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ectroweak PhaseTransition

E breaking of SU(2) U(1) at finite T : <H>3MH<H>'0
E If strongly 1st order

‘ Electroweakbaryogenesis

E In standard model, EWPTrist strongly 1st order

This talk

E introducing heavyith family fermions

E assuming these fermions are responsible for EW breaking

‘ EWPT can be strongly 1st order !
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1. Introduction

What Is the origin ofhe BaryonAsymmetry of theUniverse?

U No evidence for primordiantibaryonin the universe

U The universe is asymmetric between baryordantibaryon

U Degree of baryon asymmetry

ng
n

n = = (4.7 -6.5) x 10719 [PDG 2008]

~

_[ Arequired for bigbangnucleosynthesis
Aalso measuredhorough CMB




Conditions forbaryogenesis

n=-2 — (4.7 6.5) x 1010

Ny

E Our goal is to explain this valbased orparticle physics
andcosmology

E Baryogenesis dynamical creation of baryon asymmetry
In early universe

Ng=0 mmmm) nNglrO0
E{ | 1 KIFNZJQ for baryogeResis A 2 V &

(1) B norconservation(2) C,CP violation(3) Out of equilibrium



{fa VYR {1 KINRODQ
ESMOlIlY Fdzf FAEE £t {I1KINRODQA
(1) B nonconservation

E B isviolatedby quantum anomaly

Reaction rates of Biolating processes

U T = 0 instantontransition
FB ~ 6_28in3tanton — 6—47T/a2 ~ 10_170 << 1

. . K consistent with experiments
U T > 0 sphalerontransition P

" T Eepn/T for T <Tc (<H>0)

4m(H
FB ~ Asphaleronenergy :E.,, = % x (1.5 —2.7)

T (> H) for T>Tc (<H>=0)
K B violating processes are in equilibrium for T > O(G¥)!



http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/Gamma_{B} /sim 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/Gamma_{B} /sim 

/end{align*}
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(2) C and CP violation

E EW gauge interactions aohiralK C violation

E KobayashMaskawaphaseK CP violation

(3) Out of equilibrium

E At T >Tg all gauge int. andphaleronprocesses are in eq.

E If EWphasetransitionis 1st order
U expanding Higgs bubble
K out of eq.

E EWPT should b&rongly 1st order
‘ Electroweakbaryogenesis




EWBaryogenesisn SM

T
/ <H>3 \ Farrar andShaposhnikoy1994)
R A Gavelaet al. (1994)
< Huetand Sather (1995)
g

& —>q

——q

— g

T 0y

E EWbaryogenesisvork in SM?

(1) CP violation frorKM phase isot sufficient
np

S

(2) Fom,, >114GeV(LEP), EWPT Iis not strongly 1st order
‘ To explain BAUghysics beyon&Mis required!

—26
< 10 [ Huetand Sather(1995)]



http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/left| /frac{n_B}{s} /right| < 10^{-26}

/end{align*}

4th family revive EV\Baryogenesi&

4th family fermionsY 0 QX 0 QX A QZ C

E extraCP violating phasegppear in 4 4 CKM matrix
U dimensional analysis usidgriskognvariant

‘ possibility of large enhancement for BAU
[W.-S.Hou(2008)]

E EWPT become strongly 1st order K this talk



Experimental constraints on 4th family

bA 3

E from BBN and invisible Z decay width

) mem2

Direct search experiments [Particle Data Group 2008]

m,, My> 256GeV(Tevatror); m gm,> 100GeV(LER )

EW precision data

E 4th family affect EW observable through loop effects

E41" 0K mg mMygmg My

10



E analysis using S, T parametersibs, Plehn Spannowskgand Tait (2007)]

U parameter region which is consistent wiiVWprecision data:

- 1
My — My (1 + —In h ) x 50GeV

5 115GeV

m~ — m, ~ 30-60GeV

» 4th family Is still consistent with experiments !



2. EW phasetransitionnn/SM

Hnite Temperature Hfective Potential

E tool for analyzing phase transition

E FTEP free energy density

E obtained from partition function

1 . : B —BH _
V(6. T) = —VTlogZ { partition function Z =Trle ""] 3=1/T

order parameter (H(z)) L (0)

T:ﬁ qb

E calculatedbased on the finitdemperaturefield theory
(imaginary time formalism)



Strongly 1st order phase transition

1st order phase transition

o(T)
Ve, T) 17t

Criterion for strongly 1st order :

o
- >1
T. ™


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/textcolor[rgb]{1,0,0}{ /frac{/phi_c}{T_c} /gtrsim 1}

/end{align*}

Why strongly 1st order EWPT?

. o _ symmetric phase (f=0)
E BAUcreationin symmetric phase

(in front of Higgs bubble wall)

broken phase

E After passing through of bubble wall, ( rof)
BAU entetbroken phase

E Toavoid washout of BAU,

B-violatingsphaleronprocesses shouldecouplejust after EWPT
Ly ~ e P/ T g < BT

4
' Eo = 270« (15— 2.7)
g2

Pc
= >1
Tc ™ 14


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/Gamma_{B}/sim e^{-E_{sph}/T}|_{T=T_c}<<1

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/textcolor[rgb]{1,0,0}{ /frac{/phi_c}{T_c} /gtrsim 1}

/end{align*}

EW phase transition 1M (1)

E FTEP at one loop

W, Z W, Z
V(6. T) = Vo) + “;:{:} 4 “*;g;?{ +
t t

2
tree leveleffective potential : 1, (¢) = _%(y 4 %(;54



EW phase transition 1M (2)

E FTEP at one loop

V(e,T) = Vo(o) + Vi) + Vi, T) + . ..

1. T-independentcorrection(ColemanrWeinberg potential)

4 2
) iwze 84 S eons

2. T-dependent correction

ViT 6, T) = o (6.5 lmiy (6)/T%) + 8 [m3 (6)/T) — 6Tl (6)/T%)

JB,F(m2/T2) _ IOOO dr 35'2 log[l == 6—\/:(;2+m2/T2]



EW phase transition 1sM (3)

JB,F(mZ/T2) _ IOOO dr .CL'Q IOg[l == e—\/m2—|—m2/T2]

E high temperature expansionY 0 , T(xKk 1

4 2, 2 2\ 3/2 4
9 /2 ™ ™ m ™ [m m
{*W””W%+umv6(p) +Oﬂﬁ)

7 4 2 2 4
Tr(m?/T?) = W—WTH+O<%J

360 2477

EForT>my0 . Q. Ma. v

2 f2r—|_ 12 _|_2 ,2 2
V(6. T) = [( miy + my TT?t)Tz__] 52 ET 4 —I-—Q5

Sv?

E = Qm%‘/ +m% ~ 10—2
a Ao

AT = A + log-terms




EW phase transition 1M (4)

Behavior of EWPT

2m2, + m2 + 2m? ‘ 2 AT
V(g T) ~ K g ) " - %] o'~ ET¢* + —¢*

E quadratic term > 0 (high _ restoration of EW symmetry

E cubic term induce 1st order phase transition

Vg, T) T7F




EW phase transition 1M (4)

Behavior of EWPT

2m2, + m2 + 2m? ‘ 2 AT
V(g T) ~ K g ) " - %] o'~ ET¢* + —¢*

E quadratic term > 0 (high _ restoration of EW symmetry

E cubic term induce 1st order phase transition

Vie, T
T =3 s mp S VAEy ~ 49GeV (
c T. ch S

T>'E
— > 1
- A/
“ LEPbound : my, > 114GeV

O

‘ EWPT is not strongly 1st order in SM

E Lattice : crossover forn, > 80GeV  [Kajantieet al. (1996)]


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

m_h /gtrsim 80 /text{GeV}

/end{align*}

How to strengthen EWPT (1)

E Introducenew bosonsstrongly coupled tdHiggs

mm) AV ~ AET¢?

‘ strengthen 1st order phase transition
ex. lightstop scenarion MSSM

E New heavy fermionstrongly coupled to Higgs ?
[CarenaMegevand Quiros Wagner (2004)]
U no cubic term in effective potential
U assuming y > 1 (but stgkerturbative) K deviation from HTE

U extra bosons are required t{) stabilize effective potential
cause 1st order phase transition

E EWPT in SUSY model with 4th familyFokandKribg2008)]



How to strengthen EWPT (2)

E We conside#th family model where strongly coupled
4th family fermions are responsible for EW breaking

U multiple Higgs bosongaturally appear as composite
states of 4th family fermions

B) st order EWPTS expected



3. 4th family and EWubreaking

4th family fermionsY 0 QX 0 QX A QY _ Q

E extremely heavy : m 246GeV

E can be origin of EW symmetry breaking [Holdom(1984)]

order parameters

(H) —— (t't), (V'V), (7'7), (vjv])

E 4th family version of togjuark condensate model

Nambu(1989); Miransky Tanabashand YamawakKil989
Marciano (1989); Bardeeill andLindner (990

22


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/langle H /rangle

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/langle /bar{t^/prime}t^/prime /rangle,~/langle /bar{b^/prime}b^/prime /rangle,~

/langle /bar{/tau^/prime}/tau^/prime /rangle,~/langle /bar{/nu_{/tau}^/prime}/nu_{/tau}^/prime /rangle

/end{align*}

Nambuc Jonalasiniomodel of 4th family (1)

E SM without Higgs sector + 4th family

E introduce 4fermion operator among 4th family quarks

_ , _ , t!
Lat = Gq(d'Li9Rr;) (@' Rj9L) = (b’)
gAGOK Odzi2F7F

872
N_A2

(t't") = (b'D) # O
» " Aoreak EW symmetry

 Afermionmasses :11¢ = 1My 7 0

U If Gq[ > Gq;’c —

23


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/langle /bar{t^/prime}t^/prime /rangle = /langle /bar{b^/prime}b^/prime /rangle/neq 0

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

q^/prime_i =/begin{pmatrix}

t^/prime // b^/prime 

/end{pmatrix}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

G_{q/prime}>G_{q/prime,c} = /frac{8/pi^2}{N_c/Lambda^2}

/end{align*}

Nambuc JonaLasiniomodel of 4th family (2)

E In low energy? doublet Higgs fieldappear as the bound state
of the 4th family quarks

()= - () -
o= (or) ~ (k) o= (%) ~ (&t

E If 4fermion couplings of 4th family leptons exceed critical value
K extra 2 doublet Higgs fields appedrdoublet Higg# total)

E For simplicity,

U assume thabnly 4th family quarks condense
U neglect contributions from 4th family leptons


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/phi_1=

/begin{pmatrix} /phi_1^0 // /phi_1^-

/end{pmatrix} 

/sim/begin{pmatrix}

/bar{t}^/prime_R t_L^/prime // /bar{t}^/prime_R b_L^/prime 

/end{pmatrix}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/phi_2 

=/begin{pmatrix} /phi_2^+ // /phi_2^0

/end{pmatrix}

/sim/begin{pmatrix}

/bar{b}^/prime_R t_L^/prime // /bar{b}^/prime_R b_L^/prime 

/end{pmatrix}

/end{align*}

Low-energy effective model of NJL (1)

E We use lowenergy effective moddf effects of composite Higgs
L= Liin —Y(¢' 01t + ¢’ L 02DR + hec.) = V (o1, d2)

" Liin: kinetic term of 4th family quarks and Higgs

 V(¢1,¢2) : Higgs potential

U neglect tquark andgaugebosons

U examine possibility of strongly 1st order EWPT due to dynamic:
heavy 4th family quarks

25



Low-energy effective model of NJL (2)

L= Lxin — Y(¢'LO1tR + ¢ L2VR + h.c.) = V (o1, d2)

U tosatisit ©~ O,

Aassumemy = mp and impose SU(REymmetry

Asmall mass splitting anddquark effect would slightly break
U symmetry of this model: SUR) SU(2), U(1),
U(l)A : qu — e_ieqi : qj? — ewqfq : (II}LQ — e_%e@l,g

U use matrix notation for Higgs fields

0 +
q):(jfll ﬁ?g) (2, 2%)


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/Phi = /begin{pmatrix} /phi_1^0 & /phi_2^+ // /phi_1^- & /phi_2^0 /end{pmatrix}

/end{align*}

Low-energy effective model of NJL (3)

Higgs potential

A A
V(®) = mg tr(21®) + T tr(10) tr($T D) + - tr(¢T0DIE)

bi-fundamental Higgs & = (qbg ¢%)
¢1 o3

E This model is equivalent to NJL mod@drdeen, Hill andlindner (1990)]
U when, A\i(p) =0 Aa(p) o0 ylp) > o0 at p— A
( compositeness conditioh
E In following analysis, we first considehole of parameter space

without compositeness condition, and then discuss about effect
of compositeness


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/Phi = /begin{pmatrix} /phi_1^0 & /phi_2^+ // /phi_1^- & /phi_2^0 /end{pmatrix}

/end{align*}

Low-energy effective model of NJL (4)

Higgs potential

A A
V(®) = mg tr(21®) + T tr(10) tr($T D) + - tr(¢T0DIE)

bi-fundamental Higgs & = (qbg ("’5%)
¢1 o3

E massles$NG boson obJ(1), symmetry breaking

U add explicit U(1) (soft) breaking mass term

AV (D) = —c(det D + h.c.)

U examine effect of nonzero pseudo NGB mass


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/Phi = /begin{pmatrix} /phi_1^0 & /phi_2^+ // /phi_1^- & /phi_2^0 /end{pmatrix}

/end{align*}

Low-energy property of model (1)

E scalar sector is special case of 2 Higgs doublet model

E SU(2)symmetryK (@):%(ﬁ g) KarFry 1 T ™

E tree-leveleffectivepotential

R e R (YRR A I

5 Nr # of 4th family quarklavors
UOo<MBIOHO2ZNNBALIZYRAa (2 < AY

U For the stability of potential A1 +2/Ny >0

E 4 free parameters
aO0FfF N aSt T NbZrdghdfa koyiirdy : yY < ™
U(1), breaking massc

29


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/langle /Phi /rangle = /frac{1}{2}/begin{pmatrix} /phi & 0 // 0 & /phi /end{pmatrix}

/end{align*}

Low-energy property of model (2)

E mass spectra of Higgs bosorieee

i degeneracydue to SU(2) (o = 246GeV )
h : SM like Higgs X = (H°, H ): extra Higgs
mp = \/)\1 + X2 /Ny oo me = \/20—|— (A2/Ny)bg

h pseudoscalarHiggs p:would be NGhosons
my = NOX my =0
K pNGBof U(1), breaking
E experimental bound on Yukawa coupling (tree)

My Z 256GeV » Y 2 2.1 Cf Mg = ﬁﬁbo



Cutoff scale of effective model

E large Yukawaouplingk vacuum instability.andau pole

U one-loop RGE fory N
s, 1 ﬁ

— = Nt + N.)ij” -
u@py 167r2( 7+ Ne)y 5
Adoundary condition: R
& PHOM Ged >T Hn |
il

Alow up around 1 10TeV

200

) / /f _

L
1x10*

|
5000

|
2000
[ GeV]

|
500 1000

E The effective model breaks down above some energy scale

E Cutofff should be introduced

31



E estimation of cutoff

U use oneloop RGES,;L%X1 — #[(N; + N2 £ AN A Ao + 32 + 2N.y% ],
d - 1 - - _ _
N%AQ — @(6)@2 + 2N A3 + 2N.y*Xo — 2N.%),
o 1
M(?;Ly 1672

(Ny + No)y’

i Starting fromd < m = | € H > Ga&yaefinecutofff | &
at which one of conditions is satisfied :
(1) vacuum instability

)_\1(A)+)_\2(A)/Nf = 0, XQ(A) =0

(2) Landau pole

1672 — _ 1672 — 1672
_ 2
— A (A M (A)/Ns = —

Awe usepertubativity bound




E contour plot of cutofff

+— Landau pole below TeV

L unstable
,L attree-level

™ Instability below1TeV

E To ensure theenormalizability [ BH Y

U largest masscalein the interesting regionm, 500GeV
U exclude the region wherke < 1TeV 33



E derivethe finite temperature effectivepotential

E by using this effective potentiagstimate strengtirof 1st order
EWPT Orc, numerically

E condition of strongly 1st order is

Pc
- >1
T. ™

U obtained from analysis ;fphaleronenergy

E locate parameteregion where above condition is satisfied
for experimentally allowed massesn, >114GeVm,>256GeV



