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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—i + [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]
<7”LB> = TI‘[,OCPTLB(CP)_l] = —TI‘[pTLB]

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

9

[ expansion of the universe Capzo~ H(T)

first-order phase transition

| reheating (or preheating) after inflation



the first example — GUTs [Yoshimura, PRL '78]
SU(5) model:

X .o/ C ao
matter: { 5 > g llc’ . gauge: A, = (G’“af“ X )
10 : XlijlL 2 4L,UR,€R Xu W, B,

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

Ling 2 Q@V“Am + g'Ir [)?YM{A/M X}]
> gX2, [e* UG A qrpa + € (07,77 €5 + L™ dE)]

in the decay of X-X pairs

process br. ratio | AB

2 1 2 1 - B X — qq r 2/3

BB =grgll-ngrgl=n=r=r X g | 1-r | -1/3
{( — qq r —2/3

. C or CP is conserved(r = 1) X —q,l 1—7 1/3

— AB =0



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

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

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

The SU(5) GUT model conserves B — L. i.e. (B + L)-genesis
4
Any B is washed-out by the sphaleron process, as we shall see later
!

new varieties of baryogenesis

e.qg. Leptogenesis = BAU B=-L



e “Majorana neutrino = L-violating interaction [Fukugita & Yanagida, PL174B]

decoupling of heavy-v decay
C'P violation in the heavy -v sector

. sphaleron

} = Leptogenesis — BAU
[review: Buchmiiller et al., hep-ph/0401240]

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

~

(@) # 0 or (l) # 0 along (nearly) flat directions, at high temperature

coherent motion of complex (G), (I) # 0 B(L), C, CP viol.
—> B- and/or L-genesis

e Electroweak Baryogenesis

enhanced by sphaleron at 1" > T
suppressed by instanton at 1" = 0

(1) A(B+L)7é0{

(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



Sphaleron Process

* Anomalous fermion number nonconservation < axial anomaly in the SM

N - .
w2V 2 pvy 12 pv
6“JB+L 1672 [g TI(F/“WF ) g B“VB ] Ny = number of the generations
. — Y 1 vpo
aujg_L:O F'u :ge”p FpO'
integrating these equations,
Nf tf 4 2 RN 12 Y%
Blt) = B(t) = 5% [ dte[fT(EL ) — B

= Ny [Nes(ty) — Nes(ti)]

where No g is the Chern-Simons number:
in the Ag = 0 gauge,

1 2
Ncs(t) — 327‘_2 /Clgﬂi eijk [g2TI' (szAk — ggAzAjAk) — g,QBZ'jBk} .




classical vacua of the gauge sector: & = (E? 4+ B?) =0
< F,,=B,, =0
—— A=1U"1dU and B = dv with U € SU(2)

L U(x): 832 —UeSU2)~8?

m3(5%) ~ Z = U(x) is classified by an integer N¢ s

Energy

configuration < , Ngog=1
space '

vacuuin

Nes=0

10



background U changes with ANgcg =1 . fermion: |
— AB =1 (AL — 1) in each (left-) generation { ® level crossing

e index theorem

Transition of the field config. with AB # 0

E )

> quantum tunneling

> thermal activation

low temperature

high temperature

&
N € config. space

transition rate with Nog = 1 <= WKB approx.

At "= 0, tunneling

Instanton <

. —S. 2.2
amplitude ~ ¢~ Jinstanton = =47/

(& 4d solution with finite euclidean action

* integer Pontrjagin index ~ /d4ng FWFW
\

11



What is Sphaleron ?

sphaleros : ocpalepooc = ‘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
—F T
Fsph ~ e sph/

cf. for EW theory

Ftunneling ~ 6_2Sinstanton — 10_164

12



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

w_

&b o) <T <T¢ w_:negative-mode freq. around the sphaleron
7

Ny = 26, Noor = 5.3 x 10% « zero modes

w? >~ (1.8 ~ 6.6)m3, for 1072 < \/g? <10, k=~0O(1)
& 1T >1Tc symmetric phase — no mass scale

‘ Féf))h ~ k(awT)"
> Monte Carlo simulation (Nes(t)Neg(0)) = (Neg)? + Ae 2Vt as t — oo
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.

13



B and L in the Hot Universe

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

a(t) /87TG T?
H(t E — L~y ——p~1.66/q,——

['(T') — time scale of interactions °
1 o
mean free path : A-0 = — < A >
n
m < T = X\ ~>~t = mean free time © . -
o
[ C(3) 3
/d3k 1 A T © ©
e 3 /T = 7Y 3¢
(2m)7er/ T 1 \ E%)T?’ ¢(3) = 1.2020569 - -
-

14



p ~ T2 we have A\ ~ T3

For T = 100GeV, H~! ~ 10%GeV !

1
oL . o a? 10 /a? 10
For relativistic particles at 1", 0 ~ = .

1
As 2 — =~ 1 GeV ! for strong interactions
g T1
AEW = > ~ 10 GeV™! for EW interactions
W T4
Ay ~ (m—W) AEW for Yukawa interactions

time scale of sphaleron process

107! GeV ™! (T > Tc)

taph = (Tspn/n) ™" =
’ ’ 10571 ePorn/T GeV ™' (T < Tp)

lcf. Espn >~ 10TeV for vy = 246GeV]

15



log t Hubble

sphaleron
P electroweak

bﬂ\f

10'5GeV | 10'2GeV Te  log a~log(T™

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

Taee < T <Tc = TV)(T) > H(T)

wash-out of B + L even in the broken phase

16



* Quantum numbers in equilibrium

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

equilibrium partition function: Z(T, ) = Tr _6_(H_Ei ui@i)/T]

0
Q)T =T -

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

log Z(T', )

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

Lst-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

17



number density of free particles (per degree of freedom)

dk 1 1
(N} = / _
(271')3 elwp—p)/T F1 e(wr+p)/T F1
'm,gT T3 ood 513‘2 £U2
— 22, v er—n/T 1 ertn/T £ 1

Quantum number densities in terms of

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

] |p| LT

- —,  (bosons)

g (fermions)

[Harvey & Turner, PRD42 ('90)]

W~ uL(R)

dr(R)

€iL(R)

ViL

¢0

e

UdL(R)

HiL(R)

M

Ho

[

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

Hy = HZ = Hgluon — 0

(BN +7) u's

18



gauge << Uw = fd; — Hup = HiL — i = f— T+ Ho

Yukawa < 0 = [y, — Mo, = Hd, — Mdp = il — iR

2(N + 2) relations = N + 3 independent 1i's: (fuy, (o flu, 5 [4i)

sphaleron process in equilibrium: |0) « H(uLdeLVL)Z- & N(pw, + 244, ) + Z“i =0

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

B
L

N (puy, + Pup + fday, + prag) = 4N, + 2N oy,
Z(Ui + pir + pir) = 3/0 + 2N iy — N g

1

2

1
§N(MUL + MUR) $ 3 — gN(/”LdL + :udR) $ 3 — Z(Nilz + pir) — 2 2pw — 2Npgp—

1

2Nyt — 21— (AN + 4+ 2Ng ) + (AN + 2Ng ) 11
—(2N 4+ Ng + 4) MEZM

19



e T' > T (symmetric phase) We require () = I3 = 0. (py = 0)

- B-L L=— B-L
22N—|—13NH( ) 22N—|—13NH( )
e T' < T (broken phase) Q=0and o =0 (. ¢° condensates.)
8N—|—4(NH—|—2) 16N—|—9(NH—|—2)

(B—1L), L=

— - — L
24N + 13(Ng + 2) 2&V+1&%@~%%( )

. Once B — L =0 in the era when the sphaleron is in equilibrium,

B=L=20

20



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.

N.B.

A(B + L) # 0 process is in equilibrium, for | To ~ 100GeV < T < 1012GeV |.

If AL £ 0 process is in equilibrium in this range of T', | B = L = 0!

To leave B # 0, Tarz0 < H(T) for T € [T, 10'2GeV].
——> constraints on models with AL # 0 processes.

( lower (upper) bound on my (m,)
— < [Fukugita & Yanagida, PRL89]

| Hasegawa's talk

21



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)

22



~ 10GeV ™!

T ~ 100GeV H YT) ~10"GeV ™! < tgw ~
OéwT2

. All the particles of the SM are in kinetic equilibrium.

nonequilibrium state 1st order EW phase transition

study of the EWPT

* static properties <= effective potential = free energy density

1 1
Vesr(v;T) = —Tlog Z = —-log Tr 7]

%4 (p)=v

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

23



Verr(v T) Veir(0 T)T>TC>O

A T>T.>0

SV

IR
2nd order PT

~

S
Sy

zu(1)

1st order PT

Minimal SM

order parameter:

o5 ()

. 1st order EWPT

0

ve = lim o(T) # 0

24



Minimal SM — perturbation at the 1-loop level

1 A 2 3 _
Verr(p; T) = —§u2902 - 1904 + 2Bugp® + By* llog (%) — 5] + V(e T)
0
where B = 64#203 (2m%v + m% — 4mf),
N T4
V(g T) = 93 6/(aw) +3Ip(az) — 61F(as)], (aa =ma(p)/T)
IB,F(aZ) = / dz z° log (1 Te V m2+“2) .
0
high-temperature expansion [m /T << 1]
7% 2 T a? \/672 a? 3\ a*
To(g?) = T 2 T/ 2y3/2_ & 4 _ 2V Y L 048
(") = =zt @) 6% 4 "1 \1E )5 TOW)

Tt a’ Va2  a? 3
Ip(a?) = T 2 9 - ~2) 4 0(a8
P =560 2% T 16 16 (W 4)+ (@)

25



For

A
Vert(9; T) = D(T? — T2)p®—E Tp> + =

4 SO
where
D = 1(2m +my +2m?), E = ! (2m3y, +m3) ~ 102
gv2 W “ ! Ao W “
3 myy 4 my, 4 m;
A=\ — 167201 (QmW log - + m, log anl? 4m, log P
1
Ty = 2D(,u — 4Bv}), log ap(py = 2log (4)m — 2vE
2T,
At T, “degenerate minima: ¢ = ©
AT,
Fgf))h/Tg < H(Tg) <= % > 1 | = upper bound on A [mu = vV2\vg)
my < 46GeV

— MSM is excluded

26



* Monte Carlo simulations [MSM]

effective fermion mass : m¢(7") ~ O(1') « nonzero modes

". simulation only with the bosons

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

Z:/[dgdeu] exp {—Spl¢, U/}

QFT on the lattice {

o 3-dim. 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

[ 72.3+£0.7 GeV
Mh=191 721+ 1.4 GeV

no PT (cross-over) in the MSM !

27



strongly first-order phase transition

Veff (free energy density)

symmetric phase A
plsorghl A
> () =
?a
AB#0
Vo
broken symmetric
phase phase
Vool — — — — — N -
<

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

28



Mechanism of the baryogenesis

ty ~0.1GeV ' « tpy ~ 1GeV ! <ty ~ 10°GeV ! <« H 1 ~ 10M1GeV ™!

EW bubbl I tion: tya1 = = = (0.01 — 4)GeV
ubble wall motion 1 o 0100 ( )Ge

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 tya < tspn, the sphaleron process is out of chemical equilibrium
near the bubble wall.

: : hal
chiral charge accumulated in the sym. phase PEEY B =0

ng = —'LL?BI‘Sph, (g o chiral charge

29



total flux injected into the symmetric phase region

Fig = Qv 47: QO / dpr, / dpr pr [f°(pr.pr) — ' (=pL, PT)] AR(M0, PL)

AR = R°p.;.—R°r_r,
5 DL 1
FHoLpt) = g (B~ vpn) /T 4 1
P 1
fz’b(_pLapT) — =

E exp[v(E + v,\/p2 —m3)/T] + 1

Qr — Qr # 0 and conserved in the sym. phase = Y, I3

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

30



EW baryogenesis in the MSSM

e EW Phase Transition
3 order parameters: (®g4) = i U1 (D) = L 0
' V20 /)’ b V2 \ U2 +iu3

e CP Violation
complex parameters: u, M3 o1, A, uB = mj

vg # 0 — v3 = 0 at the tree level

e sphaleron solution

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

31



* Electroweak phase transition

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

2 2 2
m2+(E - D)oz — o)+ 2 (g + A — )

2 tr, 2
Mi = > _ 91,2 _ 2\ Ui 2
* my = vy, — v Fv;
m? =0orm? =0 smaller eigenvalue: m? ~ O(v?)
tr tR t1

high-T" expansion

— stronger 1st order PT

effective for larger 1y, — smaller tan (3

32



An example: tan 5 = 6, m;, = 82.3GeV, my4 = 118GeV, mg, = 168GeV

Te = 93.4GeV, vo = 129GeV [KF, PTP101]
150 -
| 2.0x108
] 1.8x10°
| 1.6x10°
| 1.4x10° Gov
1.9x108 1.4 6.5 200
1.0x10° ve! T; tanf 4., 18°’£;,’//
129 160
8.0x10°
-6.3
6.0x10° 1 1407
4.0x10° o2 1201 T
2.0x10° 084 61 1:2 m,
0.0x10°
0.6 T T T T T T T 6 60 T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
My (GeV) My, (GeV)
Vet (v1, 02, v3 = 0; 1) 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

—_— mgL
-——-my,
— ----- mgL

= 440 GeV
= 590 GeV
=630 GeV

165

170 175
ng [GQV]

180

ma = 500 GeV

’U(j/qlkj > 1
below the steeper lines

4

max. mp = 103 =4 GeV
for my =~ 560 GeV
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1 |Excluded

Excluded by LEP | ;
(Preliminary) ...

I W

m,. (GeV/ch)  [PPG |
http://ccwww.kek. jp/pdg/]

light stop: my;, =0

negative soft mass®: m; > —(65GeV)? [Laine & Rummukainen, NPB597]
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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)
| ® weakens the EWPT

field-dependent mass? of the lighter stop:

2 2 2 9% 9% 2 2
mgz + +yyv,, + (v5 —v)

[Carena, et al., NPB586]

[KF, Tao & Toyoda, PTP 109]
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tan 8 = 10, u = 1500GeV, |A| = 150GeV

GeV A-150rad
120 3
mass of the lightest Higgs boson (CP conserving) s v Tc o5 Oc+0
50000 120
MIM” J ‘ {'ﬁ”\ P 110 | 2]
M(UHH \ \\ L 105 - 1.5 0
50 /8!1110\ 140 M,
130 i "
W i
10 . — 95 1 0.5 HC
( 90 T T T T T T T T 0 T T T T T T T T
0 10 20 30 40 50 6
10000 ffht A =5 0 10 20 30 40 50 60 70 80 90 0 70 80 90
’1 II f 1{ \\ \\ d4(deg) da(deg)
WL L oy A'500rad
I (&
sl
0.02
~ _ 115
3000 H”H \ 20 120 ° >< o-
” 110 -0.02
5(!)' | -0.04
2000 1111111\ 105 '
789100110 -0.06
\ 100 -0.08
A:;200 j10 A-2000 -0.1
1000 o 500 A11000 - os |
100  AT150 54 500 1000 2000 012 -
mHi(GeV) 90 T — T — — -0.14 T — — T T
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

04(deg) 04(deg)



Summary

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

e Minimal SM — excluded ! X{

e MSSM

mp < 110GeV and mg, < my

my, < 120GeV if m? <07

*

tr

strongly 1st-order EWPT (with acceptable my,)

sufficient C'P violation

} —— 1st-order EWPT with el > 1]
1c

* many sources of C'P violation

complex parameters: i, Mo, My, A 0 — Im(,uAtew) weakens the EWPT

e Other extensions of the MSM

> non-SUSY : 2HDM — many parameters  not so constrained

favored parameters for 1st-order PT and hhh-coupling — Senaha's talk

> | Next-to-MSSM (NMSSM)

= MSSM + Singlet chiral superfield

strong 1st order PT without a light stop — Tao's talk
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