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Electroweak Phase Transition

Electroweak baryogenesis

ÉIn standard model, EWPT is not strongly 1st order 

ÉIf strongly 1st order

This talk

EWPT can be strongly 1st order !

É introducing heavy 4th family fermions

É assuming these fermions are responsible for EW breaking

Ébreaking of SU(2) U(1) at finite T : <H>=0 Ҧ <H>ґ0
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Outline of my talk
1. Introduction
ü Baryogenesis, 4th family

2. EW phase transition in SM

3. 4th family and EW symmetry breaking
ü EW symmetry breaking due to 4th family
ü our model

4. EWPT with strongly coupled 4th family 
ü numerical results for EW phase transition

5. Summary and discussion



What is the origin of the Baryon Asymmetry of the Universe?
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Årequired for big-bang nucleosynthesis
Åalso measured thorough CMB

1. Introduction

üNo evidence for primordial antibaryonin the universe

üThe universe is asymmetric between baryon and antibaryon

[PDG 2008] 

üDegree of baryon asymmetry



Conditions for baryogenesis

ÉOur goal is to explain this value based on particle physics 
and cosmology

ÉBaryogenesis dynamical creation of baryon asymmetry 
in early universe

É{ŀƪƘŀǊƻǾΩǎ ŎƻƴŘƛǘƛƻƴǎfor baryogenesis

(1) B non-conservation(2) C, CP violation(3) Out of equilibrium

nB = 0 nBґ0
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{a ŀƴŘ {ŀƪƘŀǊƻǾΩǎ ŎƻƴŘƛǘƛƻƴǎ όмύ

(1) B non-conservation

ÉB is violatedby quantum anomaly

üT = 0 : instantontransition

üT > 0 : sphalerontransition

for T < Tc ( <H> ґ0 )

for T > Tc ( <H> = 0 )

Ҝ consistent with experiments

Ҝ B violating processes are in equilibrium for T > O(100) GeV!

Reaction rates of B-violating processes

Åsphaleronenergy :

ÉSM Ŏŀƴ ŦǳƭŦƛƭƭ ŀƭƭ {ŀƪƘŀǊƻǾΩǎ ŎƻƴŘƛǘƛƻƴǎΣ ƛƴ ǇǊƛƴŎƛǇƭŜ 

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*}


(2) C and CP violation

(3) Out of equilibrium

Electroweak baryogenesis

ÉIf EW phase transitionis 1st order
üexpanding Higgs bubble
Ҝ out of eq.

{a ŀƴŘ {ŀƪƘŀǊƻǾΩǎ ŎƻƴŘƛǘƛƻƴǎ όнύ

ÉEW gauge interactions are chiralҜ C violation

ÉKobayashi-Maskawaphase Ҝ CP violation

ÉAt T > Tc, all gauge int. and sphaleronprocesses are in eq.

<H>ґ0

<H>=0

ÉEWPT should be strongly1st order
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EW Baryogenesisin SM

<H>=0

<H> ґ 0

q

q
qq

q
q

[ Huetand Sather (1995)]

(1) CP violation from KM phase is not sufficient

To explain BAU,physics beyond SM is required!

ÉEW baryogenesiswork in SM? 

(2) For mh >114 GeV(LEP), EWPT is not strongly 1st order 

Farrar and Shaposhnikov(1994)
Gavela, et al. (1994) 
Huetand Sather (1995)

ɲ.ґ0

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

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

/end{align*}


4th family revive EW Baryogenesis?
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4th family fermions Υ ǘΩΣ ōΩΣ ˄ΩΣ ˍΩ 

É extra CP violating phasesappear in 4 4 CKM matrix

ÉEWPT become strongly 1st order ? Ҝ this talk

üdimensional analysis using Jarlskoginvariant

possibility of large enhancement for BAU

[W.-S. Hou(2008)]



Experimental constraints on 4th family  

m Ω˄ > mz/2

mtΩ, mbΩ > 256 GeV(Tevatron);    m Ω̱, m Ω˄ > 100 GeV(LEPи)

[Particle Data Group 2008]

~~

Direct search experiments 
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b˄ 3

É from BBN and invisible Z decay width 

EW precision data

É 4th family affect EW observable through loop effects

Éʵˊ 0  Ҝ mtΩ mbΩ  Σ  m Ω̱ m Ω˄ 



[Kribs, Plehn, Spannowskyand Tait (2007)]

4th family is still consistent with experiments !

üparameter region which is consistent with EW precision data:

É analysis using S, T parameters



2. EW phase transition in SM

Finite Temperature Effective Potential

order parameter

É FTEP = free energy density

partition function

É calculated based on the finite-temperature field theory
(imaginary time formalism) 

É tool for analyzing phase transition 

É obtained from partition function



T=0

T>TC T=TC

1st order phase transition

Criterion for strongly 1st order :

Strongly 1st order phase transition 

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?
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É To avoid washout of BAU, 
B-violating sphaleronprocesses should decouple just after EWPT

ÉBAU creation in symmetric phase
(in front of Higgs bubble wall)

broken phase
( fґ0 )

symmetric phase ( f=0 )

ÉAfter passing through of bubble wall,
BAU enter broken phase

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*}


tree leveleffective potential :

EW phase transition in SM (1)

É FTEP at one loop

+ +  

+ + +  

W, Z

t

W, Z

t



1. T-independent correction (Coleman-Weinberg potential)

2. T-dependent correction

EW phase transition in SM (2)

É FTEP at one loop



É high temperature expansion: Ƴό˒ύκT << 1

ÉFor T > mWό˒ύΣ mZό˒ύΣ mtό˒ύΣ

EW phase transition in SM (3)



EW phase transition in SM (4)

É quadratic term > 0 (high T) restoration of EW symmetry

É cubic term induce 1st order phase transition

Behavior of EWPT

T=0

T>TC T=TC



EW phase transition in SM (4)

É quadratic term > 0 (high T) restoration of EW symmetry

É cubic term induce 1st order phase transition

LEPbound :

EWPT is not strongly 1st order in SM

Behavior of EWPT

T=0

T>TC T=TC

[Kajantieet al. (1996)]É Lattice : crossover for 

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

m_h /gtrsim 80 /text{GeV}

/end{align*}


É Introduce new bosonsstrongly coupled to Higgs 

How to strengthen EWPT (1)

ex. light stop scenario in MSSM

strengthen 1st order phase transition

ÉNew heavy fermions strongly coupled to Higgs ?

[Carena, Megevand, Quiros, Wagner (2004)]

üassuming y > 1 (but still perturbative) Ҝ deviation from HTE

üextra bosons are required to     stabilize effective potential

üno cubic term in effective potential

cause 1st order phase transition

[ Fokand Kribs(2008)]ÉEWPT in SUSY model with 4th family



ümultiple Higgs bosonsnaturally appear as composite 
states of 4th family fermions

How to strengthen EWPT (2)

ÉWe consider 4th family model where strongly coupled 
4th family fermions are responsible for EW breaking 

1st order EWPTis expected
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3. 4th family and EW breaking

É can be origin of EW symmetry breaking

order parameters

[Holdom(1984)]

4th family fermions Υ ǘΩΣ ōΩΣ ˄ΩΣ ˍΩ 

É extremely heavy : m 246 GeV

É 4th family version of top-quark condensate model

Nambu(1989);  Miransky, Tanabashiand Yamawaki(1989) 
Marciano (1989);  Bardeen, Hill and Lindner (1990)

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*}


NambuςJona-Lasiniomodel of 4th family (1)
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É introduce 4-fermion operator among 4th family quarks

Åbreak EW symmetry 

üIf

Åfermionmasses :

ÉSM without Higgs sector + 4th family

ǿƛǘƘ ŎǳǘƻŦŦ ɽ

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*}


É In low energy, 2 doublet Higgs fieldsappear as the bound state 
of the 4th family quarks

É If 4-fermion couplings of 4th family leptons exceed critical value

É For simplicity,

NambuςJona-Lasiniomodel of 4th family (2)

Ҝ extra 2 doublet Higgs fields appear (4 doublet Higgsin total) 

üassume that only 4th family quarks condense
üneglect 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*}
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ÉWe use low-energy effective model Ҝ effects of composite Higgs

üneglect t-quark and gauge bosons

üexamine possibility of strongly 1st order EWPT due to dynamics of 
heavy 4th family quarks

Low-energy effective model of NJL (1)

: kinetic term of 4th family quarks and Higgs

: Higgs potential



and impose SU(2)Rsymmetry

üto satisfy ɻ ˊ 0 ,

üsymmetry of this model: SU(2)L SU(2)R U(1)A 

üuse matrix notation for Higgs fields 

(2, 2*)

Åassume

Low-energy effective model of NJL (2)

Åsmall mass splitting and t-quark effect would slightly break

U(1)A :

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*}


É This model is equivalent to NJL model[Bardeen, Hill and Lindner (1990)]

ÉIn following analysis, we first consider wholeof parameter space 
without compositeness condition, and then discuss about effects 
of compositeness

Higgs potential 

Low-energy effective model of NJL (3)

at

( compositeness condition )

üwhen,

bi-fundamental Higgs :

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)

ÉmasslessNG boson of U(1)A symmetry breaking

bi-fundamental Higgs :

Higgs potential 

üadd explicit U(1)A (soft) breaking  mass term

üexamine 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*}
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Low-energy property of model (1)

ÉSU(2)Rsymmetry Ҝ Ҝǘŀƴ ʲ Ґ м 

É scalar sector is special case of 2 Higgs doublet model 

Nf = 2 : 
# of 4th family quark flavors

É 4 free parameters 
ǎŎŀƭŀǊ ǎŜƭŦ ŎƻǳǇƭƛƴƎǎ Υ ˂мΣ ˂нκNf , Yukawa coupling : y 
U(1)A breaking mass: c

É tree-level effective potential

üό˂мҌ˂нκNfύ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ˂ ƛƴ {a

üFor the stability of potential :

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)

x = (H0, H ): extra Higgs

p : would be NG bosons 

h : SM like Higgs 

É experimental bound on Yukawa coupling (tree)

h : pseudo scalar Higgs

Émass spectra of Higgs bosons tree

cf.

üdegeneracydue to SU(2)R (                           )

Ҝ pNGBof U(1)A breaking



Cutoff scale of effective model
Élarge Yukawa couplingҜ vacuum instability, Landau pole
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ÉCutoffɽ should be introduced 

ÉThe effective model breaks down above some energy scale

üone-loop RGE for y

Åboundary condition: 
ȅ ҔнΦм ŀǘ ˃Ґнпс GeV

Åblow up around 1 10 TeV
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Éestimation of cutoffɽ 

(1) vacuum instability 

(2) Landau pole

üuse one-loop RGEs:

üStarting fromό˂мΣ ˂нΣ ȅύ ŀǘ ˃Ґнпс GeV, definecutoffɽ ŀǎ ǎŎŀƭŜ 
at which one of conditions is satisfied : 

Åwe use pertubativitybound



33üexclude the region where L < 1TeV

Écontour plot of cutoffɽ

5 TeV

1.5 TeV

1.5TeV

500GeV

500GeV

ÉTo ensure the renormalizabilityΣ ɽ ҔҔ Ƴ

ülargest mass scale in the interesting region: m˅ 500 GeV 

unstable 
at tree-level

Instability below 1TeV

Landau pole below 1 TeV

L > 1TeV
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É derive the finite temperature effective potential 

4. EWPT with strongly coupled 4th family

É by using this effective potential, estimate strength of 1st order 
EWPT˒ Ŏ/ Tc, numerically 

É locate parameter region where above condition is satisfied
for experimentally allowed masses : mh>114 GeV, mqΩ>256 GeV

É condition of strongly 1st order is

üobtained from analysis of sphaleronenergy


