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Introduction



Recent discoveries

Higgs boson Gravitational wave (GW)

Hanford, Washington (H1)
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® Unfortunately (?), both are NOT new physics beyond SM

® However, both (Higgs & GWs) can be a new probe of
physics beyond SM

® |n some extension of SM, electroweak phase
transition can be |st order

® FElectroweak baryogenesis
—>

¢ GWs from bubble collisions

f~ImHz (LISA range)

®  We show that Higgs phase transition can happen at
much higher energy scale and resulting GVWs may probe the
nature of Higgs and physics beyond SM




GWs from |st order

phase transition




Phase transition (toy model)

V(g) = Vo —mid”° + A¢?

L= —g20%\>
Suppose that X is in thermal equilibrium

(¢p < T)

T 2 mg/g : Symmetric phase

T < mg/g : Broken phase




® Phase transition (toy model)

¢ Finite-temperature effective potential

r )

T4 m?
Vit () = 527 B/F <ﬁ>

m(¢) = g¢

Jp[m?3?%] = / dx x* log [1 — e_\/m2+52m1
0

® High-temperature expansion (m < T

m2>3/2 1 m

T2

N\

Cubic term

V ~ ¢*T?¢p? Ve~ —g°T¢?

Thermal mass term




® Zero + Finite-T potential

V ~ (g°T? — m3)¢* — AT'¢>




® Bubble nucleation  coleman (1977), Linde (1983)

( )

® Vacuum decay rate [~ T4e58/T
\ J

e S3 :Action of O(3) symmetric bounce solution

Ss(T) = /df—”a: B(V@)Q +V(®,T)

Pd

Boundary condition:

O(r = 00) = Pryige,
dd
dr

(r=0)=0.

~ Dynamics of scalar field with inverted
potential -V with r being “time”




® Thick wall limit

Around temperature




® Thin wall limit

T=T.— AT
A2 T3 AT

AV ~

S ~ 4T R*SRV,,

(

T~ \3/2

S3 A ( AT,

AGZAT

.




Ss /T

® Phase transition completes at

%Nélln % ~ 140
T T

\. J

if 1T~ 100 GeV

(b)

thin wall thick wall




® GWS from bubble CO”iSiOn Kamionkowski, Kosowski, Turner (1994)

® C(Collision of bubbles produce GWs

e Important parameter is bubble size at collision: ﬁ_l

® Bubble size just after the production is ~ 71

° /6—1 is determined b)’ duratiOn Of phaSe transition ﬁ_l ~ CAt

Note that 7! « << 71 < H™!




¢ Duration of phase transition

® Tunneling rate

[~ T4 53/T

® Phase transition happens at

T~ H4 — — 137 + 41og(100 GeV /T.,)

=3
T,

® Duration of phase transition (S, = S3/T)

. . T
Typical duration: = 1 — 10

dS, 1 (dS.\"" 1 [/ .dS.\ "
~Y _9 ~ — Y ~J
At~ O(1) At~ ( dt) = (T dT)

~\

d(Ss/T) If S3~T% B/H ~ 400 .
dl'  |\p_p Actually the temperature
S dependence is complicated.

Typically, the duration of PT is much shorter than the Hubble scale at PT.



® GWs from bubble collision
Kosowsky et al. (92), Caprini et al. (2007), Jinno, Takimoto 1605.01403 R ~

<

® Frequency: f ~ 6%

a
—O redshift

® Strength: EGW ~ G(I)2 Quadra-pole formula
I ~MR? ~ kev *R°

EqwB™!
PGWNN( W

g " EREVET (N~ )

Qaw ~ Qad LW Qaarav H2 672
Prot
(M/R?)?

€

K :fraction of bubble kinetic energy in latent heat « =

«v : energy fraction of latent heat o= — =

s b, T,
Jpealc = 17 (5) (H) (108 GeV> (1

thGW(fpeak) ~ 1.7 X 10_5 /€2A <

30 g*T4

r

L




Huber, Konstandin (2008)

- LISA
- BBO

10'4 001 1
f/Hz




Phase transition of

Riggs at high energy
and GWVs




o Unfortunately, the electroweak phase transition
in SM is NOT first order for mj, = 125 GeV

¢ We need extension of SM to realize |st order PT

Singlet extension

2HDM
MSSM

Many studies on |st order electroweak PT and GVVs.

¢ Once extended, the scale of PT is not limited to
electroweak scale. Much higher scale PT is possible.

—> Much wider range of GW frequency.




Basic idea

Suppose that there is a scalar field whose VEV s
much higher than EWV scale

®NP  Peccei-Quinn field, B-L / GUT Higgs field etc.

EW Higgs can have huge mass term: V ~ |énp|?|H|?
EWV scale is generated by tuning:

V ~ (|¢np|? — v2)|H|? = —m% |H|? mi ~ 100 GeV
Before @Np gets VEV, SM Higgs has huge mass term.

V ~ —v?|H|?

The scale of PT can be much different from EVV scale!




® Model

4 R
Vo = A2 (|onp|? — vip — 02w) | H|? + H|H|4+Aé<l¢NP|2—v%P>2+Vs

A2 A
Vs =3 “HSHH + ) =25 |onel’

9 (

QbNP : any scalar field having VEV of UNP  (Peccei-Quinn field, B-L Higgs, etc.)

S; : singlet scalar having zero VEV

® At high temperature,
H = ¢np =0

® Phase transition happens at

T~ unp > VEw

® GW frequency can be much
higher: e.g. f~1Hz (DECIGO)




Without singlets

log, @
-1.0

15

20

(my[GeV], m,[GeV])
—  (124.77,174.32)

(125.09,173.34)

(125.41,172.36)




® Why is GW small ?

o Large \g t

e Small A\y %

® S3 is sensitive to T:
short duration of PT

(large (3 )

e Small amount
of latent heat «v

® S3isinsensitive toT:
long duration of PT

(small (3)

e Large amount

® Smaller A\y =——> Larger GW

of latent heat «v

>




® Singlet extension
Ve — )‘?S’H G2 7|2 )‘%qb G2 2
S—;T i H| ‘|‘;7 i |onp|
® Change Higgs quartic coupling through RGE:

dA g Ng
= 0" + Nsn

dlIn p 1672

o AtT=0, Mm% = As4UNnp

RGE is not affected below |
this scale. 0.1

® At highT, ¢np =0 0.01

hence mg = 0

0.001

RGE changes Higgs 10~
coupling at T=T*
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Maybe detectable at DECIGO




Summary

® |st order phase transition can happen at
much higher energy scale than electroweak
scale (Peccei-Quinn, B-L, etc.)

Frequency of GWs from bubble collisions
can be significantly different from previously
thought

Typically GW amplitude is too small, but it
is possible to enhance GW signal in singlet
extended models.




