finite-temperature QFT
[review: Brandenberger, Rev.Mod.Phys. '85]

2nd order phase transition  1st order phase transition

FVD=FOT 15150 T>T.>0

A

=\
=,

Tc
Minimal SM (MSM)
. 1 0
order parameter = Higgs VEV: {(®) = —
p gg (P) 7 (¢>

. 1st order EWPT «— pc = lim ¢(T) #0
T1Tc

22



* Perturbative calculation [Dolan & Jackiw, PRD '74]

7=t (e = [ldg)exs {— /O b dia £E<¢>}

where

Lp(o) = %¢2 + %(qu)2 + V(¢), Euclidean: 7= —it

»(0) = ¢(1/T) periodic b.c.

anti-periodic b.c. for fermions

e.g. at the one-loop level (MSM),

Vet (0;T) = Vireo(0) + VO (03 T),

where
1 Ao
V;:ree(gp) — _§:u8 902 -+ Z S04
Dy .. _ G D (k:
174 )(gp,T) — —§Z4:CA/klogdet [ZDA (k,QO)]
with

115, Ao : bare parameters <
A runs over all the partice species
cqa >0 for bosons

c 4| counts the degrees of freedom .
cal 5 { ca <0 for fermions

23



/k =Ty /(gwl;

n—=——oo

2nmT for bosons,

: 0o __ - o
with £~ = ww,, =1 { (2n + 1)nT  for fermions.

Da(k; @) : propagator in the background ¢

1.€.
( Cw — 2
D~ (ks o)
W -boson : Y y v
V= (R md (o)™ + (1 Dk
\ mw () = %990
Cf = —2

Dirac fermion : Z'Dj?l(k; Q) = f— mf(SO)
my(p) = yro/V2

formulas

/k log(k* —m?)

d*k [ Pk w
— /(27)4 log(k* — m2)i21T/(2W)3 log (1 Fe k/T)7
1
/ka _ m2

_/d4k 1 ,/d3k 11
= ek —m2 T ) 2n)3 oy, e/ T F 1

we = Vk? +m?

24



For the MSM,

Verr(0;T) = Vo) + V(g T)

where
1 2 2 )\ 4 2 2 4
Vo(p) = —ol P+ ¢t + 2Buye” + By | log
_ T4
VipsT) = 55 61p(aw) +3Ip(az) — 61p(a)]
3 4 4 4

Ip r(a®) = / dz z* log (1 Fe V x2+a2)
0

with
vy = 246GeV is the minimum of V()
as=ma(p)/T

high-temperature expansion [m /T << 1]

4 2 4 /2

2

2
Vo

Ig(a®) = ——4— 2y3/2 _ 2 oo Y2
Bl@) = — 5t @) T gles
a* 3\ a* 6
16 (VEt)?*O(a)
(Gl < a* Va2  a? 3
I 2 - 2__1 - -
P = 550721 T 16 7 T 16 (VE 4

)

25



For T' > my, mz, my,

AT
Veir(; T) = D(T? = Tg)p°—E Tp” + Z@“

where

1
D = _2(27”%/[/ + m> + 2m))
3v;

E = (2m3, +m)) ~ 107

3
47rvo

1
T2 — = (2 _ 4B
0 2D('u Uo)

>\T — )\
3 A my, s m3 s m;
— 2M+, lo m. lo — 4m,; lo
1672vg ( w108 apT? T mzlog apT? t 208 apT?

with log ap = 2log 4m — 2vg and logar = 2log @ — 2vE

2T,
At Tc, Yo = ¢

ATy
b pc
Fép)h/Tg < H(Tg) <= ™ > 1
— upper bound on A [mu = V2]

mp < 46GeV
«— inconsistent with the lower bound my > 95.3GeV

26



* Monte Carlo simulations [MSM]

effective fermion mass : m (1) ~ O(T") « nonzero modes

". simulation only with the bosons

. scalar fields: ¢(x) on the sites
QFT on the lattice { gauge fields: U, (x) on the links

Z:/[dqﬁdUu] exp{—5p[0. U.l}

o SU (2) system with a Higgs doublet and a triplet
)

time-component of the gauge field
only zero-freq. modes of the bosons survive as T — large
matching finite-T" Green's functions with 4-dim. theory
— T'-dependent parameters

[Laine & Rummukainen, hep-lat/9809045]
e 4-dim. SU(2) system with a Higgs doublet

[Csikor, hep-lat/9910354]
EWPT is first order for m;, < 66.5 £ 1.4GeV

Both the simulations found end-point of EWPT at

p— . I
mp, { 791 4 1.4 GeV = || no PT in the MSM !

no out-of-equilibrium state at the EWPT

27



* Dynamics of the phase transition

first-order EWPT accompanying bubble nucleation/growth

N/

E broken ) P

phase

N :

Suppose that Vg (p; Te) is known.
nucleation rate per unit time and unit volume:

[(T) _ ]'Oe—AF(T)/T

where
AF(T) = %”73[ (T) = po(T)] + 470
with
ps(T) = —Ver(0; T), po(T) = —Veg(p(T); T)

supercooling ps(T) < pp(T)

o~ [dz(dyp/dz)? : surface energy density
20

po(T) — ps(T)

radius of the critical bubble : r.(7") =

28



How the EWPT proceeds ? [Carrington and Kapsta, P.R.D47('93)]
f(t) : fraction of space converted to the broken phase
t
FO = [ @ HT@)n - fENve.y
tc

where
V(t',t) : volume of a bubble at ¢ which was nucleated at ¢’

V(tt)= %ﬂ [r*(T(t’)) + /t/t dt”v(T(t”))r

T=T(t) < p=(7?/30)g.T* < R~* for RD universe
v(T) : wall velocity

e one-loop Vg of MSM with my = 60GeV and m; = 120GeV

At t = 6.5 x 10~ sec, bubbles began to nucleate.
[A characteristic time scale of the EW processes is O (10~ %%)sec.]

1.0

0.5

0.4
0.8

0.3
0.6
T

bubble density (micron3)
average bubble radius (microns)

[10.8c
zl 3 / linear
growth
3 2 ‘ 1 .
6.5 8.7 6.9 7.1 6.7 6.87 6.9 7.1

t—t. (10_14 sec) t-t, (10"14 sec)

29



horizon size + H~ ! ~ 7.1 x 10*2 GeV™! = 0.14 cm

r = 0.3um = #(bubbles within a horizon) ~ 3 x 10!

Tc—T
very small supercooling : CT Yo 10t
C

1.0

o)
5
3 ‘é 2]
wn
5 2al
B 7
g | _ ;..
< | nucleation S|
%" | turned off 2
2 t3 2 i
& 8y .
< o g :
of g I
________ |
g 1/ i . ‘“g il SRR L1 B S S I T
6.7 6.87 s.9 7.1 0.001 0.01 0.1 1
t—te (10714 sec) A-phase fraction

90% of the universe is converted by bubble growth

weakly first order <= small ¢ and/or lower barrier height

nucleation dominance over growth
thick bubble wall
large fluctuation between the two phases
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4. Electroweak baryogenesis

* various time scales at 1" ~ T

A®
>

o : total cross section of some

Interaction
(0] [ ]
A

1
mean free path : co = —
T ([

where 1 is the density of the particles.

B /d3k L g1,
"I @rEdRiT =1 ) 3¢(3)

¢(3) = 1.2020569 - - -

_ A A
mean free time =t = — = ~ )\ for E>m
v Tom B
Since o ~ o?/5 and at T,
10 T2 1
A C—

31



At T' = 100GeV,

1 _ . :

Ag ™ ~ 0.1GeV ! for strong interactions
10302
1 1 . :

Agw = — ~ 1GeV for electroweak interactions

10%asy;,

N
Ay ~ (—W) AEW for Yukawa interactions

as(myz) =0.117 + 0.005
aAw = OzQED/Sin2 QW ~ 1/30

the time scale of the universe expansion:
H YT) ~ 10*GeV 1
time scale of the sphaleron process:
topn = (Tspn/n) "t ~ 10°GeV ™"

EW bubble wall thickness and

1 ~ 40
L ~ 0.01 ~ 0.4GeV ™!
T
~ 0.1 ~0.9 [Liu, McLerran and Turok, PRD,'92]

time scale of the EW bubble wall motion

Lo B
toall = — ~ 0.01 ~ 4GeV L,

32



From these we observe:

1. All the particles are in kinetic equilibrium at the same

temperature, because of H=' > tgpw, far from the
bubble wall.

2. The Yukawa interactions of the light fermions (m; <
0.1GeV) are out of chemical equilibrium.

3. Some of the flavor-changing interactions are out of
chemaical equilibrium because of small KM matrix
elements.

4. Since for the leptons Ay > Agw > [,, the leptons

propagate almost freely before and after the scattering
off the bubble wall.

5. Because of fy.1 < tsph, the sphaleron process is out
of chemical equilibrium near the bubble wall.

review articles on EW baryogenesis

K.F., Prog. Theor.Phys.96 ('96) 475.
V.A. Rubakov and M.E. Shaposhnikov, hep-ph/9603208.
A.Cohen, et al., Ann.Rev.Nucl.Part.Sci. 33 ('93) 27.



* Mechanism

0y
AB#0
Vo
broken symmetric
phase phase
Veol— — — — > .
V4

Veo >~ 0.01vg <— Esph/TC ~ 1

bubble wall < classical config. of the gauge-Higgs system

e interactions between the particles and the bubble wall

e accumulation of chiral charge in the symmetric phase

4

generation of baryon number through sphaleron process

4

decoupling of sphaleron process in the broken phase

)
e spontaneous baryogenesis + diffusion

. classical, adiabatic
2 scenarios: 4

e charge transport scenario
quantum mechanical, nonlocal

\

Both need CP violation other than KM matrix

+—— extension of the MSM
two-Higgs-doublet model, MSSM, . ..

34



* Charge transport mechanism [Nelson, el al. NPB,92]

CP violation in the Higgs sector [spacetime-dependent]

U

difference in reflections of chiral fermions and antifermions
U

net chiral charge flux into the symmetric phase
U

change of distribution functions by the chiral charge

with the sphaleron process in equilibrium

<= Boltzmann equations

bubble wall velocity ~ const. = constant chiral charge flux

—> bias on free energy along B [stationary nonequilibrium]

AF
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* Derivation of the B-changing rate

P(i;t) = probability to find the system in state i at ¢
[';_.; = transition prob. for ¢ — j per unit time

master equation:
P(i;t+ At) — P(i;t)

==Y P(iHt)i A+ P(jit); At
j#i Wk

steady state: P(i;t)— Poq(B) = detailed balance

Z Peq(B) (FB—>B+n + FB—>B—n)

Mg

n:1

I'ppin =TT, I'pp_pn=I"
P.y(B+n) e~ FB4n/T — o—(Fp+nup)/T

Since ['L < 1, this reduces to

'y

T >~ e

D41 e /TP erB/Tp, = &

['+ = rate per unit volume np=1,—-1_
F+ ~ 1~ Fsph

T L
hB =1I_ (F—+ — ) ~ Fsph(e—ﬂB/T — 1) ~ — p;fLB

eq B +n FB—I—n—>B + Peq(B — n)FB—nHB] ’
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fermion scattering-off C' P-violating bubble wall

i (x) — m(x) Prap(x) —m™(x) PLp(z) =0

where —f<qb(:1:‘)> = m(:z:) c C through the Yukawa int.
symmetric phase broken phase
S S
U, TroLt TRLR
\./'\/\/'\/'\./)
S

Re_ 1 /

73L(R) . charge of a L(R)-handed fermion of species i

R’ r_,; : reflection coeff. for the R-handed fermion incident
from the symmetric phase region

R?r_.; : the same as above for the R-handed antifermion

(injected charge into symmetric phase) brought by the

fermions and antifermions in the symmetric phase :

AQ;"
=[(Qr' — Q. )R’ 1-r+ (—Q. + Qr)R’r_’
H(—Q)(T et + T 1r) = (—Qr )T rer + T rr)] f 1
+(QL — Qr IR’ s + (—Qr' + Q.HR’ 15
+(=Qr)(T ot + T ror) — (—Qr )T —r + T° - R)]f R
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the same brought by transmission from the broken phase :

AQ," =

by use of

unitarity:

reciprocity:

we obatin

QL (T 1= f'ri + T rer fr2)
QR (T 1= rf 1+ T rerf'ri)
+(_QLi)(TbR—>Lbei + TbLeLbei)
(= Qr ) T rnf i + T 1~ nf ri)

RSL_>R—|—TSL_>L—|—TSL_>R:1, etc.

Trr +T =T 11 +T .0, etc.
f?(b) — fé‘]gbb) = fé‘(b)

AQ% +AQ" = (Qr' — Qr)(f° — f*)AR

where

which depends on

AR=R°r;, — R°r_/

e profile of the bubble wall

wall thickness, height
CP phase

e momentum of the incident particle
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total flux injected into the symmetric phase region

F'g = 2 _QR/ dpL/ dpr pr
47‘-27 mo 0

x [fi*(pL,pr) — fi"(—=pL PT)] AR(Z2, 24

a a
where
f'S(PL ]?T) — PL !
FE E exp[y(E — vupr)/T] + 1
DL 1
fib(—ZPL,PT) —

E exp[y(E + v,/p3 —mi)/T) + 1

the fermion flux densities in the symmetric and broken phases.

mg : fermion mass in the broken pase

v, - wall velocity v=1/4/1—1v2
pr : transverse momentum E = \/p% + p4
1/a : wall width

available charge :

Qr—Qr#0

_ _ — Y, 13
conserved in the symmetric phase
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CP violation effective for AR

e MSM — KM matrix

dispersion relation of the fermion ~ O(ayy)
[Farrar and Shaposhnikov, PRD,’94]

W

X N
> >

U ut’

— decoherence by QCD effects (short range)
[Gavela, et al., NPB '94]

e CP violation in mass or mass matrix

tree-level quantum scattering by the bubble wall

relative phase of 2 Higgs doublets
m(z) = —glo(z)| e

relative phases of the complex parameters in the
MSSM (Minimal SUSY SM)

mass matrices of chargino, neutralino, sfermions
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change of the state by the injection of the flux

Assume

e bubble is macroscopic and expand with const. velocity

e deep in the sym. phase, elementary processes are fast
enough to realize a new stationary state

e the sphaleron process is out of equilibrium near the
bubble wall

—> chemical potential argument

(B In terms of the injected Y

charged-current interection :

Hw = Ho + f— = —Htg, —'_:ubL = Mo, +MTL
Yukawa interaction :
Ho = — Mg, -+ Mtp = —Hbyp, -+ Mbp = — M7y, -+ Hrp

no further independent relations

chem. potentials of conserved and almost conserved quantum
numbers :

UWB—-r, My, MHI3; HUB
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e.q., considering only the 3rd generation,

1 1 1 1
/“LtL<bL) — g/'LB _|_ g/'LB—L _|_ EILLY _|_ (_)5//L137
1 1 2
HPtp = §,LLB + §,LLB—L + gNY
1 1 1
Hop = g/LB + gﬂB—L — g/iy
1 1
Hrp(vy) = —HB-L — §NY + (_)51“13
1 1
Ho(-) = +(—)§MY — 5/%)
Hw = s

baryon and lepton number densities:

1 T2
ng = 3- 3 ?(MtL + peg + pop + pog)
T2
— ?(Q,LLB +2up_r + py)
T2 T2
np = ?(Mw + frp, T+ Hrg) = ?(—?WB—L — 2py)

If ng = ny = 0 before the injection of the hypercharge flux,

2 1

UB—L = _§UY7 HB = EUY
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hypercharge density:

Y B T? 3 1( n ) n 2 1 )
9 — 6 6 /“LtL :ubL Sl“'LtR SlubR
1 T?1
— 5(,“%— + MTL) — Mg + ?5(#0 T M—)m
T? 3 .
— E(fm + g)Iuy [m — #(Higgs doublets)]
B Y
M= 9(m + 5/3)T?

Integrating the equation for n g,

Fsph Fsph
= — — Y
"o T /dt”B 2(m—|—5/3)T3/dt

e Vyy
—_— el
|
z=0 Z
- L >
i OOO dz py(z) >~ %

T = transport time within which the scattered fermions
are captured by the wall
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generated BAU :

? :NWQQ* ROW g 7T
N~ 0O(1)
1 for quarks
T { 102 ~ 103 for leptons
MC simulation forward scattering enhanced :

for top quark
7T ~ 10 ~ 103 max. at v, ~ 1/v/3

for this optimal case [top quark]

F
"B 1073 r

S VT3

— Iy /(v,T3) ~ O(10~7) would be sufficient to explain
the BAU.
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* Example [Nelson et al., NPB, '92]

1 + tanh(az) ( 1= tanh(az))
> exp | —im 5

m(z) = mg

— no CP violation in the broken phase [z ~ ]

e Calculation of AR — chiral charge flux
(i) perturbative method [FKOTT, PRD,'94]

(i) numerical method [CKN, NPB '92, FKOT, PTP,'96]

e AR=R’r.;, — R°p_1
wall width ~ wave length of the carrier — AR ~ O(1)

stronger Yukawa coupling does not always implies larger
flux

for larger energy, AR decays exponentially

0.7

UL L N L O LN IRNLE L LR
1 11 12 13 14 15 16 1.7 18 19 2

/My
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e chiral charge flux T =100 GeV
Iq

normalized as [dimensionless]

T3(Qr — Qr)

Ny

L

logyo(@lT) 8
— ~ N KAy 7T
S T2, W T3
-3 FY :
~ 10 T3 for an optimal case (top quark)
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* Spontaneous baryogenesis

(i) in two-Higgs-doublet model [at 7= 0]

2 ~
AL =~ 210(0) By () P ()

—C P-even < 6(x), FF : CP-odd
— ) ~ chem.pot. for N¢og

2
At high-T', suppressed by (%) :

(ii) bias for the hypercharge instead of Nog  [CKN, PLB,'91]

neutral comp. of 2 Higgs scalars :

¢j(x) = pi(x)e’™,  (j=1,2)

Suppose only ¢, couples to the fermions.
Eliminate 61 in Yukawa int. by anomaly-free U(1)y trf.
fermion kinetic term induces:

20,01 (x) éqL(x)fy“qL(x) + %ﬂR(x)v“uR(x)

_%CZR(w)W”dR(UU) - %ZL@)V“ZL(CU) — ér(z)y"er(z)

(01) # 0 during EWPT = charge potential
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* criticism by Dine-Thomas [PLB,’94]

> The current is not the conserved Y-current, but the
fermionic part of it.

Nonconservation of Y in the broken phase leads to

mt2

T2
> The bias for Y exists where (v/T)? > 0.
The sphaleron process is effective for v < v,

The generated B is suppressed by v.,/T? ~ O(1079).

9,01 - o T

* enhancement by diffusion [CKN, PLB,'94]

Diffusion carries Y into the symmetric phase.
— nonlocal baryogenesis

1 — tanh(az) 71l — tanh(az)
for z)) =0 exp | —i—
(6(2)) : p|-im
Zeo VS logol(np/s)(g+/100)] with veo = @(2c0)
-6 —— — :
T x=1
e LT ==
2 8 ‘
. N
= 10 | 0.
<
11 | 72NN .
12 =

-0.5 0 0.5 1 1.5 2 2.5 3

z/ wall width
almost independent of z.,
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5. Baryogenesis in the MSSM

* Minimal Supersymmetric Standard Model

chiral supermultiplet SU(3)e x SU(2)7, x U(1)y
UAL ~ 1
> = , 3,2, =
Qa2 qar (dAL> JAL ( :)
Ua D up 050 (3*,1,-2)
D4 3 d% s, d5 (3*,1,3)
V ~
La>lar = ( AL), lar (1,2,—3)
€EAL
Ea>eSp €an (1,1,1)
Hy;> d, = ba P 1,2,—1
d 2 Pg = o7 ) d ( y 45 2)
d
(P 1
Hu = (I)u _ ¢0 J (I)u <17 27 2)
vector supermultiplet suG). x su@); xv@)y
Vs 3 GZ, G* (8, 1,0)
Vo> A, A° (1,3,0)
VlBBM’B (17170)

Laissm = Lsusy + Lsoft

Lsusy :supersymmetric _ _
Looft -soft-SUSY-breaking gauge invariant

(scalar)?, (scalar)®, (fermion)®
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superpotential < interaction other than the gauge int.
W = ey (f$YHIL Ep + fOH Q) D
~fABHL.Q4Us — nH,H})

* new features  (relevant to EWB-gensis)

stronger (first-order) PT

1. more scalar fields = .
3-dim. order-parameter space

2. many complex parameters = explicit C'F violation
1, A, B, gaugino masses

3. two Higgs doublets = possibility of spontaneous C'F viol.

Higgs potential Vp & Lo

Vo = mi®i®g+ midld, + (m2®,Py+ h.c)

2 2 2
_|_
+ 2@y - 9]2,)° + 2 (@h0a)(9].)

rgpd oy 1 (vocgsﬁo)

CP symmetric
pu = (Pu) = X
v v Vg sin G

vacuum: <

E\ HE

\

where

1
m? = m3cos By — §m22 cos(20p)

1
m35 = mj sin By + §mZZ cos(20p)
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Higgs mass:

after SSB,
b4, P, (8) 3 neutral & 1 charged scalars (3 +2 =8 — 3)

m% +my — \/(m2Z —m4)2% + 4mZm4 sin2(2ﬁ0)

mi — 2

< min {mQZ, m,%;}a

, md g = )+ Amgm? sin (260)

mH — 9

N 2 2

-~ Inax {mz, mA}?

2

m2 = e

sin g cos By

radiative corrections are significant [Okada et al. PLB '91]

mass eigenstates (after SSB)

charged Higgsino } chargino Xf2

Wino

neutralino x5 5 4

neutral Higgsino
Bino, Zino

L-squark (slepton) } G (71)
1,2 (1,2

R-squark (slepton)
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* Sphaleron

e 2-doublet Higgs model [Peccei, Zhang, Kastening, PLB '91]

e squarks vs sphaleron [Moreno, Oakini, Quirés, PLB '97]

* Electroweak phase transition

V1 _L 0
0 7 Spu— \/§ ”U2—|—’1:?}3

light stop [de Carlos & Espinosa, NPB ‘97]

3 order parametres:

Yd =

5l

stop mass-squared matrix :

2 2 2
m2 +(g_}1 — 9?2>(v3 — vy + v, \yf (vg 4+ A(vs — iv3))

tL
2 9i y? 2
* mg — G (v, — v+ 4
m? =0orm? =0 smaller eigenvalue: m?2 ~ O(v?)
tr tr t1

high-T" expansion

_ T
Viw; T) = = —(m?)%/?
— stronger 1st order PT
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One-loop effective potential [K.F., PTP, '99]

Vo = m2o pq+ miele, + (mi2oupq +h.c.)
2 2 2
93 +g g
+22 : L(ohoq — olou)? + 32(902%)(905%)

2. o
m5: real positive

Vet (v; 1" = 0)
= Vo(v) +6F (m2(v)) + 3F (m%(v))

—12- F(m{(v)) +2-3- Z F(mtga(v))

a=1,2
2 2
—4 Z F(m i(v)) — 2 Z F mxo(”v))
a a
a=1,2 a=1,2,3,4
where ) )
m m 3
F m2 = lo — _
)= ( ° Mz, 2)
2 2 2
2 9o, 2 2 2 2 9o + 91, > 2 2
my, = ZU1+U2‘|‘U3) my, — 1 (vi + vy + v3)
2 y 2
my, = ? 2 3)
M _ ( My —%92(?}2 — zv3)>
Xj: 1
2 g2v1 — K
0 _.%92711 %92(1)2 — ivg)
MXO — iMl 39101 —3591(vo —iv3)
_§9201 . 791’”1 0 M
292(02 iv3) —%gl(fUQ—i'z)g) 1 0
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input:

/2 .2
vy = |v| = 246GeV, tan g = v 1V

U1

yr = v/2my/ (v sin )

My, My, m? , m? , m3: soft-SUSY-br. parameters

tr,” tR’
OVest OVert
2, 2 < © — 0 © — O
M T (%1 v ’ (92)2 v

output:

masses of the neutral Higgs scalars
(92‘/63(’0; T = O)

(%i(%j

eigenvalues of

v

mz ., MmM_+ , M. 0
t1,2 X1,2 X1—4

mg, > 86.4GeV,
m. 0 > 32.5GeV, m, + > 67.7GeV for tan 8 > 0.7
1 1

when Jexplicit CP violation (1, My, My, A, € C)
) = relative phase of the 2 Higgs = Arg(v, -+ iv3)

T 40
o(T) = [v(T)], tan B(T), 6(T)

T¢ : transition temperature

— crucial to estimate the BAU
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numerical results M> = M,
my = 175 GeV m;, = 400 GeV p = —300 GeV A; = 10 GeV

without CP violation
the lighter Higgs scalar mass : my, (GeV)

tanp=2 7, =0 7,=100 My, =200
300+ — 300 — 300 _
250 250 o / 250
~_—/
200 200 200
MA 150 — | 150 7_///// 150

J—
| ——60 l— _———65
- . s0— I
1004—————s—— 1004 o 100 ——— 60—
—_— 1 55
50— 50— 50
50 s NG =——————
o= 3 o ——
0 T T = —— ! 0 T T % T T ! 0 T T 30 T T !
100 200 300 400 500 600 100 200 300 400 500 600 100 200 300 400 500 600
M, M, M,
=5 m o Mt =100 7,=200
300 | 300 | 300 — /
2501 2501 250 %
/
200} 200} 200+
m 5150 150 / 150
P
100} 80 100} 80 100 80
79 70 70
50 50 50- o0 50 59
40 4U 4U
— N ———— — N —————— —————————
O+———F——F— T | 0 T T T T | 0 T T T T 1
100 200 300 400 500 600 100 200 300 400 500 600 100 200 300 400 500 600
M, M, M,
tanB=20 m: - 7.=100 m;_ =200
R tr R
300 “ 300 — 300 —
2501 250} 250}
200} 200} 200}
My 150 150 ] 150 ]
90
100 +—— 100 gp————— 100 9
80 80 BU
AV} (A%} AV}
50 30 50 i 50 S0
" | & =
0 I I I I | 0 I I I I | 0 I I I I |
100 200 300 400 500 600 100 200 300 400 500 600 100 200 300 400 500 600
M, M, M,
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at ' # 0

mi S M ve 4
mp S 100GeV TC

150
—| 2.0x108

—| 1.8x10°
| 1.6x10°
— 1.4x10°

| 1.2x10°

1.0x108
8.0x10°
6.0x10°
4.0x10°
2.0x10°
0.0x10°

T T
0 5 10 15 20 25

Vi
tan 8 = 6, mp = 82.3GeV, my = 118GeV, my, = 168GeV
TC = 93.4GeV, Vo = 129GeV

GeV
1.4 6.5 200
180 1\
< 160
63 140
1%
62 120 Ma
06 , 100}
— . m
80 h
06 I I I I 6 60 I I I I I

T T T T T
0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
m’fR(GeV) mfR(GeV)

tan 3 = 5, m; = 4326GeV
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* Lattice MC studies

e 3d reduced model

[Laine et al. hep-lat/9809045]

strong 1st order for mg, < my and my, < 110GeV

e 4d model

[Csikor, et al. hep-lat/0001087]

with SU(3), SU(2) gauge bosons, 2 Higgs doublets,
L & R-stops, sbottoms

no scalar trilinear (A) terms, tan 3 ~ 6

—— agreement with the perturbation theory within the errors

106 I I | |
104 | _
102
=100
D
© 98
=
= 96
94 my =440 GeV -
—mg =590 GeV
92 - m;. = 630 GeV o\ -
90 ' I ! .
165 170 175 180
my, [GGV]
0.2 [rrrrprrr1 L I B |_
0.19 |- £ 1
0.18 |- fxxxxlelle
Hm,wff b
0.17|||||||||||||||||||||||
50 60 70 80 90
rT,

ma = 500 GeV

Uc/TC > 1
below the steeper lines

4

max. m;, — 103 =4 GeV
for mz =~ 560 GeV

1.2
bubble-wall profile
1
A3 = 0.0061 £ 0.0003
08 — [3 ~ const.
s 11
7 wall width ~ ——
C
0.4
] 0.2
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*x CP violation

* relative phases of u, My, My, Ay
chargino, neutralino, stop transport
[Huet & Nelson, PRD '96; Aoki, et al. PTP '97]

* relative phase 6 = 61 — 65 of the two Higgs doublets

quarks and leptons <=Yukawa coupl. o p;e*%
chargino, neutralino, stop mass matrix
[Nelson et al. NPB '92; FKOTT, PRD '94, PTP '96]

6 is induced by the loops of SUSY particle.

i — Arg(uMy), Arg(uMy), Arg(pAy)
minimum of Veg(p;, 0;7)

Some of the combinations of
0, = Argu, 04 = ArgAy, 0o = Arghy, 0; = Argly and 0

are constrained by experiments.

e.g. chargino mass matrix

N My ——=gavae” "\ [T+
(W (bd)(—igv " ><€5+>
NG 2V1 M U

rephasing ( ‘M2| _%927}2 )
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[Kizukuri & Oshimo, PRD '92]

bounds from the EDM
p:k

Kk

e d,(k?) uo kY vs u A* =
Y

present bound: |d,,| < 0.63 x 10~%°¢ - cm

MSM contribution:
CP-odd of ki + S <107 33¢ - cm
m m m g m
MSSM contribution:
a. a
//// \\\\ //// \\\\ o etC'
q : g q —q
10
Mgl g 0, + 02 =m/4
Sl : ArgA = /4
= .
=
01}

FIG. 4. The parameter regions compatible with the present
experimental upper bound on the neutron EDM.

mg, m; 2 10TeV

® 0+6,+d2=0(1)
e mg,my < 1TeV 0+ 0, + 02 <1073




effects of §,, = Argu and d2 = ArgMs on 6 = Arg(ve + iv3)

2
ms

0

0.1

tanf
5

0.08

0.06

0.04

0.02+

—4.99

—4.98

—4.97

—4.96

4.95

0.1

tanf
5

0.08

0.06

0.04

0.02+

~4.99

—4.98

—4.97

—4.96

4.95

» 0 is the same order as 0,, and 92

T T T
0.04 0.06 0.08

0.1

— 4326 GeV? and tan 3 = 5 when § = 0

the other parameters are real

T
0 0.02 0.04 0.06 0.08 01

T T T
0 0.02 0.04 0.06 0.08 01

5,

—> more stringent bound on the explicit CP violation
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0atT =Tc vs o,
0 tan

0.1 5.99

~5.98
0.08

—~5.97

0.06 | 506

0.04- -9.95

~5.94

0.02+
—5.93

04— T T T T
0 0.02 0.04 0.06 0.08 0.1

O,

5.92

CP violation relevant to Baryogenesis

— 6(x) in the bubble wall

Egs. of motion for (p;(x),0(x)) with Veg(p;, 0;T¢)

with B.C. determined by the min. of V.g(7T¢)

p(xr) ~ 1+ tanh(ax) : 0 (sym. phase) — v (br. phase)

bubble wall ~ macroscopic, static — 1d system

Loiz) oy (d@-(z)f _ WVer

dz? dz Opi
d (5, .do;(z) WVerr

with gauge-fixing condition

di:(z)
2 1 2 B
p1(2) 7> + p5(2) o 0
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Assume that

tan 3(z) be constant.

_ i 2
gauge-fixing — { GZES);—QH@)S;ES?@

Vo can be approximated by a gauge-inv. polynomial of p;
up to 4th order

— if =0, p;(2) ~ kink solution ~ tanh(az)
. “nontrivial solution & < Exink = av?/3

i

minimum or saddle point of Vg at 6 0

energy density per unit area

>C 1
5:/_0061,7; 52

i=1,2

[(%)2 + p? (Cfl—ii) 2] + Ve (p1, p2,0)

62



Suppose that at T" ~ T, without explicit CP violation,

Vert(pi, 0 = 01 — 02)
1 1 B A1 A2
= SMipt + Maps — Map1pacost + —pi 4 p;
2 2 8 8

1
P12 + PPz 00820 — (Xepi + Azp3)pipa cos b

—  [Ap? + pipa(Boy + By cos + By cos26)
+p1p35(Cy + Oy cos O 4 Cy cos 20) + Dp3]

A5
= lgpfﬂg — 2(Bapipa + Capip3)
T 2
X [COS@ . 2m§ + )\610% + )\7,0% -+ 2(B1,01 + 01,02)
2)\5p1p2 o 8(B2p1 + 02p2)

+6-independent terms

where all the parameters are real

conditions for spontaneous CP violation for a given (p1, p2)

4 )

A5
Fp1, p2) = 5p1p5 = 2(Bapips + Cap1ps) > 0,
2m3 + Aep? + Arps + 2(Bipy + Crp2)

2A5p1p2 — 8(B2p1 + Capo)

- /

—1< G(pl,pg)E <1
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At T' ~ T, around the EW bubble wall

(p1,p2) : (0,0) — (vc cos Be, ve sin o)

There may be a chance to satisfy the conditions in the
transient region.

F(p1,p2) >0 F'(p1,p2) <0

| |

| | |

| ' | |

| f |
|

| S | _

—1 1 cos9 —1 1 cosB
Y U
C P-violating C P-violating
local minimum saddle point

Transitional CP Violation I
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N.B. no explicit CP violation = no net BAU
[FKOT, PTP96 ('96)]

spontaneous C'P violation in the transient region
+ small explicit C'P violation
to resolve degeneracy between C'P conjugate bubbles

net BAU .
np _ Zj (T ij
S Zj N
with
N; = eXp(—47TR2C<€j/TC) nucleation rate

£; = energy density of the type-j bubble
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Example [K.F., Otsuki & Toyoda, PTP '99]

tan G m% I Ay Moy = M, mg, mi,
6 8110 GeV?  —500 GeV 60 GeV 500 GeV 400 GeV 0
my, ma mg mt~1 mXit mx(l)

82.28 GeV  117.9 GeV  124.0 GeV  167.8 GeV  457.6 GeV = 449.8 GeV

Tc =934 GeV, veo =129.17 GeV, tanf = 7.292,

CL:%ZB.QP,GeVNE
v 7

thinner than the MC result

lowest-& wall profile
1
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Introduce an explicit CP violation by

1 |
ms cos 0 —3 <m§e7’(9+5) + h.c.)

Net chiral charge flux

t__
Fiet =

+ —

where

N~ {0.361
N+ )| 0.601

np

N+t 4+ N—

t
Fpe

for 0 = 0.001
for 0 = 0.002

T

P 1077 %
S

u—0.1,5—103:>{

-1.6

. [ T
-0.87 -0.86 -0.85 -0.84 -0.83

log,(a/Tc)

7x10°77
6x1077

5x1077

M 4x10”’

3x10”’
2x10°77
1x10™"

ox10°

X
u T
ng/s < 10712

ng/s ~ 107(10=12)  for  lepton

for b quark

Fget
(Q@F — Q)T iu

05] o< cos? 3 < 1

v cos Bo

mgo =1m vg cos By
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& Enhancement of an explicit C'P violation

a = Arg(ulz) = Arg(pMy), [ = Arg(pAy),

then
m§ — m% + Al jzm3 + ew‘A&O)m% + eiﬁAéo)mg,
)\5 = Agboi))% —+ 622aA§0)A5 —+ eiZQAI(?O))\&
)\6,7 — Afboi))\&? + ez’aA&O))\&? + ewAg—O))\Gj

A = correction without explicit CP violation

If A > A AT, by rephasing, s .7 € R and

e "3 = e "“m3 + A(O)m = \mQ

m3 sin o

with tano = —

2 0), 2
ms5 cos o + Ay 'mg

N.B [m2+APm2 < m2 for transitional CP violation

for some parameter set, we have at 1I' ~ T

AVm2 =140.69,  APm32 = —2356.73,
so that even for o = 1073,
(m3 + Ago)mé) sin o

tano = —
(m3 + Aéo)mg) cos o + AP m2
1077
= Gaxis

—> only the lowest-energy bubble survives



# Possibility of FF < 0 [« A5 < 0]

0.00 1x10°9
0.05 1x107
& 5
-8
0.10 1x10°7
) -9
3 o5 & 1o
= —~
N <L 1310107
| =
-0.20 =
b <
< L2 1x107113
-0.25- — 1
< 1x10™%3
0.30
1x10™%3
-0.35 [ — T T T T T 1 1X10'147 T T T T T
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 100C
mg (GeV) m; (GeV)
A,M2(Gev?) A
X X5

500 500
450

400

N

\
0.0008
N

50 T T T T T T T T 1 50

-50 -100 -150 -200 -250 -300 -350 -400 -450 -500 -50 -100 -150 -200 -250 -300 -350 -400 -450 -500

H(GeV)

* )\5<O<:AX)\5<O
— A m3 < —1500 GeV?

M (GeV)

*x pAy is restricted to have A\s = A A5 + Azds <0
—— Aymj3 is negative and bounded from below.

% to have small m3, the tree-level m3 < 2500 GeV?

—— too small my and m 4

difficult to realize transitional CP violation with

F' < 0 in an acceptable MSSM
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6. Discussions

BAU from B-symmetric universe:

1. baryon number violation

2. (' and CP violation

3. departure from equilibrium

combination of rare processes

o e suppressed at present
B-violation : o _
e effective in early universe
anomalous B + L-violation — sphaleron at high-T’

washout of B + L
new possibilities of B-genesis

* EW baryogenesis
* L-genesis — B
conserved charge in the sym. phase — B
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observed scenario the BAU

CP violation model B=0.2-0.9x10 "
scenario (temperature)
GUTs Meaurts ~ 101°GeV

L-genesis M, ~ 101712GeV

Affleck-Dine  Mgyusypr ~ 103777 GeV
EW B-genesis Mgw ~ 10°GeV

EW B-genesis by the MSM — rejected
{ strongly 1st-order EWPT (with acceptable m,)

sufficient C' P violation

EW B-genesis by the MSSM

* mp < 110GeV and mg, < my
Ist-order EWPT with ve /T > 1

* many sources of C'P violation

e complex parameters
e transitional C P violation

We still need to know the dynamics of EWPT.

Other extensions of the MSM
e.g. 2-Higgs-doublet model
many parameters broad allowed region ?
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If EW baryogenesis could not work,...

sphaleron

> Leptogenesis BAU

L-violation — v-Majorana mass
lepton sector C'P violation

heavy neutrino production

> Affleck-Dine mechanism — B- and/or L-genesis

~

* potential for ¢, [
* 1nitial condition for the coherent motion

* explicit C'P violation

> GUTs

* B — L-violation
* Myx > 10'°GeV for 7, > 1031733y

> Preheating or reheating after inflation
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