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Intfroduction

% The shape of Higgs potential is still undetermined.

FACISITHCIEIAIIM (The SM case)

% The dynamics of electroweak phase transition (EWPT) is governed by the shape of
the Higgs potential.

If the model realize the first-order EWPT,

e Baryon asymmetry of the universe may be explained by electroweak baryogenesis scenario.

e The model may be tested by the gravitational wave (GW) observation experiment.

first-order EWPT 5



First-order EWPT

%  First-order EWPT is that the electroweak symmetry breaking
is produced by the bubble dynamics.

%  Effective potential for first-order EWPT

(Under high temperature approximation)

e : Mixing effects at the tree level

E : Loop effects of bosons

The SM cannot realize the [y, Aoki, F. Csikor, Z. Fodor and A. Ukawa, Phys.
first-order EWPT. Rev. D 60, 013001 (1999)]




Motivation

% Multi-step phase transition (PT) could be produced in some extended Higgs models.

[D. Land and E. D. Carlson, Phys. Lett. B 292 (1992), 107, A. Hammerschmitt, J. Kripfganz and M.

(S5 Selinertsts Z, T, (© 6 11825, 18] [M. J. Ramsey-Musolf, JHEP 09 (2020), 179]

h: The SM Higgs boson
@: Additional scalar boson

% A symmetry in the Higgs potential at zero temperature can be assured, that depends on the
model parameters.
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Motivation

%  Multi-step phase transition (PT) could be produced in some extended Higgs models.

[D. Land and E. D. Carlson, Phys. Lett. B 292 (1992), 107, A. Hammerschmitt, J. Kripfganz and M.

G Bamnieis 2, 1y, (© {2, LB [M. J. Ramsey-Musolf, JHEP 09 (2020), 179]

h: The SM Higgs boson
@: Additional scalar boson

By using this symmetry, we may explain
1) Existence of DM,
2) Neutrino oscillation (radiative seasaw model).

% A symmetry in the Higgs potential at
model parameters.



Motivation

%  Multi-step phase transition (PT) could be produced in some extended Higgs models.

[D. Land and E. D. Carlson, Phys. Lett. B 292 (1992), 107, A. Hammerschmitt, J. Kripfganz and M.

G. Schmidt, Z. Phys. C 64 (1994), 105] [M. J. Ramsey-Musolf, JHEP 09 (2020), 179]

h: The SM Higgs boson
@: Additional scalar boson

In our work, we focus on the extended Higgs model with Z, symmetry and an isospin
N-plet scalar field and discuss the possibility of the PT, especially (b).



Extended Higgs model
— I3 1
% Higgs potential with Z, symmetry
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% Stationary points of the potential
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The condition of minimum points at red point could be obtained by Hesse matrix analysis.



Extended Higgs model

% Tree-level results for Hesse matrix
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%  The condition of height of potential at tree-level
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Extended Higgs model

% Tree-level results for Hesse matrix
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There are three conditions of the PT at zero temperature.
%  The condition of hell i l
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2X\9 A1opy = 2Xop Alop 2\ 415
%  Model parameters ¢ R e
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% Three conditions at tree-level
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The conditions at one-loop level

% The results with one-loop level

In the cyan parameter region,

* The height of potential at red point is the lowest.

_ . =100GeV, A;<Vamr,T=0
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*Red and magenta points are minimum values.
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The conditions at one-loop level

% The results with one-loop level

In the cyan parameter region,

700 v, =100GeV, A, <Var,T=0

* The height of potential at red point is the lowest.

Veﬁ,(v, 0) < Veﬁ,(O, Vg V=V + Vi)

1-loop

We cannot clarify the possibility of the pattern of PT by the zero temperature analysis.
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The condition of PT

%  Potential with high temperature approximation
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The PT occurs through Path [, when T > T, .

[D. Land and E. D. Carlson, Phys. Lett. B 292 (1992), 107, M. J. Ramsey-Musolf, JHEP 09 (2020), 179]

We will show the results without high temperature approximation.



Numerical results

%  Without high temperature approximation
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Parameter region where PT for Path II can occur.



Numerical results

%  Without high temperature approximation

vs =100 GeV, Aj<V4r,S3/T >140

No phase transition

Path I
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There is a barrier between magenta and red points at zero temperature, therefore we need to make sure that the PT has
been completed at the current university.

[A. Masoumi, K. D. Olum and B. Shlaer, JCAP 01 (2017), 051]
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Gravitational wave from PT

Path I
%  The gravitational wave could be produced from first-order PT. - \ (1)
o——0— (¢

%  We estimate the S/N ratio for measurements of GW spectrum.

[E. Thrane and J. D. Romano, Phys. Rev. D 88 (2013) 12, 124032, C.
Fs T/f"“” df[h QGW(f) Caprini, M. Hindmarsh, S. Huber, T. Konstandin, J. Kozaczuk, G. Nardini, J.
P2Qexp (f) M. No, A. Petiteau, P. Schwaller and G. Servant, et al.,JCAP 04 (2016), 001]

SNR [BBO, Toss=5, vp =0.2]
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[LISA Collaboration, P. Amaro-Seoane et al., Laser [Yagi and N. Seto, Phys. Rev. D83 (2011) 044011]
Interferometer Space Antenna, arXiv:1702.00786] - i
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Two first-order PTs

Path I
%  Both PTs for (Green to magenta) and (magenta to red) may be first-order. \
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Potential along <® > under high temperature approximation.
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GW spectrum: C. Caprini, et al., J.Cosmol. Astropart. Phys. 1604(04)(2016) O1. [Qing-Hong Cao, Katsuya Hashino, Xu-Xiang L1’ Jiang-Hao Yu]
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Two first-order PTs

Path I
%  Both PTs for (Green to magenta) and (magenta to red) may be first-order. \
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Potential along <® > under high temperature approximation.
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Summary

The shape of Higgs potential is still undetermined.
The Higgs potential may have the symmetry.

In this time, we discussed the possibility of phase transitions
keeping the symmetry at zero temperature.

As an example, we focused on the extended Higgs model with

Z, symmetry and an isospin N-plet scalar field and discuss the 700
possibility of the phase transitions. 600, =106V, 4 <Var 50/7 1k
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The potential being able to realize such phase transitions could be tested 200;
by the gravitational wave observastion. 0.00.51.01.52.02.53.03.5

A2




Backup

20




Isospin dependence

%  We examine the isospin dependence for the possibility of the path of PT.

%  For large isospin of ®,, the ratio of T, and T, is
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[Qing-Hong Cao, Katsuya Hashino, Xu-Xiang L1’ Jiang-Hao Yu]
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Isospin dependence

Vth I

%  We examine the isospin dependence for the possibility of the path of PT. A — @

%  For large isospin of ®,, the ratio of T, and T, is

A2 =0.2
v, =150 GeV

2X2(m2; + Agv3)vd (1 e i‘;’{,ﬁ (ln %%ﬁ - %))

: G
3g, myym;;

When the value of 4,/ , is large, multi-step PT
could be generated.
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% For heavy m,,, the ratio is
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The mass parameter m,, does not much affect the my[GeV]
possibility of the path of PT.

[Qing-Hong Cao, Katsuya Hashino, Xu-Xiang L1’ Jiang-Hao Yu]



Gravitational wave

23



BB

ADER
(®)=0 D BEhROER
\<d>>*o »': o DR
/ \ r': o« F2 XAVDER
\ (¢)¢0 / . 751?0&%

> BEEOKEREr: [(T)~T'e 7

> 3RTI—IJY RERS, : s,1) =/d-r3{% (6¢)2+%n(v.,T)}

> MEBRET, : % ~1 > 53;7;)=4ln(7}/H,)zl40

T=T, ¢

e(Tt) B 1dT B (T)=- eﬁ((PB(T),T)-i-T%T(,T)’T)

I'd EHIXLF—BE 0, »
D




ﬁﬁﬁ}&g b 'b [C. Caprini et al., JCAP 1604, no. 04, 001 (2016)]
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Phase transition

% The bubble nucleation rate per unit volume per unit time:

oo vans]

< The bounce solution ¢, is obtained by equation of motion.

d*p, +2d% WVes
dr?  r dr 0,

=0

condition dr r—00

[ Boundary d_c@

r=0




The spectrum of the stochastic GWs

[C. Caprini, et al., J. Cosmol. Astropart. Phys. 1604 (04) (2016) 001.]
» Compression wave of plasma
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In this talk, we use only the GW spectrum from compression wave pf plasma.
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K, K,, € efficiency factors V,: wall velocity

[J.R.Espinosa,T.Konstandin, J.M.No and G. Servant,JCAP 1006,028 (2010)] 27
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Efficiency factors

[J. R. Espinosa, T. Konstandin, J. M. No and G.
Servant, JCAP 1006, 028 (2010)]
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deflagration hybrid detonation
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. _ 4 %% 2
ch : k=1 a foo: &= 24ﬂ.2 tT2 zc‘ [M () = )]
[C. Caprini et al., arXiv:1512.06239 [astro- ph CQ]J, J. R. Espinosa et al.,JCAP 1006, 028 (2010)]

€: 5-10%. ( In our numerical analysis, we set € =0.05.)
[M.Hindmarsh et al.,Phys. Rev. D92, no. 12, 123009 (2015) ] 28
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Non-observation of extra radiation(upper bound)

P. A. R. Ade et al. [Planck Collaboration], LISAS B fEIR (arXiv:1512.06239 [astro-ph.CO]]
} arXiv:1502.01589 [astro-ph.CO] ]

DECIGO#: B fHi#(Class. Quant. Grav. 28, 094011 (2011)]
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GW spectrum from 1stOPT

Bubbles of broken phase nucleation

Collision of bubbles wall
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% The bubble nucleation rate per unit volume per unit time: ['(7") =~ e ~

" 4 S, : the th i ' Eucli '
& Transition temperature Tt: F/H |T:Tt — I (S5 e three dimensional Euclidean action

H : the Hubble parameter)
(The temperature at which phase transition starts)

% The GW spectrum is characterized by a and B : Qcwox (5)”( + >m

B 1+«
“Bubble collision(Envelope approximation) n=2, m=2" [M. Kamionkowski, A. Kosowsky and M. S. Turner, Phys. Rev. D 49, 2837 (1994)]

a = Normalized latent heat released by PT,

E(Tl) B =~ ld_ Latent heat : ¢(T') = —Vyg(pp(T),T) + T‘w
i i
Praa ( T,) ar Radiative energy dencity : 0,,4

B = 1/(The duration of PT)
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