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for details of EW baryogenesis, please attend the informal seminar



1. Introduction
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generation of BAU starting from B-symmetric universe

Sakharov's conditions

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

(3) departure from equilibrium




Scenarios of Baryogenesis

1. GUTs

anomalous (B + L) nonconservation ( “sphaleron process”)

in equilibrium at T' € [Trw, 1012GeV]

4
washout of (B + L)

2. Leptogenesis, Affleck-Dine : B = —L

3. Electroweak Baryogenesis

e the electroweak phase transition (EWPT) must be strongly first order

[cf. Tpw ~ 1071GeV > H(100GeV) ~ 10~ GeV]
e needs CP violation other than the KM phase

e free from proton-decay problem

— related to physics within our reach —



EWPT and Higgs boson

decoupling of the sphaleron process just after the EWPT:
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Minimal SM — perturbation at the 1-loop level
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For

A
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where
D= 2 E=—(2m} ) ~ 1077
8@0( miy +my +2m;), _47w8( myy +my) ~
3 ms m?, m2
A= A\ — 167207 (2mW log apT? +m7 log anl? 4my log P
1
Ty = 2D('u — 4Bvyp), log app) = 2log (4)m — 27k
2T
At Tc, “degenerate minima: ¢ = <
AT,
Fgf))h/Tg < H(Tg) <= % > 1 | = upper bound on A [mm = V2 v
mp < 46GeV

— MSM is excluded



* Monte Carlo simulations [MSM]

effective fermion mass : m¢(71") ~ O(T) < nonzero modes

". simulation only with the bosons

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

Z:/[d(deM] exp{—5g[0. U.l}

QFT on the lattice {

e 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

[ 72.34£0.7 GeV
Mh=13 721+ 1.4 GeV

no PT (cross-over) in the MSM !




2. EWPT in the MSSM

e EW Phase Transition

3 order parameters: (®y4) =
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e CP Violation
complex parameters: u, M3 o1, A, pB = mj

vz # 0 is induced

e sphaleron solution

2HDM [Peccei, et al, PLB '91]

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



1st-order PT by a light stop [de Carlos & Espinosa, NPB ‘97]

stop mass matrix:

M% == tL 2
t 2
2 9102 _ .2\ Yi,2
* m; — (v, v+ 2y,
m? = 0orm? =0 — smaller eigenvalue: m? ~ O(v?)
i iR o

high-T" expansion
_ T 5

Vi(v;T) = —Ne—(mj,

cq )3/2 ~ Tv®  — stronger 1st order PT
T

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

Te = 93.4GeV, vo = 129GeV [KF, PTP101]
150 —
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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, stops, sbottoms
Aip=0,tan8 ~ 6 —— agreement with the perturbation theory within the errors
106 | | | |
104 - i
102 _j\\:\ i m4 = 500 GeV
- ’U(j/ﬂrtj > 1
below the steeper lines
| Y
94— my, =440 GeV . max. mp = 103 + 4 GeV
—my =590 GeV \
92 |- ----- ms, =630 GeV %\ T for my =~ 560 GeV
90 ! ! ! R

165 170 175 180
ng [GeV]
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Excluded by .LEP
1 (Preliminary) ;

10

20 40 60 80 100 120

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

light stop: m;, =0

negative soft mass: mth > —(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:

95 + 91
mg + 7, yiv, + = (v — )

1
1 2

[Carena, et al., NPB586]

[KF, Tao & Toyoda, PTP 109]
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tan 0 = 10, p = 1500GeV, |A| = 150GeV
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3. EWPT in the NMSSM
W =€ (yoHLQ'B — y H.Q'T + y HiLE — A\NH}HY) — gN?’

A{N) ~ p in the MSSM

Loogt D —m?\,n*n + [)\AAanHu + gA,mS + h.c.} .

tree-level Higgs potential:

Vo = m20id,+m2dld, +minn — (AAAeijncbgcbi + gARnB + h.c.>
95 + 97 -
3

+AFn*n ((I)qu)d + CIDLCI)U) + ‘)\eij LD+ kn?

n (cb*cb _ ol )2 g—g(qﬂcb
d*xd u=xU + 9 dxu

‘ 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]

— "“Light Higgs Scenario” —
2. CP violation at the tree level: Im (AA,e*T%)) | Im (kA.e3?) , Im (Ax*e0=20))

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

—— new features expected for v, = O(100)GeV

* study of the Higgs spectrum and couplings without/with CP violation <
[KF and Tao, hep-ph/0409294|

* study of the EWPT without/with CP violation < preliminary

* sphaleron solution [KF, et al. in progress]
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many parameters in the model — in the Higgs sector, soft masses, A, k, Ax, Ax
complex parameters

1 - 1 |
Ry = —Re ()\A 61(90+<’00)) : I, = —Im ()\A 61(90+<Po)> ’
S5 g SN A
1 . 1 ‘
R’i = —=Re K’A/‘iegzwo ) IK‘, = —Im K;AKUeSupo )
R = Re ()\/-4: g0 2“’0)) : 7 = Re ()\,46 A 2@0))
“tadpole condition”: <88‘;f> — <aa‘§:f> =0
2 1 1, A7 ,
my; = | Ry — 572@0” Von tan By — 5z cos(20p) — T(%n +v2,) + -
2 V0dV0u A 5 2 o
my = (Rx — Ruon) + Rivon — (V5q + Vo) — |E|" VG, + -

Von 2
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1 3 2
I)\:§I’U()n—|—"', [&:——IUOdUO

mass matrix of the neutral Higgs bosons

0%V, 0%V,
M2 = <ahiai§fj> <ahiafj> M% Mip
“\ (2 (2 i,
8aiahj 8aiaaj
Mépox T
We use m g+ as an input, instead of F:
1 82Vﬁc 1 Vo
2 e 2 2 2 n
— — — =\ 2R\ — Ruvgy)—
M+ Sinﬁcosﬁ<8gb2;8gb;> muy 2‘ “v" + (2R Vo )Sm250
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Definition of the couplings

gauge vs mass eigenstates:

»Cgauge = g2mwgvyv H; (WJW_M +

I\

/

\

h
/hz\
B

a

9ZH;H,

gbe — Ou

\ ./

21y )
(géngi + 1y 595)1{) bH,
mw

2cos2 Oy "

gvvm, = Orico8 3+ Og;sin 3

1
=35 {(047;023' — O402;) cos § —

glin — _047: tan 6

gngz. = (gbei)2 + (glngi)

2

: OT M20 = diag(m%l, . ,m%{E))
g2 S
Z,Z" | H, g Z"(H;0,,H;
) + o 9., 97 HiH; (H;0,.H;)
(O4i01j — O4j01i) sin ﬁ}
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inputs:

vo = 246GeV, tan By, von, M+, |Al

We require [«

Axl,

'Ii|' AK’,|1 Al“g/ﬁ: [772@, TH/Z;R — Tn?;R' AIL]

some combination of the phases is constrained

1. all the mass? of the scalars > 0

2. mp, > 114GeV or g3 5, < 0.01 spectrum condition
3. Vo (0) > Vog(vg) vacuum condition-0
4. no global mim. of Vg other than v vacuum condition
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condition-1 = det M% > 0 = lower bound on m + [cf, m+ vs m4 in the MSSM]

condition-3 at the tree level

2|)\|2v(2)n 2‘/{|2vén 72/U(%n 4R,<ﬂ]8n
sin?28,  vgsin®26,  sin2By  3v2sin?®28,

M7 < miy + my cot” 26y +

tanB = 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 T
200 1
: |
100 o I J 100 B I T W
0 T T T T T 0 T T T T
-500 -400 -300 -200 -100 0 100 0 100 200 300 400 500
A/{/ GeV A[{ GeV

kA > 0 is favored
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numerical search for allowed parameter region
tan By = 3 — 20, vg, = 100 —1000GeV, my+ = 100 —5000GeV, — A, = 0—1000GeV

e.g., tan By = 3, vg, = 200GeV, my+ = 400GeV, A, = —200GeV, heavy squark

spectrum condition
L=

Vetf(0) < Vegr(vy)

X vacuum condition

_—

T T T T
0 0.1 0203040506 07 0809 1

A
2 2 2 2 2
A R M Hy M Hoy M Hg MH, MHAy | 907z 9H4zzZ  Y9Hqzz Y9H,ZZ YIH5ZZ
0.9 —0.05 75.0 83.5 145.7  436.0  448.2 0.0094 0 0.9897 0.0009 0
0.95 =095 | 139.6 180.9 360.3 425.4 456.4 0.828 0.170 0 0 0.0028
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along the line of A = 0.9,
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o = Argk + 3ipg
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[MSSM with nonzero Im(pA,e) : Carena, et al. NPB586]
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naive (7) argument [Pietroni, NPB402]
(T) = ycosa(T)cos B(T),
(
(

( vy =vcosf

order parameters : < v, = vsin G(T") = ycos a(T)sin (T,

v, = ysina(T)

\
1
Vo = 5((m%cos2ﬁ—|—m§sin26) cos® a + m3y sin® ) y°
_ 2 v g : 1 -3 3
Ry cos ozsmozcosﬁsmﬁ—kSR,{sm )y’ +---

strongly 1st order PT by the tree-level cubic term

Is such a parametrization valid ?

— no symmetry between the doublets and the singlet
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2-stage Phase Transition

Te = PT temperature of the EWPT i.e., at which v = \/v3 4+ v2 — 0

Ty = PT temparature at which v,, — 0

(1) Te > Ty — first-order EWPT requires a light stop
for Ty <T < Tc, “U(1) symmetry of the singlet

(2) Te = Ty — strongly first order

(3) To < Ty — MSSM-like EWPT

light Higgs — (1), (2)

roughly speaking,
Sy eP ° { heavy Higgs — (3)
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Ex-1 (light Higgs)
tan 3 =5, my+ = 600GeV, A, = —100GeV, A = 0.82, k = —0.02,

GeV A=0.82, k=-0.02

250 7
Uy, 3 6
200
5
150 tanf »
100 3
-2
50 B
0 T T — 0
0 50 100 150
T (GeV)
(Va, v, v) = (48.2,241.2,200) — (23.8,153.3,149.0) V2259V (0, 130.2, 0)

0 (0,26.0,0) TN (0, 0,0)
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~

reduced effective potential: Vg (v, v,;T) = Veg(vcos B(1T),vsin B(1T),v,; T)

T=0 GeV T=120 GeV T=141.04 GeV
6x108 2.0x10° 2.0x108
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ax108
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8
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T T T 1 T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
v
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1x108 1x108
7
8x10 8x107
6x10”
6x107
4x107
4x107
2x107
2x107
ox10°
0
-2x107 0x10
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Ex-2 (heavy Higgs)
tan 3 =5, my+ = 600GeV, A, = —100GeV, A = 0.85, k = —0.95,

GeV A=0.85, k=-0.95
250 6

200

150

100

50

0 T T T T T T T T 0
0 20 40 60 80 100 120 140 160 180

T (GeV)

(Vs U, ) = (48.2,241.2,200) — (4.9,26.4,180.5) ¢ 222V (0,0, 180.4)

TN > 200GeV
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T=0 GeV T=80 GeV T=100 GeV

300 800
2x10P 2x10® 2x108
250
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200
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Ex-3 (light Higgs)
the same parameters as Ex-1, except for 1; = 300GeV — 10GeV (light squark)
GeV A=0.82, k=-0.02

250 6
v

tans

200

150

100

50

0 T T T T T
0 20 40 60 80 100 120

T (GeV)
(Va, v, v) = (48.2,241.2,200) — (29.8,167.8,172.6) ¥ 2%V (0, 111.7,0)

— (0,110.2,0) "< ZE" (0,0,0)

for a lighter squark, T — 1T'ny and stronger PT
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4. Discussions

EW Baryogenesis needs extensions of the SM for

*x CP violation

new sources of CP violation precise measurements of CP-viol. BR
* strongly 1st-order EWPT extra scalars: 2HDM, MSSM, NMSSM, - - -
Higgs spectrum and couplings LHC

e my > 120GeV 1st-order EWPT in the MSSM X
e my > 135GeV MSSM X

NMSSM (light Higgs for 1st-order EWPT?)
2HDM, etc.

o No Higgs found origin of the matter cannot be explained
solely by EW physics

Leptogenesis, Affleck-Dine, GUTs, - - -
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*

*

Phase transition in the presence of CP violation

CP violation not constrained by the EDM

Sphaleron solution for various boundary conditions

v, = 0 and v, # 0 in the broken phase (v # 0)

to-do

CP violation in the phase boundary

Calculation of the generated baryon number

* formalism: quantum and semi-classical — CTP 7
* space-varying Imy ~ Im () # 0 in the NMSSM

quark/lepton, chargino/neutralino, squark/slepton
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