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J 1. Introduction

Electroweak Phase Transition (EWPT) occurs

in the universe at EW scale (0(10%) GeV)

However ‘

We do not know the type of PT

1st Phase Transition ? 2nd Phase Transition ?

u\/ N



J ) 1. Introduction

S—

If first-order phase transition occurs,

Gravitational Waves are generated !
[Kosowsky, Turner, Watkins (1992)]

If 1st order PT occurs in Beyond the Standard Model (BSM),

Parameters in BSM and the spectrum of GW

must be related !l

As a candidate for BSM,

we assume a higher-dimensional gauge theory \
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e/ 2. 5D SU(3) gauge theory

S—

5 D SU(3) gduge TheO I‘y [Haba, Hosotani, Kaowamura, Yamashita (2004)]

* 4D Minkowski spacetime X S' /7,

e Periodic b.c.: An(a#,y + 27 R) = UAy (2", y)UT
* Z, parity Apu(zh, —y) :POA (z “ay)Po_l

Au(z*, 7R —y) = PLA,(z#, 7R + y) P|
1eias
( —y) = _PO ( May)Po_l
)=

Ay(z", 7R —y) = —P A, (2", 7R + y) P}

* gauge group:SU(3)

* Extra components of gauge field = Scalar field in 4D

A, =9
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2. 5D SU(3) gauge theory @,

Effective potential

V;%ff(av T) : Vvejf}:

[Maru, Takenaga (2005)]

* Example of the potential

=1
Veigfzo(a) = -3C Z ﬁ(cos(ana) + 2 COS(Wna)) 4.

n= 1

1
fo:f;éo (a,T) = QC’Z Z 2+ ) (2n RT)? ]5/2( 3)(cos(27rna) + 2cos(7ma)> =eos

. C = 3/(64n°R*)

* R :Radius of compact space S1

* Tree-level potential vanishes because of gauge symmetry

¥ N - 4
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\—/3.‘/ GW from First-Order Phase Transition

N’
* ﬁ : Gravitational wave
(®) =0 B
* . » x : Bubble collision
A 4 -
« @ » 7 \ :Plasma’s sound wave

3 % :Plasma’s turbulent

* Nucleation temperature Ty, ¢

L S(7)
T=Thuc T

o4
* Normalized latent heat

E(Tnuc)
Prad (Tnuc>

o =

GW spectrums depend on

' these parameters
* Duration of PT




\/ v 4, Results

S’

* We investigate two cases

N

Case 1: m= 3, (otherwise) =0

Camaa—ht i iy —o

[Haba, Hosotani, Kawamura, Yamashita (2004)]
[Maru, Takenaga (2005)]

* Use the numerical results of the spectrum of GW
[Caprini et al. (2015)]

* Parameters are compact scale and coupling in 4D

a M\
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J ) 4. Results

10

<—Potential at zero temperature

0.0 02 0.4 0.6 0.8 1.0 15 1.4

* Introduce only fermions in fundamental representation
* A potential barrier even at zero temperature— 1st PT

e critical temperature: T, = 150 GeV @ R = 1073

~ NS

| «—Potential at critical temperature

<—Potential at nucleate temperature
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Results

«—R =103

Definition of nucleate temperature

S3(T')
T

T:Tnuc

~ 140

1 Critical temperature

* Whether 1st PT occurs depends on the coupling

* gs < 3 — 1st PT does not occur

* Increase g4,— T, approaches T,

~
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Results W)
5 —_— =3 — =3 === gy =4.5 e g, =6
10 600 ;:
gl 1
500 i |
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107 =300 i !
% , /i
1074} i 100 /i
’ 5 ool %% oo |
10"°5s / ' A '-::7..‘..‘..‘.T..‘:..'::..':.'.‘.T.T.T. ..........
b B 0 50 100 150
f[Hz] T1GeV]
Increase g, — Spectrums move to lower right (left panel)
* Increase frequency —lIncrease Ty, the tilt of S3/T (right panel) ®
* Decrease energy density — decrease latent heat &(Touc)
nuc
o =
Prad (Tnuc) N
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J , 4, Results

-10[\LISA

f[Hz]

Increase R~1 — Spectrums shifts sideways (left panel)

* Energy density — Potential changes with similarity (right panel)

- =

— a, [ do not depend on R

* Increase frequency — Because Ty ~ R™1 increase

u\/ N



\—/v ) 4. Results

; R [GeV™! v [GeV]

LISA 107 -107" 10° - 10°
DECIGO | 107% - 107* 10% - 10°
ET L1077 10°% 10° - 107

f[Hz]

Possibility of verification LISA, DECIGO, Einstein telescope (ET)

Future Work: Extension to electroweak 1st PT
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* In g4 < 3, GW is detected by U-DECIGO 7

—At g, = 0.5,107* GeV< R < 1071 GeV

~ N/

— 4. Results
. T @=05  —==rog=1 e 91=5 —-—- R=10"" —— R=10"% - R=10"
10 100
LISA LISA
10"t 10"t
7 ECIGO ET o 7 ECIGO ET
-14 1. E 14
10 = 10
> =] TN, /\ L
1077} s w0 /
4 // \\ K
v N
-20 20 ‘ AR ‘
107907 10" 10" 10107 10° 10 10'
f [Hz] J [Hz]
Case 2
* Energy density is low because potential barrier (latent heat) is small
/



= 5. Summary

S

* We focus on a 5D SU(3) gauge theory and its 1st phase transition

* Relation between higher-dimensional gauge theory and 1st PT mainly

depends on compact scale R and coupling in 4D g,

* Possibility of verification in future experiments (LISA, DECIGO, ET...)

@ Extension to electroweak 1st PT or another physics
v' Application to gauge-Higgs unification

v" Application to grand unified theory

~ N4
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\/V - Appendix

First-order Phase Transition

* The potential barrier exists between two minima

* The value of potential becomes discontinuous (the tunneling effect)

in the universe

* 45-0

* Bubbles (® # 0) appear
* The bubbles expand and collide with other

bubbles
e

uu 9,
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\/v Appendix
t orbifold

o |

Periodic boundary condition Z, Parity
AM(Z"M, _y) — POAM(.T'LL, y)PO_l
A, (", mR—y)=PA, (2", TR+ y) Py

Apr(z,y + 27R) = UAy (2, ) UT

U, Py, P1: Unitary matrices

|dentification
Py
0 o P
0 TR : )

9 u 9, /




\/V Appendix

S’

-

Symmetry Breaking Pattern
Py = P, = diag(1, 1, —1)

1. Explicitly breaking by P, P4
SUB) - SUR)xU(1)

2. Spontaneously breaking by the VEV of 5th gauge field

[Hosotani (1983, 1989)]

SUR)xU(1) - U'(1)xU()orU(1)

Scalar doublet

)
w-ELED) A (LB
p= (L) (Bl (-, — Ay = (=,2) (=—
Co) G0 [ (

o
u() 2
(Py, P1) = (+,+) :zero modes of massless fields VEV Nt
Y \/ 9, /

\ ) 7 \
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Appendix

1 0 0
W = Pexp (zg]{ dyAy) = ( 0 cos(wa) isin(ma)
S1

0 isin(wa) cos(mwa)

orbifold spontaneous
SU(B) — SUR2)xXU(1) — changebya
4 )
ca=0 : SUQR)XU(1)
ca=1 : SUQ)XU(1) - U'(1)xU(1)
« a#0,1: SUR)XU(1) - U(1)
- J

et \ / ~
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= Appendix

S’

Periodic boundary condition & Z, parity

= Kaluza-Klein (KK) expansion

ex.)

1
Ay (=", y)(+,+) .

AO) (g + A( ) (¥ coS (ny)
— u (@) \/—Z ) (+,4) =

We find KK mass from EEO.M
(804 0,0,)

I n? (n+£a)?
mKK RQ? R2 G

n:KK mode (integer)

v\/ .




= Appendix

S’

Effective potential (zero temperature)

Ve (a) = Vg (a) + Vi (a)

gauge fields  matter fields

V. (a) = —3C i % (cos(27ma) + 2 cos(wna))

Vig(a) = (4N(+) 2N +) C’Z—cos 7ma)+(4N —2NS( )C’Z—cos (mn(a — 1))

e
n=1

+ 4Né;r)0 Z % (cos(27ma) +2 cos(wna))
NSS! 2 1/2)) + 2 1
+4NY Z$<cos( mn(a — 1/2)) + 2 cos(rn(a — )))

Nf(+)7§?<‘f :degree of freedom
C = 3/(647°R*)

v\/ .
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= Appendix

S—

Effective potential (finite temperature) par, Takenaga (2005)
Compactify St in the direction of time

—sIntroduce T as its radius.

Ve a,T) = QCi i FE 12/(217TRT)2]5/2 [( -3+ 4(—1)ZN;;L)> (cos(27ma) + 2cos(7ma)>

+4(-1) Néd ) <cos(27m(a —1/2)) + 2cos(mn(a — 1)))
+ < N(+) QN;(H) cos(mna)

+ ( — QN;(_)> cos(mn(a — 1))}

o \ / N’
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= Appendix

S—

In'l'rOd uce matter fields [Haba, Hosotani, Kawamura, Yamashita (2004)]

¢(z,—y) =nlod(z,y) , ¢@,TR—y)=nPio(x,mR+y),
bz, —y) = Py Y(z,y) , Pz, 7R—y)=1n"Py°¢(z,mR+y),
Yz, —y) = nPoy’y*(z,y) Py , ¢*(z,mR—y) =1 Piy°**(z, 7R + y) P}
(mn' =1)
¢ : Scalar in fundamental rep.
) : Fermion in fundamental rep.

Y ? :Fermion in adjoint rep.



= 3. GW from First Phase Transition

* Contributions to GW is the sum of above three sources
* To computing the spectrum of GW, need numerical calculation

* Approximate calculation has known [Caprini et al. (2015)]

Plasma’s sound wave (main contribution)

-

= 1.9 x 107%Hz v ! e ()
J 8 2 Y 6(100Ge\/) 100

\_

7 )

2 _ —65—1 [ Ksw® 100 ! 2
Quwh? = 2.65 x 107°3 <1+a) ( ) w(f/ fow)” (4+3(f/fsw)2)
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Detail for approximate calculation [Caprini et al. (2015)]

* Peak of energy density

2 = 3 2.8
. 100 0.11v 3.8(f/fs)
Qenyh? = 1.67 x 1079572 [ e . .
67 > 107°5 (1 +a) \ o 042+ 02, ) 1+ 2.8(f/f,)38"

e Rewa \2 /100 7 3
Ouh® = 2.65 x 10763571 (1+a> (g*> Vu (f/ fow)® <4+3(f/fsw)2> ,

Quurnh? = 3.35 x 107457 (’fturboz) (100> . (f/ Four)’
PR g 1+ (f/fearn)]® (L + 87 f/hy)

W=

* Peak of gravitational frequency

D 062 Tnuc 9x
= 1.65x 10~°H ( ) ,
J 8 Z5<18 01vw+v2> (100 GeV) 100

1
v =1.9%10"°H e - )6 ,
J - 2 U (100 GeV) 100

feurb = 2.7 x 107°Hz v 13

(o[

1
nuc x \ 6
100 GeV) 100)

\/\J !
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a

... :potential at critical temperature

---: potential at nucleate temperature

— : potential at zero temperature

To realize Higgs mass, introduce several fields

No potential barrier at zero temperature

critical temperature : T, = 25 GeV @ R = 1073

~ N\



= Appendix

~  — ¢=05
- : —R =103
i
|
4001 @ :Nucleate temperature ,: Definition of nucleate temperature
&~ i
~ |
°3° N Ss(T
200} ;o 3(T) ~ 140
: T T=Thuc
0 . g S E e .
23.0 235 255  26.0

* Increase g4 — T,y approaches T,

Thuc slightly change — Because of small potential barrier

* Decrease temperature — approach to potential at zero temperatute

— S3/T is always less than 140

N’
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