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Baryon Asymmetry of the Universe
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evidence of BAU

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 ~ 107~ M

Starting from a B-symmetric universe . ..

oM g 107 at T = 38MeV
S S

~ 7x107%" at T = 20MeV

[Steigman, Ann.Rev.Astron.Astrop.14('76)]

N N-annihilation decouple

At T = 38MeV, mass within a causal region = 107" My < 102 M.

S

We must have the BAU 2 = (0.37 — 0.88) x 107"

before the universe was cooled down to T' ~ 38MeV
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Introduction
* Review of the Big Bang Cosmology

Friedmann Universe — uniform and isotropic space

dr?
1 — kr?

ds? = dt* — a*(t) [ + 1r2(d6? + sin? 0 d¢?)

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

o\ 2
A
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— a 3 a?
a A A
S 3 =
- 5 (p+3p) + 3
dp  d d
3¢ _ %13 el 3(1+7)) _
= a5 = gl + ) = (v !



p = energy density, p = isotropic pressure

p=r"p with { v=1/3 (RD universe)

7 <1 (MD universe)
For RD universe,
(2 ,
3k ’k| —1", 2
/(2%)3e|k|/T T 1 < zﬂ_2 . p(T) BOg*T with g,
. 830

For the EW theory with N, generations and m Higgs doublets,

7
g = 24+ dm + & x 30Ny

so that ¢, = 106.75 for the Minimal SM.

= Z%H—%ZSM
B F



In RD universe, neglecting A,

(G T?
H ~ \/Tp ~ 1.66,/gs—— mp; = G71/2 =1.22 x 101°GeV
mpij
4> 10"s 10°s 1s 10°y 10% 10'%
| | | | | | »
| | | | | | <
Q 100GeV 1GeV  1MeV 1eV 10K 3K
quark
lepton proton, H, D, “He, 3He H, D, He
oo gluon neutron nuclei atoms
o W, Z e e
phOtOﬂ 2V VN NN N N
\) B VOV Ve Ve Ve Ve Ve Ve UWe Ve Ve Ve Ve Ve Ve Ve Ve VaVvaVvaVvaVvaVUaN
Electroweak nucleosynthesis formation of galaxy formation
phase transition atoms

quark-hadron
phase transition

> Radiation Dominant €——J) Matter Dominant

~

inflation ?



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

(1) baryon number violation
(2) C and C'P violation

(3) departure from equilibrium

" (2) If C or CP is conserved, no B is generated: <= 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.: iha—'z +[p, H =0

If H is C- or C'P-invariant, [p,C] =0 or [p,CP] =0 [spont. CP viol. = [p,CP] # 0]



Since CBC~! = —B and CPB(CP)~!

—B [i.e., B is vectorlike, odd under C']

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

Both C' and C'P must be violated to have (ng) # 0, starting from (ng)g = 0.




possiblities 7

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

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

C' violation <= chiral gauge interactions (EW, GUTs)

C P violation {

out of equilibrium

KM phase in the MSM
beyond the SM — SUSY, extended Higgs sector

expansion of the universe Iapzo~ H(T)
first-order phase transition
reheating (or preheating) after inflation
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the first example — GUTs [Yoshimura, PRL '78]
SU(5) model:

* . o & ax
matter: { o ° dR’lﬁ . gauge: A, = (G“’Cf“ X )
10 : XlijlL 2 d4L,UR,€R )(’u W/MBM

i=1-5 - (a=1-3,a=1,2)

Lint g@’Y“AW + glr [XVN{AW X}]
> 9X,, [5O‘B’Yﬂﬁhv“qma + € (Qrapyeq + l_Lb’Y'udCRa)}

in the decay of X-X pairs

process br. ratio | AB

2 1 2 1 - - X — qq r 2/3

(AB) =gr—gl=r)—grtg(l =1 =r =7 X—gq | 1—r | -1/3
{( — qq r —2/3

. C or CP is conserved(r = 1) X —ql| 1-7 1/3

— AB =0
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If the inverse process is suppressed, B o< r — 7 is generated.

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

I'p ~ H(T ~ my) = decay and production of X X are out of equilibrium

The SU(5) GUT model conserves B — L. i.e. (B + L)-genesis
U
Any B is washed-out by the sphaleron process, as we shall see later
|

new varieties of baryogenesis

e.qg. Leptogenesis = BAU B=—-L
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e “Majorana neutrino = L-violating interaction [Fukugita & Yanagida, PL174B]

. sphaleron

decoupling of heavy-v decay } — Leptogenesis PIESON BAU

C'P violation in the heavy -v sector
[review: Buchmiiller et al., hep-ph/0401240]

e Affleck-Dine mechanism in a SUSY model [A-D, NPB249; Dine, et al., NPB458]

(§) # 0 or (1) # 0 along (nearly) flat directions, at high temperature
coherent motion of complex (§), (1) # 0 B, C, CP viol.
—> B- and/or L-genesis

e Electroweak Baryogenesis

enhanced by sphaleron at 7" > T

(1) A(B+L)#0 suppressed by instanton at /" = 0

(2) C-violation (chiral gauge); C P-violation: KM phase or extension of the MSM
(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

13



Sphaleron Process

* Anomalous fermion number nonconservation = <— axial anomaly in the SM

Aujt ., = 2Te(F,, F*™) — g'* B, B
wIB+L 167T2[g H(F ) =9 By | Ny = number of the generations
LV 1 vpo
F' =~ F,,
integrating these equations,
Ny g 4 2 - /2 >
Bl - BU) = b [ de [PTEL ) — 5,5
T Jt

= N¢[Nes(ty) — Neos(ti)]

where Nog is the Chern-Simons number:
in the Ag = 0 gauge,

1 2
Ncs(t) — /dSCIJ Eijk {QQTI' (szAk — ggAzA]Ak) — g/QBijBk}t

- 3272
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classical vacua of the gauge sector: & = %(E2 +B*)=0+=F,,=B,,=0
—— A=4iUdU and B = dv with U € SU(2)

L U(x): 832 —UeSU2)~S?

75(S?) ~ Z= U(x) is classified by an integer N¢s.

energy functional vs configuration space

E y
>
—1 0 1 N.sEBonfig. space
background U changes with ANgg =1 . fermion:

e index theorem

— AB =1 (AL — 1) in each (left-) generation { o level crossing
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Transition of the field config. with AB #£ 0

E )

> quantum tunneling low temperature

> thermal activation high temperature

£
N € config. space

transition rate with Nog =1 WKB approx.
At T =0,

. . —q. L 2/ 2
tunnehng amphtude ~ e Smstanton — e 4m /g

Instanton

* stable

* 4d solution with finite euclidean action

* integer Pontrjagin index ~ /d‘le FWFW
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What is Sphaleron ?

sphaleros : ocpalepoo = ‘ready to fall’

a saddle-point solution of 4d SU(2) gauge-Higgs system
[Klinkhammer & Manton, PRD30 ('84)]

Egpn =8 — 14 TeV

* unstable
* static (3d) solution with finite energy

* Chern-Simons No. = “1/2”

—> over-barrier transition at finite temperature

Fsph ~ e_Esph/T

cf. for EW theory

Ftunneling ~ €_QSirlstarltorl — 10_164
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* Transition rate [Arnold and McLerran, P.R.D36('87)]

w— .
b —<T < Te w_:negative-mode freq. around the sphaleron

(27)

Niw = 26, Noor = 5.3 x 10° «— zero modes
? ~ (1.8 ~6.6)m7, for 1072 < \/¢g* <10, k=~O(1)

& 1T >Tc symmetric phase — no mass scale

') ~ g(awT)*

sph —
> Monte Carlo simulation <Ncs(t)Ncs(O)> — <NCS>2 -+ Ae 2Vt a5 t — 0
k> 04 SU (2) gauge-Higgs system [Ambjgrn, et al. N.P.B353('91)]

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

‘sphaleron transition’ even in the symmetric phase.

18



B and L in the Hot Universe

reaction rate: I'(T") > H(t) < the process is in chemical equilibrium

['(T") — time scale of interactions

1
mean free path : \- 0 = —
n
m << T — )\ ~t= mean free time
)
/d?’k 1 m<T )
n = ~
g (27T)36wk7/T :F 1 g
X

¢(3) = 1.2020569 - -

19



For relativistic particles at 1", o ~ ~ - we have \ ~
P s T2 PG

For T' = 100GeV, H~! ~ 104GeV !

a?  o? 10 (on)l_ 10

1 . .
As 2 —5 =~ 1 GeV ™! for strong interactions
Qg
1
AEW =~ 5 ™ 10 GeV™ ! for EW interactions
aw T4
Ay ~ (m—W> AEW for Yukawa interactions

time scale of sphaleron process

t_Sph — (FSph/n)_l =

1071 GeV ™! (T > Tc)
1057~ LePsan/T GeV™! (T < T¢)



log t

Hubble

sphaleron

electroweak

y

10'°GeV 10"°GeV

L

Te  log a~log(T™

If v(To) < 200GeV (eg. 2nd order EWPT), Tyec, s.t.

Thoo <T < Tpp = TV

sph

(T') > H(T)

wash-out of B + L even in the broken phase
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* Quantum numbers in equilibrium

();: conserved quantum number [H,Q;] =0

equilibrium partition function: Z (T, ) = Tr _e_(H_z’i ”ZQ@')/T}

0
Q)T =T -

relations among i1's <= relations among ()'s

log Z(T', )

1
In the SM, Q); = NB — L; without lepton-flavor mixing.

Ist-principle calculation of Z(T, 1)

{ e path integral over all fields

e nonperturbative B + L violation

e perturbation [Shaposhnikov, et al, PLB387 ('96); PRD61 ('00)]

e free-field approximation

22



number density of free particles (per degree of freedom)

1

1

(N) =

[y

2

2
214 Jo

|

T3 [ x
dx —
er~#/Tx1 ertn/T 1

/T £1 el tn/T £ 1]

2

332

Quantum number densities in terms of u

SM with N generations and Ny Higgs doublets (¢ ¢™)

[ ="

NI= NI=

,  (bosons)

,  (fermions)

[Harvey & Turner, PRD42 ('90)]

W

UL(R)

dr(r)

€iL(R)

ViL

¢0

e

122%%

:UdL(R)

HiL(R)

M

Ho

[ —

gauge int., Yukawa int, quark mixings are in equilibrium.

Hy = HZ = Hgluon — 0

(BN +7) u's
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gauge << Uw = fd; — Pup = HiL — i = f— + o

Yukawa <= 0 = fluy — Mo, = fdp — Pdp = il — iR

2(N + 2) relations = N + 3 independent pi's: (fuyr, f10, flu, s [1i)

sphaleron process in equilibrium: [0) « H(uLdeLVL)i & N(poy, +2p4,) + Z,ui =0

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

— N(MUL+MUR+MdL+MdR) :4N:uuL_|_2N:uW7

L = Y (pi+pic+ pir) =3+ 2Ny — Ny
2 1
Q = gN(MuL + fup) * 3 — §N(,Lde + pag) 3= Y (i + pir) — 2 2uw — 2Nppu_

= 2Ny, —2p— (AN + 44 2Ng)pw + (AN 4+ 2Ng)
Iy = —(2N+ Ng+4)uw =S

24



o T' > Tc (symmetric phase) We require ) = I3 = 0. (puy = 0)

8N—|—4NH 14N—|—9NH
— - — B-L
22N + 13Ng (B-1), L 22N + 13Npg ( )
e T'< T (broken phase) Q=0and ;1o =0 (. ¢" condensates.)
N +4(N 2 16 N 4+ 9(N 2
8 +(H+)(B—L), I —|—(H-|-)(B_L)

" 24N + 13(Ng + 2) 24N +13(Ny + 2)

Inany case, B =L =0, if (B — L)primordial = 0.

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.

25



Wash-out of B and L in (B — L)-conserving GUTs

|
b=L#0 \/\/\/y\/\/\ B=L=0 = B=L=0
(B-L=0) washed out - frozen
| | I >
MGUT 1 01 2GeV TC IOW'T

Resurrection of (B — L)-conserving GUT Baryogenesis | [Fukugita & Yanagida, PRL 89]

I
B=L+0 B+0, L=0 \)I\/v\/\/v\ B#0, L#0

I
L B#0, L#0
(B-L=0) (B-L#0) : (B—-L+0) : frozen
I . I >
Mcur 10'2GeV Tc low-T
(Mpy,) <——
A L#0 in equil.
)

If “heavy Majorana v

26



We must require that the processes decouple before T lowers to 10'2GeV.

otherwise, B = L. = 0!I

e.g.,

2 43

: 0.12¢71

Lo = Ein Liplip — I'ap—2 ~ 912
my, 47TmNi

< H(T) at T < 10'°GeV

— lower bound on my, <= m, < 0.8eV
Hubble ~ 7>

log t 73

electroweak
~ 71

10'5GeV 10'2GeV log a ~log(T ™)

A 4

27



Electroweak Baryogenesis

review articles:

KF, Prog.Theor.Phys. 96 (1996) 475

Rubakov and Shaposhnikov, Phys.Usp. 39 (1996) 461-502
(hep-ph/9603208)

Riotto and Trodden, Ann. Rev. Nucl. Part. Sci. 49 (1999) 35
(hep-ph/9901362)

Bernreuther, Lect.Notes Phys. 591 (2002) 237
(hep-ph/0205279)
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T ~ 100GeV H YT) ~10"GeV ™ < tpw ~ ~ 10GeV !

Osz2

. All the particles of the SM are in equilibrium.

nonequilibrium state 1st order EW phase transition

study of the EWPT

* static properties < effective potential = free energy density

1 1
Vet (v; T) = —=T'log Z = —Vlog Ir [e_H/T}

%4 (p)=v

* dynamics — formation and motion of the bubble wall when 1st order PT

29



Veri(v T) Verr(0 ﬂT>TC>O A T>T.>0

Minimal SM

order parameter:

I /0
- Ug d) =
i”o v ivo < > \/i (90)

A v(T) () . 1st order EWPT
0

Ve = i/llTIi/Elc p(T) #0

Sy

N~y
N~y

T
2nd order PT 1st order PT
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Minimal SM — perturbation at the 1-loop level

1 A 2 3 _
Vert(0; T) = —§u2902 - 1904 + 2Bugp® + By® llog (%) — 5] + V(e T)
0
where B = 647T2U§ (Zm%[/ -+ m% — 4mf),
N T4
V(g T) = 92 6/p(aw) + 31p(az) — 61F(ay)], (aa =ma(p)/T)
Ip p(a®) = / dx z* log (1 Fe V x2+“2) :
0
high-temperature expansion [m /T < 1]
Tt 2 s a? \/? a? 3\ a*
Tla?) = T 2 T 2v3/2 @ _ 22 L ot
B(a7) = — s+ 0 5@ 6% 4 " 1e\1ET7) 5 TO@)
Tt w2 a* \/? a? 3
Ir(@?) = T 29 _ _2) 4 0(a®
P) = 3650721 T 16 s 16 (VE 4) +0(a%)
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For
A

Ver(p; T) = D(T? — T§)¢* = E T + "
where
D= (2 2 E=—(om} %) ~ 1077
87)0( mW_|_mZ_|_ mt) _47'('7)8( mW+mZ)N
3 4 myy 4 m, 4 my
A=A — 167201 (2mW log - + m7 log anl? 4m; log P
1
T3 = 2D(M — 4Bv3), log app) = 2log (4)m — 2vE
2T,
At Tc, “degenerate minima: ¢¢ = <
AT
Féf))h/Tg < H(Tp) <= % > 1 | = upper bound on A [mu = V2 g
mpg < 46GeV

— MSM is excluded
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* Monte Carlo simulations [IMSM]

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

". simulation only with the bosons

scalar fields:  ¢(x) on the sites
gauge fields: U, (x) on the links

Z:/[dqﬁdUM] exp {—5g[¢. Uy}

QFT on the lattice {

e SU(2) system with a Higgs doublet and a triplet ~ time-component of U,
[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

= | no PT (cross-over) in the MSM !

= { 72.1+ 1.4 GeV
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* Dynamics of the phase transition

first-order EWPT accompanying i, Clild

bubble nucleation/growth

phase

nucleation rate per unit time and unit volume: I(T) = Ioe_AF(T)/T
where

supercooling — ps(T') < pp(T)
o~ [dz(dp/dz)? : surface energy density

20
po(T) — ps(T)

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



How the EWPT proceeds ? [Carrington and Kapsta, P.R.D47('93)]

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

F(t) = / at' I(T(E)[1 — FEV (. 1)

7@

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

t

V(' t) = = [r*(T(t’)) + / dt”v(T(t”))r

tl

T=T(t) < p=(7?/30)g,T* < R~* for RD universe

v(T) : wall velocity

35



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 2%)sec.]

0 <
o -

0.4
0.8

w
o
& o
L, S
o £
© 0
© ==
E3p 5 °
ey b o<().8¢
m —
S3| 231
o 3
2 Na) —/
-Q - o o 1.
oy Qs F 1mear
= ® >
2 5 growth
>
Q © Q
o | A L . o . I .
6.5 6.7 6.9 7.1 8.7 6.87 6.9 7.1
t—t, (10714 sec) t—t, (10714 sec)

horizon size : H! ~ 7.1 x 10!2 GeV™! = (0.14 cm
r = 0.3um = #(bubbles within a horizon) ~ 3 x 10!

very small supercooling : (Tc —Tn)/Tc ~ 2.5 x 10~
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1.0

w
g
2 83}
£ |
n
3 22l
2 S
& . :
<wa | nucleation S|
s | turned off 2
2 oct? E |
[} L I
Jﬁ —f %Do :
-l | g’ I
________ |
2L . =1 "
6.7 6.87 6.9 7.1 0.001 0.01 0.1 1
t—t, (1071 sec) A-phase fraction

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

nucleation dominance over growth
thick bubble wall
large fluctuation between the two phases



Mechanism of the baryogenesis

t,~0.1GeV ' < tpy ~1GeV ! <« tsph ™ 10°GeV ! <« H~ ' ~ 10" GeV ™1

Lo 1 —40)/T _
EW bubble wall motion: .1 = — = ( )/ = (0.01 — 4)GeV ™!
Uw O.]. - 0.9

1. All the particles are in kinetic equilibrium at the same temperature, because of
H=' > tpw, far from the bubble wall.

2. Since \y > Agw > [, the leptons and some of the quarks propagate almost
freely before and after the scattering off the bubble wall.

3. Because of tyan < tspn, the sphaleron process is out of chemical equilibrium
near the bubble wall.
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Pa

o

AB#0
broken symmetric
phase phase
______________ -
z 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
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o spontaneous baryogenesis + diffusion classical, adiabatic

2 scenarios: _ _
e charge transport scenario quantum mechanical, nonlocal

Both need CP violation other than KM matrix = extension of the MSM
2HDM, MSSM, ...

* Charge transport mechanism

CP violation in the Higgs sector or in the mass matrix of Y, ¢
[spacetime-dependent CP violation]

J
difference in reflections of chiral fermions and antifermions
J
net chiral charge flux into the symmetric phase
J

change of distribution functions by the chiral charge

with the sphaleron process in equilibrium

40



Uy = const. = stationary nonequilibrium : bias on free energy along B

. /’LBFSph
np >~ —

T

According to the relations among the chemical potentials (sphaleron is excluded),

Y
BB = 50m + 5/3)T2

m = #(Higgs doublets)

41



where

BAU by electroweak baryogenesis

B Fsph o I‘sph
"E= T /dt“B_ 2(m+5/3)T3/th

z [ vw 1 00 Ia
/th:/ dtpy(z—th):—/ dey(Z)’iLT
0

U

T = transport time within which the scattered
fermions are captured by the wall
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1 for quarks
N ~0(), Tl { 102 ~ 103 for leptons

MC simulation=— forward scattering enhanced :
for top quark 771 ~ 10 ~ 103 max. at v, ~ 1/v/3

for this optimal case

s Vo T3

Fy /(v,T3) ~ O(10~7) would be sufficient to explain the BAU.
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Calculation of the chiral charge flux

ip(x) — m(x)Prap(x) —m™(x)Prap(x) =0

where —f<g/5(£1:‘)> = m(aj) c C through the Yukawa int.
symmetric phase broken phase
S S
R \/'\/'\/\/'\/)
(/\/\/\/\/\/\/\/\

R;%%L /

iL(R) . charge of a L(R)-handed fermion of species :

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
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(injected charge into symmetric phase) brought by the fermions and antifermions in
the symmetric phase :

AQ: = [(Qr'— Q1R —r+ (—Q1" + Qr )R’ r—1,

+(=Q )T~ +T° k) — (—QrR) (T rer + T R r)]f L
QL — Qr)R pr + (—Qr' + QLR 1
+(—Qr)VT° resr, + TP pr) — (—QL)NT° = + T LR f R

the same brought by transmission from the broken phase :

AQ" = QL' (T o f' i+ T et f'R) + QR (T L= rf i + T rerf i)

Q)T resr f i + T = fr) + (—QR)Y T rorf i + T L= R f Ri)
by use of

unitarity: Ry _r+T° 1 +T° 1 p=1, etc.

reciprocity: T°r +T° R = TbL_>L -+ TbR_>L, etc.
s(b s(b s(b
fz'lg):fif({)zfi()
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AQ* +AQ" = (Qr — Qr") ([ — fP)AR

where AR=Rr_ — RSRHL

e profile of the bubble wall wall thickness, height, CP phase

which depends on
e momentum of the incident particle

total flux injected into the symmetric phase region

Flg= QL47T_2QR /mo dpL/ dpr pr [fz (pr,pr) — f"(—DLS pT)] AR(mO pL)

a’ a
s DL 1
fifpr,pr) = E exp[v(E —v,pr)/T] + 1
PL 1
fib(—PL,PT) —

E exp[y(E + v,/p3 —mi)/T) + 1

1/a = wall width, my = mass in the broken phase, F = \/pQL +p2T
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Qr—Qr#0
available charge : _ _ — Y, I3
conserved in the symmetric phase

N.B. For B, no Fp is generated, since it is vectorlike.

CP violation effective for AR
e Minimal SM — KM phase

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

Y
Y

— decoherence by QCD effects (short range)
[Gavela, et al., NPB '94]
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e CP violation in mass or mass matrix

tree-level quantum scattering by the bubble wall

* relative phase of 2 Higgs doublets = m(x) = —g|¢(z)| @)

* relative phases of the complex parameters in Supersymmetric SM

mass matrices of chargino, neutralino, sfermions

M — L vue_w
M+ = (_L 2 \/59_2 )
ﬁgZUd U

x-dependent v, and v,, = effectively x-dependent phases
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* Example

1 4 tanh(az)

m(z) = mg

e AR=R°p ., — R°r_/

[Nelson et al., NPB, '92]

5 exp (—iw 5

1— tanh(az)>

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

wall width ~ wave length of the carrier = AR ~ O(1)

4

[FKOTT, PRD'94; PTP'96]

stronger Yukawa coupling does not always implies larger flux

0.7

L B B B B B L B B I
1.1 12 13 14 15 16 1.7 18 1.9 2
py/my
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Fq

e chiral charge flux normalized as [dimensionless]  at 1" = 100GeV

T3(Qr — Qr)

S 20y Vo T3 A
for an optimal case
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EW baryogenesis in the MSSM

e EW Phase Transition

3 order parameters: (®g4) =

(5) (.

5l

e CP Violation

complex parameters: u, M3 o1, A, uB = mj3

v3 # 0 — w3 = 0 at the tree level

e sphaleron solution

{

2HDM [Peccei, et al, PLB '91]
squarks vs sphaleron [Moreno, et al, PLB '97]

0
—|— 7:”03

)
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light stop scenario

2
M{ —
m2 =0orm2 =0
tr R

high-T" expansion

* Electroweak phase transition

[de Carlos & Espinosa, NPB '97]

(pvg + A(vz —ivg))

2
It 42
2 Yu

p 2
g9 2 2 Yt .2 Yt
o ?)(Uu o Ud) T 5 Uy 5
2

2 91(,2 .2
* my — (v —viH

smaller eigenvalue: mtg1 ~ O(v?)

_ T
—(m?,

o
— stronger 1st order PT

)3/2 o T

effective for larger 1y, — smaller tan 3
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An example: tan 5 = 6, m;, = 82.3GeV, m4 = 118GeV, mg, = 168GeV

Te = 93.4GeV, vo = 129GeV [KF, PTP101]
150 —
— 2.0x10°
1 1.8x10°
— 1.6x10°
- 6
1.4x10 GeV
1.9%1 06 1.4 6.5 200
1.0x10° . v/ T tanp 6.4 180 ms,
8.0x105 160
6.3 |
6.0x105 | | 140
4.0x10° 62 1207 A
2.0x10% | 0.8+ 1007
6.1 80 my,
0.0x10°
! 06 I I I I I I I 6 60 I I I I I I I
0 5 10 15 20 25 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Uy my. (GeV) My (GeV)
Vet (v1, 02, v3 = 0; T¢) my ,-dependence (tan 3 = 6)
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e 3d reduced model
strong 1st order for mg, < my and my, < 110GeV

e 4d model

* Lattice MC studies

[Laine et al. hep-lat/9809045]

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

with SU(3), SU(2) gauge bosons, 2 Higgs doublets, stops, sbottoms
At,b = 0, tanﬁ ~ 0

106
104
102

—— agreement with the perturbation theory within the errors

7, = 440 GeV

90 '

~ my =590 GeV

m;, = 630 GeV
1 1

165 170 175

ng [GeV]

180

ma = 500 GeV

’U(%/jzj > 1
below the steeper lines

4

max. my = 103 £ 4 GeV
for mz =~ 560 GeV
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0.2

0.19

H,[?

0.18

0.17

A

)

o

o |H2|2 ®

50

60

80

90

1.2

0.4

0.2

bubble-wall profile

AB = 0.0061 £ 0.0003
— [3 ~ const.

11
wall width ~ —

C
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d SRR
e

1 "|Excluded

Excluded by LEP |
(Preliminary) ;

4

=

20 40 60 80 100 120

m ., (GeV/c?) [PPG |
http://ccuww.kek. jp/pdg/]

light stop: my;, =0

negative soft mass®: m; > —(65GeV)? [Laine & Rummukainen, NPB597]
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* 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/ — 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(uMa), Arg(uMy), Arg(pAs)
minimum of Veg(p;, 0;T = 0)

CP violation at 7' = 0 is constrained by experiments (B factory, nEDM, etc)

CP violation at T~ near the bubble wall is relevant to baryogenesis
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bounds from the EDM

MSM contribution:

CP-odd of

. |d,] < 0.63 x 107%°¢ - cm

mq [TeV]

N W W -

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

[Kizukuri & Oshimo, PRD '92]

MSSM contribution:

~~ ~~Y
q S
7T T~ 7T T~
s N AN
/ \
/

7
\
[ \ [ \

q § q 9 ] q

- etc.

0+9,+0d0=m/4
ArgA = /4

° 0+4d,+02=0(1)

® Mg, Mj < 1TeV

mg, m; 2 10TeV
0+ 05,4+ 0y <1073

58




CP violation relevant to Baryogenesis | — 6(x) in the bubble wall

Egs. of motion for (p;(x),0(x)) with Veg(ps, 0;T¢)
with B.C. determined by the min. of Vog(T¢)

p(z): 0 (sym. phase) — v (br. phase) — kink-like
0(z): —Arg(m3) (sym. phase) — O¢ (br. phase) 2P explicit CP violation

bubble wall ~ macroscopic, static — 1d system =- numerical solution
possible CP violations

e O(x) near the wall ~ O(0¢)

e transitional CP violation — 6(x) = O(1) near the wall, even if 60 < 1
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Suppose that at T' ~ T, without explicit CP violation, [0 = 601 — 0]

‘/eff(p’b 9)
| | A A\
= 5MipT + 5Maps = M3p1pa cos b + glp‘f + fﬁ%

_|_)\3‘|‘>\422 )\5

|
pips + 7 P1p3 €08 20 = S(Aept + Azps)p1ps cos

—  [Ap? + pip2(Bo + Bicos + Bycos20) + p1p3(Co + Cy cos O + Co cos 20) + Dp3)

2

= | 5 Pirs — 2(Bapips + szp%)] [COS 0 —

2m3 + Aepi + A7p3 + 2(Bip1 + Cipa)
2X501p2 — 8(Bap1 + Cap2)

+6-independent terms

where all the parameters are real
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conditions for spontaneous CP violation for a given (p1, p2)

-

N

~
F(p1,p2) = %P%P% — 2(Bapips + Cap1p3) > 0,
1< Glprps) = 2m3 + Aepi + A7ps + 2(Bip1 + Cip2) 1
2X5p1p2 — 8(Bap1 + Cap2)
J
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F(p1,p2) >0 F(p1,p2) <0
Ve

—1 1 cosf —1 1 cost

0.8 1

0 0.2 04,6 0.6
p/v

CP-violating local min. CP-violating saddle point
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An Example [KF, Otsuki & Toyoda, PTP '99]

tan By m3 i Ay My = M, mg, my

R

6 8110 GeV? —500 GeV 60 GeV 500 GeV 400 GeV 0

mp ma mpy mg, my* M

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

results: To = 93.4 GeV, wvo =129.17 GeV, tanf = 7.292,
inverse wall width: a = 13.23GeV

BAU: £ 19— (12-10) [v = 0.1, Arg(m3) = 1073]
S

— 7-dominant
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Effects of CP violation on the EWPT

EWPT in the light-stop scenario

( ..
> scalar-pseudoscalar mixing

Im(pAe'?) #0 = ¢ ©induces § = Arg(m3)
e weakens the EWPT

\

field-dependent mass? of the lighter stop:

g%"’g%(vQ U2)

mZ +m; +yivg + i

1
1 2

[Carena, et al., NPB586]

[KF, Tao & Toyoda, PTP 109]
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tan § = 10, pu = 1500GeV, |A| = 150GeV

A-150
GeV rad
120 3
mass of the lightest Higgs boson (CP conserving) i | vc Tc o] Oc+6
50000 120
I L 10 1 2
il \ N~ o5 15 0
30 /8!1110) 140 My
i :
I 3o
! - ;
{ 90 T T T T T T T T 0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
10000 it l - 0 10 20 30(;0 50 60 70 80 90 (S
111 [ T Aldeg) Aldeg)
i N
| (§]
-l |
0.02
I, 20— S I
3000 5
é’/ 110 -0.02 1
4 —
2000 |/ X -0.04
o' 1111\ 105 |
78910C110 -0.06
A 100 -0.08 |
A-200 A:500 A 1008 10 A-2000 0.1
1000 o 95
100  A150 549 500 1000 2000 012
mHi(GeV) 90 — T T T T T 7 -0.14 — T T T T T T I
0O 10 20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90
04(deg) 0 4(deg)
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Discussions

Baryogenesis requires

1. baryon number violation
2. C and CP violation

3. departure from equilibrium
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Electroweak Baryogenesis

e based on a testable model «—— stringent constraints

e free from proton decay problem

other attemps:

*

*

*

*

*

GUTs
Leptogenesis
Affleck-Dine

Gravitational Baryogeneisis
[Alexander, Peskin & Sheikh-Jabbari, hep-th/0405214]

Inflationary Baryogenesis [KF, Kakuto, Otsuki & Toyoda, PTP 105]
[Nanopoulos & Rangarajan, PRD 64]
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viable models for EW baryogenesis

o strongly 1st-order EWPT (with acceptable my,)
e Minimal SM . o
sufficient C'P violation
e MSSM
mp < 110GeV and mg, < my Ve
* _ 1st-order EWPT with — > 1
my < 120GeV if m%R <07 1c
* many sources of C'P violation
complex parameters: — Im(pAse?®) weakens the EWPT

e QOther extensions of the MSM

> non-SUSY : 2HDM — many parameters

> Next-to-MSSM (NMSSM) = MSSM + Singlet chiral superfield
[KF & Tao, in preparation]
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NMSSM
W = i (0HAQ'B — yeHLQ'T + wHLE — \NH;H]) = ZN°
A(N) ~ i in the MSSM
Loott D —m%\,n*n + [)\A,\anHu + gA,Jﬁ -+ h.c.} .

tree-level Higgs potential:

Vo = m%(I)leI)d + m%CDLCI)u + mann — ()\A,\eijn@z@{b + gA,{n?’ + h.c.)

95 + g7
3

AP (cpgcbd n @chu) + [ Aei; @407, + kn?

_|_

o, _old ) o %2 (o i
Pyly— DDy ) + T (24P (P!, D,)

| 2
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1. 5 neutral and 1 charged scalars (3 scalar and 2 pseudoscalar when CP cons.)

The lightest Higgs scalar can escape from the lower bound 114GeV, because of
small coupling to Z caused by large mixing among 3 scalars. [Miller, et al. NPB 681]

2. CP violation at the tree level: Im ()\AAei(eﬂo)) , Im (/ﬁ;Aﬁe?’w) , Im ()\H;*ei(e_w)).

3. v, — oo with \v,, and xkv,, fixed MSSM [Ellis, et al, PRD 39]

—— new features expected for v,, = O(100)GeV
the parameters are restricted by requiring

e all the mass? of the scalars be positive

e the vacuum (vg, tan 3, v,) be the absolute minimum of Vg
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Without CP violation, at the tree level,

1 Un
m%ﬁ — m%v — 5)\%8 + (2R — )\/wn)sin 25
e m3 >0 = lower bound on m [m?, . = mf, +m?% in the MSSM]

e Vo(vg, tan B, v,) < Vo(0) = upper bound on m g+
[this bound — oo in the MSSM [imit]

tan = 5, v,=300GeV

GeV GeV
600 500
=== min_mch === min_mch
500 1 | =— max_mch 400 - —— max_mch
400 .
r=-0.3 300 | k=0.3
300
200 .
200 - \
: |
1004 - Y 100 A e\ ]
0 T T T T T 0 T T T T
-500 -400 -300 -200 -100 0 100 0 100 200 300 400 500
Ap Gev A Gev kA > 0 is favored
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EWPT in the NMSSM [Pietroni, NPB402]
( vy =wvcos B(T) = ycosa(T)cos B(T),

order parameters : < v, = vsin G(T) = ycosa(T)sin B(T),

v, = ysina(T)

\

2

1
Vo = 5 ((m% cos® 3 + m3sin® B) cos® o + m3y sin? @)y’

1
-~ (RA cos® avsin o cos Bsin B + §R,€ sin® a) it

—— y>-term even at the tree level !

—> stronger 1lst-order PT ?
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our study of the EWPT

B(Te) = const., but a(T¢) # const. along the least Vg path

~

“reduced effective potential”: Vig(v,v,;T) = Veg(vcos B('T),vsin 3('T"),v,; T)

250F;

2007

“ ‘“ﬁﬁ“““‘

1501 \] AT
ey

\N
AR RN
S

100¢

507

work in progress - - -
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