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l. Introduction
Baryon Asymmetry of the Universe (BAU)

e BB T 9.21 - 0.90) x 10710
S S
<= big-bang nucleosynthesis

- - -constant after decoupling of B-violating processes

evidence of 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)Malaxy ~ 1020

Starting from a B-symmetric universe ...

o 8107 at T = 38MeV
S S
~ 7x107%" at T = 20MeV
N N-annihilation decouple
At T = 38MeV,

mass within a causal region = 107" My < 102 M.

We must have the BAU ng/s = (0.21 — 0.90) x 10~1Y
before the universe was cooled down to 1" ~ 38MeV.




3 conditions for generation of BAU [Sakharov, '67]
(1) baryon number violation

(2) C' and CP violation

(3) departure from equilibrium
if B-violion is in equil. = ny, = nj

(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
ap
ot

If [ is C- or CP-invariant, [p,C] =0 or [p,CP] =0
( spontaneous C'P viol. = [p,CP] #0 )
Since CBC™!'= —-B and CPBCP~ ' = -B

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

(ng) = Tr[png] = Tr[pCnpC~ '] = —Tr[pnp]

(ng) = Tr[pCPnp(CP) ' = —Tr[png]

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




example — GUTs [Kolb and Turner, The Early Universe]

out-of-equil. decay of X bosons mx > 10°GeV
X = gauge boson or Higgs boson

Consider 2 channels:
X — qq AB =2/3 with branching r
X — ql AB=-1/3 with branching 1 —r
in the decay of X-X pairs
2 1 2 1

(AB) = g?“—g(l - T)—gf—l- §(1 —F)=r—r

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

At T'~mx, decay rate of X =1'p ~ amx
a ~ 1/40 for gauge boson, o ~ 1079773 for Higgs boson

Hubble parameter : H ~ 1.7,/g. 1% /mp

g« >~ 10~ : massless degrees of freedom

L I'p~HatT ~mx )
—> decay and production of X X are out of equil.

As we shall see, B + [ were washed out before EWPT.

. B — L-conserving GUT (e.g. minimal SU(5) model) will
be useless to generate the BAU.



other candidates for generating BAU

e “Majorana neutrino = L-violating interaction
decoupling of L-violating interaction
—> constraints on the neutrino mass

e Affleck-Dine mechanism in a supersymmetric model
[A-D, N.P. B174(’86) 45]
(squark) # 0 or (slepton) # 0 along (nearly) flat directions,
at high temperature
— B- and/or L-violation

e Electroweak Baryogenesis

(1) anomaly in B 4 L-current
(2) C-violation (chiral gauge)

C P-violation in KM matrix or extension of SM
(3) first-order EWPT with expanding bubble walls

e topological defects
EW string, domain wall ~ EW baryogenesis

effective volume is too small, mass density of the universe

N.B.
The BAU may be generated by some combination of these
mechanisms. Any way,

EWPT = the last period to affect the BAU.




Il. Sphaleron Process

[I-1. Anomalous fermion number nonconservation
axial anomaly in the standard model

; Ny 2 % 2 -
aﬂjg—i—L — 1672 [g TI‘(FW/F“V) o g/ BMVBMVL
L _
Oujp_r = 0,
Ny = number of the generations, F** = 1e"*7F,,
integrating these equations,
N ty ~ 2 ~
B(t;) — B(t;) = 327J;2/t d'z [g2Tr(FWF“ ) —g°B,,B" ]

= Ny [Nes(ty) — Nes(ti)]
where Ngog is the Chern-Simons number defined, in the
Ay = 0 gauge, by

1 3 2 2 72
d’x €ijk |9 Tr FZJA[{; — ggAzAjAk — g szBk

"~ 3272
. gauge-noninvariant

Ncs
t

For classical vacua of the gauge sector, Nog € Z

< Fz'j = Bij =0

<= A=1U"1dU and B = dv with U € SU(2)

U: 8> — SU(2) ~ S° is characterized by its winding
number, m3(SU(2)) ~ Z. < Ncg

background of gauge fields with ANcg =1
AB =1 for each generation

(" level-crossing phenomenon) «— index theorem



transition rate between configurations with ANgcg =1

T
WKB approximation:

T=0

(valley or constrained) instanton = finite euclidean action
. i 2, 2

tunneling probability ~ e=2%nst = ¢=87"/9

for EW theory, e~ 2%inst ~ =378 — 1)~ 164

T #0 [Affleck, P.R.L.46('81)]
“classical static saddle-point solution with finite energy

0

top of the energy barrier dividing two classical vacua

sphaleron solution [Manton, P.R.D28('83)]
E
sphaleron

instanton

>
NslIconfig. space

2M A
Eon(T =0) = "—"B (—2) ~ 10TeV
g
X:the Higgs self coupling, aw = g°/(4m)
1.5 < B < 2.7 for A/g* € [0, c0)

Espn = finite = Jtransition over the barrier




sphaleron for Oy £ 0 [Brihaye and Kunz, P.R.D50('94)]
2-doublet Higgs model  [Peccei, Zhang and Kastening, P.L.B266('91)]
squark vs sphaleron [Moreno, Oaknin and Quirds, hep-ph/9612212]

Transition Rate [Arnold and McLerran, P.R.D36('87)]
b w /2m) ST < Te

3
() NkMrMot2 (aW(T)T) o~ Bepn/T
/I8

sph —

47

Mr = 26
Mot = 5.3 X 103

w?  ~ (1.8~6.6)my for 1072 < \/g* <10

zero modes — { for A = ¢*

ko~ O(1)

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

') ~ klawT)’

sph —

check by Monte Carlo simulation (N2 (t)) = 2I'Vt as t — oo

k> 0.4 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)]

We use ‘sphaleron transition’ even in the symmetric phase.
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[I-2. Washout of B + L

B + L would be washed out after the EWPT, if
the EWPT is second order or
the sphaleron process does not decouple after it.

decoupling of sphaleron process < I'y,, < Hubble parameter

at T =T ~ 100GeV,
R(t) T2

H(To) = =% ~ 1.7,/g-—< ~ 107 GeV
(Tc) R e e
g« ~ 100 : effective massless degrees of freedom

opn = T /T% =~ kady T ~ 107*GeV> 11 (1)

—> | B 4+ L-changing process in equilibrium

relic baryon number after the washout
particle number density [m/T < 1 and pu/T < 1]

[ &k 1 !
ny —n— = (2m)2 |eflwr—n) 71 - eBlertn) 71
(T3
H for bosons
~ 12) T
\ F% for fermions,




chemical equilibrium

all the gauge int., Yukawa, sphaleron

W~ | urr) | dury | €inr) | vi | ¢° | ¢~
gauge int. < pw = fd; — Hap = ML — B = - T+ Ho

0) <> urdrdrvr < Ny(pu, + 2p4,) + Z pi =0

Quantum number densities [in unit of T2/6]

B
L

Ny (pouy + toug + pd, + tay) = 4N, +2Ngpy,
Z(m + pir + pir) = 310+ 2Ngpw — Ny
2

1
3 by, + Hug) -3 — ng(:udL + Mdg) - 3

- Z(Nz’L + pir) — 2 2w — 2mpn—
2Nfpiy, — 210 — (ANf +4 4 2m) iy + (AN5 + 2m) 1o
1 1

§Nf(NuL — Hdy) -3+ B Z(Mi — [tiL)

1

=2 2uw — 2 gm(po — p-)
H= D

m : number of Higgs doublets
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e symmetric phase

8Ny +4m 14Ny + 9m
B = B—L L =— B—L
22Nf—|—13m( ) 22Nf—|—13m( )
e broken phase
— @@ =0and puop=20
SN¢+ 4 8
B = fEEMEC g

24N + 13m + 26

16Nf—|—9m—|—18
L = — B — L
24Nf—|—13m—|—26( )

" If (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

(i) 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

11



I1l. Electroweak Phase Transition (EWPT)
[1I-1. Static properties of the phase transition

rate of any interacton at 1" ~ T < Hubble parameter
—> equil. thermodynamics applicable to static properties

order of the transition, transition temperature,
latent heat and surface tension (if it is first order)

i

free energy density = effective potential at 7' £ 0

function of the order parameters and T

Example Minimal standard model (MSM)

I /0
order parameter: () = —
V2 (90>

a first order phase transition
Yo = lim Y T 7& 0
© TITTC ( )

Veff A
T>Te

12



one-loop level,

Veit (03 T) = Vigeo(0) + VW (5 T),

where
1 A
V:cree(gp) — _§:u(%902 T 20904
o B i y—1(1..
VOT) = 53 ea [ logdet D3 ()]
with

1é, Ao : bare parameters < renormlized at T' = 0

A runs over all the partice species
cqa >0 for bosons

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

/k =Ty /gw’;

n=—oo

2nmT for bosons,

with £° = w,, = { (2n + 1)xT  for fermions.

W -boson :
Cyw = 2

N — 1BV

D7 (ki) = (=K miy () + (1= DRE

with mw () = 59¢
Dirac fermion :

cr = —2

Dy (ks p) = K — mys(p)
with m () = yre/V2

13



Higgs boson:
m3;(¢) = 3\p?*—p? — negative for small ¢
—> complex Vg

sum over daisy diagrams, or improved perturbation

neglecting the Higgs contribution
Vet (9; 1) = Vo(p) + V(p; T)

where 1 \ 902 3
Volip) = —5u°¢" + 7" + 2Buge” + By llog (—2) - —]
(s 2
_ T4
Vip:T) = 52 61p(aw) + 31p(az) — 61F(a)]
3
B = 6in% (2mp +m7 — 4m;)
Ig r(a?) = / dz z° log (1 Fe V x2+a2)
0
with
vg = 246GeV is the minimum of V()
ax=ma(p)/T
high-temperature expansion [m /T << 1]
Tt 2 T a*  Va?
I 2 - _ s 2 N2 3/2 B | v
5(@) 5Tt s gl
a* 3\ a* 6
16 (”E‘z) 5 TOW)
Tt w2 a? Va2 3
Ir(a?) = ———a*— —log— — — — - O(a®
r(a) 360 247 16 % & 16 (W 4) +0(a)



For T' > mwy, mz, my,

A
Verr(9; T) =~ D(T? — T3)p*—ET* + ZL

4
where
1
0
. 1 3 3 —2
E = gy (2my, + m7) ~ 10
2 1 2 2
TO = E(ILL — 4B’U0)
A = A
3 4 my 4 my s, my
— 2 | m., lo — 4m,; lo
16720} ( Mw 208 apT? Tty gozBT2 t gozFT2

with log ap = 2log 47 — 2vg and logarp = 2log m — 2vg

2ET
At To, oo = c
AT
0 /T < H(Te) > % > 1
C
— upper bound on A [mu = V2]
mg S 46GeV

«— inconsistent with the lower bound my > 89.8GeV

15
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2-doublet extension of the MSM or MSSM :
more scalars — more 3-temrs

—> stronger first-order EWPT

MSSM with light stop [de Carlos and Espinosa, NPB503 (‘97)]
stop mass-squared matrix :
2 2 .
m? + (g—}l - %) (hy — P2) +3yiry 25 (wpa+ Apue™)

2
2 g 2 2 2 2
* m; — G(pa — P2) + 39 0

0= (7). wo= (%)

mg = 0 or m; = 0 = smaller eigenvalue = m? ~ O(p?)

where

high-T" expansion
_ T
Vilpi, 0 T)=— —(m* )*/2
7

wc/Te vs ma for various tan 3 (my,)

1.8

1.6 my — 17566\/
mg = 250GeV
i my = 0

1.2

1.0

0.8
§0 100 150 200 250 300 350 400 450 600

m, (GeV)

Figure 5: Same as fig. 4 but for M; = 175 GeV, my =0, mg = 250 GeV.
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/\ Monte Carlo Simulations [MSM)|[Jansen, N.P.B.Suppl.47('96)]

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

e 4-dim. SU(2) system with a Higgs doublet

e 3-dim. 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

shematic finite-T" phase diagram [\-fixed]

""" Higgs
w —
K i <—0(4) scalar
be e
confine
0 T o0

SU(2) pure gauge B

e the latest 4d lattice MC study [Csikor, et al. hep-lat/9809293]
EWPT is of first order for m;, < 66.5 £ 1.4GeV
endpoint of the EWPT : m;, = 72.4 + 1.7GeV

e pc/Tc > 1 is not satisfied for m;, > 50GeV

e [he numerical results coincide with those of the continuum
two-loop perturbation theory, for m; < 70GeV.

17



[1I-2. Dynamics of the phase transition

first-order EWPT accompanying bubble nucleation/growth

Suppose that Vg (p; Te) is known.
nucleation rate per unit time and unit volume:
[(T) = Iye™ 2 /T

where 4
AF(T) = 5 pa(T) = py(T)] + dmr%o

ps(T) = =Verr(0;T),  po(T) = —Vert(o(T); T)
supercooling — p(T') < pp(T)
o~ [dz(dp/dz)? : surface energy density

with

20

radius of the critical bubble : ».(7T) =
)= 5 = pulT)

a ieﬂ? t it
S = . entro densi

p = Veg—1Ts . energy density

18



How the EWPT proceeds ?

f(t) : fraction of space converted to the broken phase

f(t) = / at' I(T(t)[1 — FENV (£, 1)

where

tc

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

V1) = 4?” [r*(T(t')) + /t/t dt"v(T(t"))r

T =T(t) < p = (72/30)g.T* c R™* for RD universe
v(T) : wall velocity

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

At 6.5 x 10 '“sec, bubbles began to nucleate.
[A characteristic time scale of the EW processes is O (10 2%)sec ]

1.0

A-phase fraction
0.5

e
S

very small supercooling :

; |+ nucleation

. turned off

A

[It3

—

6.7

6.87 8.9

t—t, (10714 sec)

71

0.2 04 0.6 0.8 1.0

average bubble radius (microns)

0.0

[Carrington and Kapsta, P.R.D47('93)]

0.8c

growth

linear
»

8.7

To — T

6.9
t—t, (1071 sec)

~25x%x 10 °

C
90% of the universe is converted by bubble growth

71

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

1

nucleation dominance over growth
large fluctuation between the two phases

19



IV. Mechanism of Electroweak Baryogenesis
At T' ~ T~, hierarchy of time scales :

EW tpw ~ 1GeV ™!
Yukawa ty =~ (mw/my)GeV "
QCD ts ~0.1GeV ™
Hubble  H-!~10"3GeV !

sphaleron  typn = (kady, 7)™t ~ k=1 - 10%GeV ™!

wall motion  tya ~ 0.01 ~ 4GeV ™~ *

wall width 0.01 ~ 0.04GeV ™!
wall velocity 0.1 ~ 0.8

wall —

all particles are in kinetic equilibrium at

>tpw < H™ 1=
EW the same temperature

> for my < 0.1GeV, ty ~ H!
. Yukawa int. of light fermions are out of chemical equil.

> some of flavor-changing int. are out of chemical equil.
|Vub| ’ ‘Vcb‘ ) H/td‘ ) |‘/t8‘ <1

> twall < tsph

sphaleron process is out of chemical equil. near

= . .
the bubble wall even in the symmetric phase

Nonequilibrium state is realized near expanding
bubble walls.

20



by

AB#0
Vo
broken symmetric
phase phase
Veol — — — — N -
V4

Veo =~ 0.01vg <— Esph/TC ~ 1
bubble wall <= classical config. of gauge-Higgs system

Effects of C'P violation :
e interactions between the particles and the bubble wall
e propagation of the particles in the plasma

4

generation of baryon number through sphaleron process

4

decoupling of sphaleron process in the broken phase

two scenarios to realize EW baryogenesis:

e spontaneous baryogenesis + diffusion
classical, adiabatic

e charge transport scenario
quantum mechanical, nonlocal

Both need CP violation other than KM matrix
+—— extension of the MSM
two-Higgs-doublet model, MSSM, . ..

21



IV-1. Charge transport mechanism
[Nelson, el al. N.P.B373(‘92)]

CP violation in the Higgs sector [spacetime-dependent]

J

difference in reflections of chiral fermions and antifermions
J

net chiral charge flux into the symmetric phase
J

sphaleron transition converts the charge into BB

change of distribution functions by the chiral charge flux
< Boltzmann equations

bubble wall velocity ~ const. = constant chiral charge flux

= bias on free energy along B [stationary nonequilibrium]
A F

["soh

22



iL(R) . charge of a left(right)-handed fermion of species 7
R?r_ 1 : reflection coeff. for the right-handed fermion incident

- from the symmetric phase region
R?r_; : the same as above for the right-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-1

+(=QNT° L r + T k) — (mQr)NT rer + T ro ) f i

+[(QLZ - QRZ')RSR—JJ + (_CQRZ + QLi)RSL_)R

+(—Qr YT et + T ror) — (—Q)(T s + T 1) f R

the same brought by transmission from the broken phase :

AQ"

by use of

unitarity:

reciprocity:

we obatin

QL (T’ 1 f'ri + T rr fri)
+Qr (T 1—rf'ri + T’ rerf i)
+(_QLi)(TbR—>Lbez' + TbLﬁLbei)
+(=Qr )T rerf i + T 1o rf Ri)

Ry r+T 1 ., +T° 1 .r=1, etc.

b b
TSR—)L _|_ TSR—>R =T L—L _|_ T R—1Ly etc.

fS(b) — fS(b) — fé’(b)

1 1

AQ% 4+ AQ" = (Qr' — Qr)(f% — fP)AR

where

AR = RSR—>L — RSR—>L

23



total flux injected into the symmetric phase region

F'g = Cr _QR/ dpL/ dpr pr
m

< [f*(pr,pr) — f:" (=L, PT)] AR P

a’ a
where
fopnpr) = 2 !
oz E expl (B — vupr)/T] 4 1
PL 1
fib(_pLapT) —

E exp[y(E + v,y/ps —mi)/T) + 1

are the fermion flux densities in the symmetric and broken phases.

mg : fermion mass in the broken pase

v, - wall velocity =1//1—0v2

pr : transverse momentum E=./p2 +p>
1/a : wall width

AR effects of CP violation

e MSM — KM matrix
dispersion relation of the fermion ~ O(ayy)
[Farrar and Shaposhnikov, P.R.D50('94)]
— decoherence by QCD effects (short range)

e CP violation in mass matrices — Higgs sector & SUSY-br.
tree-level quantum scattering by the bubble wall

choich of the charge :

Qr—=Qr70 }:> Y, I

conserved in the symmetric phase
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change of the state by the injection of the flux

assume : _ _ _
e bubble is macroscopic and expand with const. velo.

e deep in the sym. phase, elementary processes are fast enough
to realize a new stationary state
—> chemical potential argument

charged-current interection :

KW = [o + - = — Mt _I_:ubL = —Hu, —|—,LL7-L
Yukawa interaction :

Mo — _/’LtL _|_,LLtR — _/’LbL _|_,ubR — _,LL’TL _|_,LLTR

no further independent relations

chem. potentials of conserved or almost conserved quantum
numbers :

U“B—r, My, MHI3; HUB
We assume the sphaleron process is out of equilibrium.

1 1 1 1
/’LtL(bL) — §,U‘B + §NB—L + E,U‘Y + (_)5,&[37
1 1 2
Mtp = g/ﬁB + §,UB—L + §MY
1 1 1
Hbp = §,LLB + gﬂB—L — §NY
1 1
o) = —HB-L = 5hy + (=)0
1 1
Ho(—) = +(—)§MY ~ HHIs

Hw = —HIg

25



baryon and lepton number densities:

1 T°
np = 3-3- F(MtL + fitg + by + fiog)
72
— ?(QMB +2up_r + py)
T? T?
np = F(/’LVT + pr, + NTR) — ?(_SMB—L — 2uy)
If ng = n; = 0 before the injection of the hypercharge flux,
UB—L = —guy, UB = %HY
hypercharge density:
L. T—2{3 F(ut ¥ fisy) + SHeg = <Ho )]
2 6 6" - Lo ghti 3non
1 T?1
— §(I~LV7- + pry) — MTR} + ?5(,“0 — p—)m
T? 5 _
= E(m + §)uy m = #(Higgs doublets)]
Y
HE = 5m + 5/3)T2

Integrating the equation for n g,

Psph/ Fsph /

- _ dt = — dty
"o T HE = " 5(m + 5/3)T3

where

z /[ vw 1 00
/th = / dt py (z — v,t) = —/ dz py (2).
— 00 Vw Jo

[ z = distance from the bubble wall |

26



The last integral is approximated as
1 >° FyT
— [ dzpy(z) = —
where

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

generated BAU :

where
N~ 0O(1)
1 for quarks
rh= { 102 ~ 10° for leptons

MC simulation=- forward scattering enhanced :
for top quark
7T ~ 10 ~ 10% max. at v, ~ 1/\/§

for this optimal case [top quark]

e ~ 1073 by

S VT3

— v /(v,T?) ~ O(10~7) would be sufficient to explain
the BAU.
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charge carriers :
(TT)quark < 7T for leptons, higgsino, Wino, Bino

e Calculation of AR — chiral charge flux

relative phase of (®1) and (®5) = CP violating angle 6
——Dirac equation through Yukawa coupling

—f{o(x)) =m(z) €C
ig(x) — m(x)Prip(x) —m™(z)Prap(x) =0
(i) perturbative method [FKOTT, P.R.D50('94)]
(ii) numerical method [CKN, N.P.B373('92), FKOT, P.T.P.95('96)]

4

AR as a function of (m,a,pr)

Y
chiral charge flux Fio(T, m,a,v,)

Example [CKN, N.P.B373('92)]

1 + tanh 1 — tanh
m(z) = mg + tanh(az) exp (—m a; (az))

2
— no CP violation in the broken phase [z ~ o]

e AR = RSR_>L - RSR_@
wall width ~ wave length of the carrier = AR ~ O(1)
for larger energy, AR decays exponentially

e chiral charge flux

normalized as
Fq

T3(Qr — Qr)

[dimensionless]

28



Numerical results T = 100 GeV
10g,5(My/T) vy = 0.1
2

1.5+
14
0.5
04
-0.54
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IV-2. Spontaneous baryogenesis

(i) in two-Higgs-doublet model [at 7= 0]
2

9 Nf nJ1%

L L0(2) P ) PP ()

—C P-even <= 0(z), FF : CP-odd
— ) ~ chem.pot. for N¢og

ALey = —

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

(ii) bias for the hypercharge instead of Ngog [CKN,P.L.B263('91)]

neutral comp. of 2 Higgs scalars :

65(x) = pj(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(:c)fy“qL(:U) + %’L_LR(CU)"}/MUR(ZC‘)

_%JR(CIJW“dR(a?) - %ZL(CU)V“ZL(CU) — ér(z)y"er(z)

(01) # 0 during EWPT = charge potential
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* criticism by Dine-Thomas [P.L.B328('94)]

> The current 1s not the conserved Y-current, but the
fermionic part of it.

Nonconservation of Y in the broken phase leads to
0,01 - j5 X —F,, F*

> The bias for Y exists where (v/7)? > 0.
The sphaleron process is effective for v < v,
The generated B is suppressed by (v.,/T? ~ O(107°).

* enhancement by diffusion [CKN, P.L.B336('94)]

Diffusion carries Y into the symmetric phase.
—— nonlocal baryogenesis

for the profile

1 — tanh(az) 1 — tanh(az)
z)) = v exp | —i—
(6(2)) DO op [T L
Zeo VS logiol(np/s)(g«/100)]  with v, = ©(2e0)
-6 —— — :
- = x=1
T her L T —
2 B
;- S
=2 .10} %0
° KNS
11 | o')\\
12 -
05 o0 05 1 15 2 25 3
z/ wall width

almost independent of z.,
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V. EWPT and CP Violation in the MSSM

[K.F., hep-ph/9809517, published in PTP101('99)]

Minimal Supersymmetric Standard Model

B the particles in the SM superpartner
| + a second Higgs doublet for each species

Laissm = Lsusy + Lsoft

e more scalar fields = stronger (first-order) PT

* one-loop effective potential [ K.F]
lighter stop m;, < my
my, S 90GeV

* 3d lattice MC [Laine et al. hep-lat/9809045]
strong 1st order for m; < my and my, < 110GeV

first order with v /T > 1< {

150 = tan 3 =6
12049 |y, — 82.3GeV
| 1.8x10°
L 6105 ma = 118GeV

— 1.4x10° mgl — 168GeV
1.2x10° TC = 93.4GeV
1.0x10° vo = 129GeV

8.0x10°
6.0x10°
4.0x10°
2.0x10°
0.0x10°
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e many complex parameters = explicit C'F violation
e two Higgs doublets = possibility of spontaneous C'FP viol.
CP violation effective for the chiral charge at the lowest order

e relative phases of 1, My, My, A,
chargino, neutralino, stop transport
[Huet and Nelson, PRD53('96); Aoki, et al. PTP98('97)]

e relative phase 6 of the two Higgs doublets

= % (mgi@)

quarks and leptons <=Yukawa coupl. o p;€’

chargino, neutralino, stop mass matrix
N.B. 6§ =6(x) .. it cannot be rotated away
[Nelson et al. NPB373('92); FKOTT, PRD50('94), PTP95('96)]

0

a scenario to have large 6 near the bubble wall

= spontaneous C'P violation in the transient region
+ small explicit C'P violation

to resolve degeneracy between C'P conjugate bubbles

net BAU N
npg Zj (TB)]NJ

s 2. N;

with
N; = exp(—47TR205j/T(;) nucleation rate
&; = energy density of the type-j bubble
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& Transitional C'P violation
Suppose that at T' ~ T,

Vert(pi, 0 = 01 — 05)

1 545 1 5 A Az 4
= Jmipt 5””202 m3p1pz2 cos 0 + §p1 T §p2
Az + A As
4+ 2 1 4p1p2 -+ Zppo cos 20 — —()\6p1 + >\7/02)/)1/)2 cos 0

—  [Ap} + p*pa(By + By cos O + By cos 20)
+p1p3(Co + C1 cos O 4 Cy cos 20) + Dps]

A5
- [ 5 p1p5 — 2(Bapipz + Caopip3)

2
2m3 + Aepi + A7p3 + 2(Bip1 + C1p2)

2X5p1p2 — 8(Bap1 + Cap2)
+6-independent terms

X [COS 0 —

where all the parameters are real

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

As
Flp1, p2) = 570105 = 2(Bapipz + Capips) > 0,
1 <G(pr,p2)= 2m§ + )‘6'0% + )‘7P% + 2(B1p1 + Cip2)
B 1, P2) =
2X5p1p2 — 8(B2p1 + Capo)

At T’ ~ T, around the EW bubble wall

(p1,p2) + (0,0) — (ve cos Be, ve sin fo)
There may be a chance to satisfy the conditions in the
transient region.

<1
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F(p1,p2) >0 F(p1,p2) <0

AVeff I ‘Veff I
| |
| | |
| | | |
| | |
|
| . / |
—1 1 cosB —1 1 cosb
Y Y
C P-violating C P-violating

local minimum saddle point
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& Enhancement of an explicit C'P violation

o = Arg(puMs) = Arg(uMy), 0= Arg(nAy),

then
(m%)eﬂc = m3+ Al jzmS + ew‘Ach)mg + eiBAl(?O)mg,
Ay = A(O))\5 —+ €i2aA§<0))\5 —+ QZQBAS)))\{),
X671 = A(O>)\6,7 + emA;O))\m + ewAéo))\m

A = correction without explicit CP violation

If A&O) > Aéo), Afbojz, by rephasing, A5 6.7 € R and

e (”m%)eﬂC =e ’mg + A(O)mS =e " ‘<m§)eﬁ”‘

with 5
ms sin o

2 0), 2
ms cos o + Ay 'ms3

N.B ‘m% + A;O)m§| < mj3 for transitional C'P violation

tano = —

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

APm2 =140.69,  APm2 = —2356.73,

/
so that even for o = 1073,

(m3 + Aéo)mg) sin o

tano = —
(m3 + Ago)mg) cos o + A m3
10~°
¥ Gsx103 T

—> only the lowest-energy bubble survives
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VI. Summary

strong 1st-order EWPT

sufficient C'P violation } = B-genesis by MSM

& MSSM with mp, < myg and my < 110GeV may allow EW
baryogenesis, if C'P violation is efficient at T.

i

transitional C P violation 7
constraints on tan 3, i, m4, etc.

& other extensions of the MSM, e.g. 2HDM
many parameters — broad allowed region 77

& If EW baryogenesis is impossible,
e v-Majorana mass + C'P viol. = leptogenesis

sphaleron |}
BAU
e Affleck-Dine mechanism
e GUTs
o 777

determination of my,, mau, My,
discovery of the superpartners
discovery of a new C'P violation
other than the KM phase

possibility of
EW Baryogenesis
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