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%< Spontaneous Electroweak Symmetry Breaking

SU2)r X U(1l)y = U1)em
(h) = 246 GeV

— The SM particles get their masses.
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Phase Transition
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Electroweak Phase Transition

* Standard Model :

The Standard Model
130 ‘ ‘ ‘ ‘
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m,/GeV
Laine, Rummukainen, hep-1at/9809045

% 1st order PT gives an upper limiton myp : my <70 GeV

k myp ~ 125 GeV - crossover
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Electroweak Baryogenesis

< Baryon Asymmetry "BTNB w1010
Ny

< The three Sakharov’s conditions sakharov (1967)

wall

" B violation
C, CP violation
- out of equilibrium

N

Decouple

< EW Baryogenesis

broken phase Equilibrium
* The strong 1st order PT is required. <P>=@c symmetric phase
<¢p>=0

— Bubbles of broken phase are nucleated and expand.

* The sphaleron process should be decoupled in the broken phase.

Fbroken D¢
sph =
= <H(T.) - T > 1]

C

The criterion for the “strong” 1st order PT.
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Gravitational Wave

% The detection of GWs by LIGO in 2015. — a new era

Phenomena in the early universe can be probed by the GW.
< Many new GW experiments are planned in the coming decades.

% The strongly 1st order EWPT predicts the GWs in the frequency
range of 10-3 - 10-1 Hz.
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- Introduction

- 1st order PT& Gravitational wave

- Extended Higgs model .. 2HDM

- Scale invariant model .. Hidden QCD sector
- Summary
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First-order phase transition

< Strong 1st order PT : Vi I'>1c T=1T. T<T
&

% There is a sufficiently high and wide potential barrier
separating the two degenerate vacua at T=Tc.

< High temperature expansion : Pc
\ |
Ver(, T) = D(T* = T§)¢* — ETpl* + 7" 7
o 2ET.,
* Two degenerate minima: ¢ =0 and ¢..  ¥e= 5~
Egm SDC 2E
% The condition for the strong 1st order PT : T = A > 1

The magnitude of E is crucial for the strong 1st order PT.

7/

< The cubic term arises from the bosonic thermal corrections.

One-loop thermal potential : - Boson-loop:
Tt 2 T s 1 5 Y| 3
\ , , Jp(y) = ——+ 5y — zy? — sy log| — | +O(y°),
T m3 m, 45 127 6 32 b
Vr =33 > nplr T2 | T PR ‘72 || - Fermion-loop:
f ) Jr(y) = 77T4+7T2y+ : y210g(|y|)+0(y3)

. FWY)= =98 T 5,91 o5 —

m : field dependent mass 360 247 32 af

ap = 167°exp(3/2 — 2vg), ay = w2exp(3/2 — 2vE)
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First-order phase transition

R/

* The cubic term arises from the bosonic thermal corrections.

SM : b =

1903 (Gm%/ + Sm%)

BSM: F =

3 3
extra bosonic degree of freedom
% The “non-decoupling effects” is important.

field dependent mass : M3 (p) = M?* + \p°

)\902 3/2
o M2 > \o? g —|MPPT |1+ 2= -
14 Vepr 3 —|M| NNYE not contribute to E

2\ 3/2
. 2 2 :
M= < Ao~ Vepp > —A2T? (1 + >\¢2> large A with small M — large E

Non-decoupling effect is required.
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Higgs Self Coupling

\ 931/ T=0 +h h . h
< Hiqqgs self coupling : Annn = L
%9 Piing R © BRI ED Sy S gy S

\ \
3
)\ 3m3 | ms N ms, | M? \ \ s
hhh = — - —5
v 7T2v2m%b 127r2m% 2

h h ‘h
mé:M2—|—)\fU2

M? < \v* —The quantum corrections grow with m4.
Contour plot of Ahn/Mpn @nd @ /T in the mg-M plane

. 450 | | | | | | |
< cf) Two Higgs Doublet Model (2HDM) ol A _.
@ — H) A7 Hj: 5)\ — )\}ZZI}_?JI]]‘I:,)M - )\}Slll}b/lh 350 [ 0% et -
hhh = oM _
hhh

% Higgs pair production :
direct probe for the Higgs self-coupling

- Current limit —4.2 < d\ppn < 10.9 @95% CL Ahrre Dot = 59%
, . 100 - I sin(a-p) =-1,tanf =1 7
- HL-LHC OAnnn ~ 50 % i mh = 120 GeV |
. ' _h-<\\h >0 OAnhh M® = MH = Ma = Mt
) 0 | | | | | | |
- CEPC, ILC, FCC-ee 0 20 40 60 80 100 120 140
ILC (Js =500 GeV,L=3abr1) T LG M (GeV)
7 5_5 ZZU 1 = /i
Ipnn ~ 27 % he Z----@ Kanemura, Okada, Senaha, PLB (2005)
L Sirr S~
e, Ahhh et SWr :

de Blas et al., arXiv:1905.03764 h
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Gravitational Wave

% Afirst order phase transition is characterized by the nucleation of bubbles

of the broken phase.
T>T, T=T. T<T. (p) =0

Vst /
~ ;/~ SO "‘
3 -

Tunneling

*»* Bubble nucleation:

- Probability of the bubble nucleation :

93

3/2
(T) ~T* (27T—T> e~ 3/T Ss : the three-dimensional Euclidean action

“* Nucleation temperature : 7T,

r
> === S3(T”):41n< Lo )+137

H*,_, T 100GeV
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Gravitational Wave

% a : Released energy % B-1: Timescale of the transition
1 OAV(T) B _, d (Ss(T))
o = _prad (AV(TH) + Tn oT TTn) H dT T T—T.
Prad : the thermal energy density s ~ O(100 — 1000

% Sources of GWs : Qgw = Q, + Qsw + Qturb

<+ scalar field contribution
<+ sound waves

<+ magnetohydrodynamic turbulence Large a B—1
A
h*Qaw (f) bhzﬂge&,koc a (B/H(T,)) ™

% Formulas of the GW spectrum are
given by numerical simulation.

|
|

Huber, Konstandin, JCAP(2008), i '
i

Hindmarsh, Huber, Rummukainen, Weir, PRD(2015), High Tn
Caprini, Durrer, Servant, JCAP(2009), peak H(T T
Binetruy, Bohe, Caprini, Dufaux, JCAP(2012), -f & (’3 / ( n)) n > f
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Two Higgs Doublet Model

% The tree-level potential :

V = m2|®]2 + m2|Ps|? — m2(®1 D5 + h.c.)

A A A
LD 221+ X |01 (0o + M| Do + 22 ((@]@5)? + e

%k CP-conserving
¥k Zo symmetry : P — Dy, Py = -y

. 2
% soft-breaking mass parameter: 1713

o ot . o
** 1= %(Ul —+ hl + ’iZl) ’ 2 %(’Ug + h2 + ’LZQ)
U% + v% — p? ~ (246 GeV)2

% Mass eigenstate
(wit )_(Cosﬁ —sinﬁ)( w* ) 21\ [ cosfB —sinf 2
wgc ~ \ sin8 cosf H* ’ zo /  \ sinf8 cosf3 A ’

h1 \ [ cosaa —sina H Vg
ho )] \ sina cos« h ’ tanﬁ—v—l

"The Future is Illuminating" workshop June. 28, 2022 1



Two Higgs Doublet Model

** Scalar masses:
p)

mi = M? cos?(8 — a) + (A sin® accos? B + g cos® asin® B — 5 sin 2arsin 23)v?

A
m?3, = M?sin?(8 — ) + (A1 cos® acos® B + Mg sin® asin® B — 5 sin 2a¢sin 23)v?

m2 = M? — \sv?

2
v
m%{i — M2 — ()\4 +)\5)?

2
M2=—"1 NS Xa 4 A+ s
sin 5 cos 3

Alignment limit : sin(8 —a) =1 ===l m3 = M?+ \0?
“ p parameter: poP ~ 1

» ma = Mg+ or mg = Mg+
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Two Higgs Doublet Model

+* Yukawa interactions

(I)l (I)Q ’LLR dR KR QL, LL
Type-l || + | — | — | — | — +
Typell | + | — | — | + | + +
Type-X || + | — | — | — | + +
Type-Y || + | — | — | + | — +

%k Each Yukawa type show the similar PT profile.

* Type I, Type Y : severe constraints by b—sy. > H- ,-f'r'
Y
\

mg+ =600 GeV ——————o>

< Parameters in the Higgs potential

2 2 2
ml, m2, mg, )\1_5

- tan B3, cos(B — ), m3, v, mp, My, Ma, My=
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Two Higgs Doublet Model

Goncalves, Kaladharan, Wu, arXiv:2108.05356

Pec

* Strength of the 1st order PT: T
* Signal to Noise Ratio (SNR) for LISA :

Smax
= [ ]

tobs = O years :the observation time

272
3H

Qnoise(f) 97172 f3 (f)

Sn(f) : noise spectral density

Yagi, Int. J. Mod. Phys. D22 (2013)
Wall velocity : &, = 0.95

* HL-LHC sensitivity :  Annn, @ decay, etc

% parameter scan

tan 3 € (0.8,25), m3 € (1072,10°) GeV?, mpy € (150,1500) GeV,
cos(B —a) € (=0.3,0.3), ma € (150,1500) GeV, mp= € (150,1500) GeV.
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Two Higgs Doublet Model

Goncalves, Kaladharan, Wu, arXiv:12108.05356

< 2HDM with Type |

lggm(SNf%) < Factions of the parameter points that can

8
B | be covered by distinct search channels

| | | | | Type—l SNR > 10

Type-I SNR

1 1 1 1
—500 =250 0 250 500

Amyg =myg — Mg+
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Two Higgs Doublet Model

MA, Komatsu, Shibuya, PTEP (2022)

ma [GeV] my [GeV]

tan (8 cos(f — ) ms [GeV]

Type-l (ma = mpg+) || 180-1000(/10) | 130-1000(/10)

2-10(/0.5) | —0.25-0.25(/0.05) | 0-100(/5)

% 2-step PT

The VEVs after each step of the 2-step PTs

250

200¢

¢> [GeV]
- -
o Ul
S o

B X} Ld .o .‘.J:. o
Of&- ..wa:&qﬁt‘.ﬂa.-'a\[.:»*'..:.. -

VEV after 1st step
VEV after 2nd step

V2 + ¢2 =246 GeV

0 20 40

60

80 100 120

¢1 [GeV]

KX m% < 0 with large |m%|

— The first step in the 2-step PT tends to occur along the ¢ axis.
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Two Higgs Doublet Model

MA, Komatsu, Shibuya, PTEP (2022)

Type-I (ma = mg+)
tan 5 =2, cos(f—a)=—-0.2, m3=0

800
[ 1-step PT + 3 or more step PT
700} . 2-step PT »  strong 2-step PT
600 |
%) [
O 500_‘ . +¥$¥"‘%
< $
e 400_ lh l ;
300'
|l' ”l %"*
200} . l : ¥ '£¥ ii
| 7300 400 450
mH [GEV]

% strong 2-step PTs : The first step PTs of the 2-step PTs are strongly first order.

% The strong 2-step PTs occur only with the mass hierarchy m 4 > my.
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Two Higgs Doublet Model

MA, Komatsu, Shibuya, PTEP (2022)

ma = mg+ = 490 GeV, my = 300 GeV, tan g = 2.3, cos(f — a) = —0.21, m3z = 20 GeV.

—— 1st step of 2-step PT m—— 2-Step PT

os. 2nd step of 2-step PT Ew =1

z LISA
& 1077 /\\ DECIGO
L
10-14/ S

U-DECIGO

10-16
T 1 e T
f[HZz]
Pc
% The strengths of the PT: - = 2.1 (for Ist), 4.2 (for 2nd)
% hhhcoupling : 6, — M~ A _
8 pling : hhh =~ S = 2.2
hhh
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Classical Scale Invariant Model

% Hierarchy problem N
) )
Vsm =miH H + Ag(HTH)? \ )~ )\HA2 ~ 5m%{
mi & A?

pea— N ST
mi = m3; — om3; ~ (10'° GeV)? — (10'° GeV)? = (125 GeV)?

% Classically scale invariance
3 One of candidates for the solution of hierarchy problem.

Vam = m24, H H + Ay (HTH)?

3 with the hidden QCD sector Hur et al, PLB (2011) , Holthausen et al, JHEP(2013)

Visible
SM with mu2=0

Dynamical chiral symmetry breaking (DxSB) in the hidden sector triggers the EWSB.

MA, Goto, Kubo, PRD (2017)
strong 1st order? MA, Kubo JHEP(2021)
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Classical Scale Invariant Model

‘

History of thesInivekse

hidden QCD BT + QCD PT

\ xxof
e\:a
“;%\e‘ ‘%\\{ ‘( \\,\Y\\O

Ding et al. arXiv: 1111.0185

157 b C%M\,V
¢ vV = _
| 53 ed q 3 @ (Nf = 2+1) Pure SU(3)
nflatlon ga a,t g A T
SN < o N S ok
g He 5 A Cross over \4..-
E, Pl
g SM &
&P mg °
b
1
'
Key- W, Z bosons 'y,photon b N3
q qlilark &%) meson '. galaxy I ;’4“‘ 1St'0rder PT
g giuon W @ ® baryon
eelectrc:cnt a8 :)ny * star P
’ Chiral limit Y !uad . @

black
V neutrino @atom ’ hole

(Classical scale invariance)
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Classical Scale Invariant Model

% Gauge Symmetry : G\ X SU(3)y

W, S real singlet scalar
h S e
Visible Hidden 1; hidden vector-like fermions (i=1-3)
SM with my2=0 QCD-like

1 1
< Scalar potential for vis. sector : Vemis = Au(HTH)? — EAHSSZ(HTH) + ZASS‘l
% Lagrangian of the hidden sector : £y = —%Tr F2 4+ Try(id+gulG+ 9 QB —yS)y

% The DxSB in the hidden sector triggers the EW symmetry breaking.

o SU(3)r X SU(3)r — SU(3)y
QCD
scale Ay| Dynamical XSB (¢v) # 0 (h1p) ~ Agy
Explicit xSB (SY#0 yS (Pp)
EW
EWSB (h) #0 Aus (S)” (H'H)
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Classical Scale Invariant Model

< Nambu—Jona-Lasinio (NJL) Lagrangian

L Lnin=Tr (i@ +¢'QB — yS)y + 2GTr &T® + Gp(det ® + h.c)

cf. current mass mc 4-Fermi 6-Fermi

(®)ij = i(1 —¥5)¥;
+ @G and Gp are dimensional parameters.

R/

% The mean-field approximation:

SU(3)v limit ) )
0= —AG(Y¥) , fu = —2G (PrsAY)  (a=1--.8)

Chiral condensate Hidden mesons
(Massive NG bosons)

Dark Matter candidates
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Classical Scale Invariant Model

% the one-loop effective potential from MFA:

3 Gp
Vnan(o, S5 Ay) = on BETYeE 0% — 3n.Io(M;Ag)
. . GD 2
the constituent fermion y mass: M =o +yS — Yerkd

+ Gand Gp :determined by scaling-up the values for the real hadrons.
G727 = 1.82, (—GYCP)/BARCD =229

- GY2Ap =1.82, (—Gp)Y5 Ay =2.29

< the free parameters of the model : AHSy ASs Y,|AH, AH
chosen to satisfy
mp, = 126 GeV, v = 246 GeV

1 1
Vamas = Ag(HTH)? — 5>\HSS2(HTH) + ZASS‘*

% the <o> and <S> can be determined through the minimization of the effective
potential at finite temperature.
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Hidden Chiral Phase Transitions

MA, Kubo JHEP(2021)

Ag = 0.001, Ags =0, y = 0.00172 Ag = 0.001, Ags = 0, y = 0.0045
o o rtrr -ttt 9r I \ ‘ \ \ ‘ \ ‘ ]
8E ., Ag=0.001, hyg=0, y=0.00172 - sE Ag=0.001, A =0, y=0.0045
7E E 1 E

o vs/ T E - :
—; vs/ T —
% aF Uo'/T ) = N 4F E
BT z o _
>o3— ............. ] >o35 UO'/ T ....... E
20— E AL TIPSO E
i : 1_ ............. 3
OE_ | I | I | I | I I“"r....l.."r".l." I | _E OE— | ‘ | ""-‘ ..... ‘....‘.....‘ ..... S A
004 005 006 007 008 009 01 011 012 0.08 0.09 0.1 0.11 0.12 0.13 0.14

< The chiral PT in the hidden sector becomes first order for y < 0(10_3) .

< a, B { a ~ 0.02

<+« The SW as a GW source are

B/H ~ 4000 (8000) for y ~0.0017(0.001) active for less than a Hubble time.

** The reduction factor for the SW contribution: Ellis, Lewicki, No, JCAP(2019)

0 0 Ellis, Lewicki, No, Vaskonen, JCAP(2019)
h<Q2 — h<Q) X TowdH . .
sw(f) sw(f) W Tsw : the duration of the sound-wave period

. : -3 4
% We find TswH ~ 5 x 107" for 3/H ~ 10 Jouguet detonation : gw:0.6809
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SNRBEBO (5yrs)

SNRBEBO (5yrs)

mg >my,  mg < mp

MA, Kubo JHEP(2021)

BP1:
ms = 90 GeV
Ay =4.3 TeV
BP2:
ms = 150 GeV
Ag = 6.6 TeV

hg = 0.001 |
I e— e 000172
E :BPl/r‘\::
10 i -"‘? i 0’.-. y.:O‘OO 168
l’.if“fé'/i _0'/\
' .... ‘*:”,y: .0'/ =0.0015
5 .o. ..0' ! f : o’ /
@ .’...o. * E?”;/E.’::::ﬁ =0.0012
. . .: .t ::w%;w/ =0.001
. : ! o°::"..: (Lt : -:on-
o 1 i E;;f?’T"'g“:-“r.-lﬁllld 1 ]
0.001
0.0001 0.01
AHS
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GW Spectrum

MA, Kubo JHEP(2021)

10_ | | ||||||| | | ||||||| | I T T Tl | | |||||||// | I T T T T | I T T T
_ 4
1012k SNRthr Syrs)=5 /// B
S Yy
-13 N\ / _
10 \'\\\\ /;/
AN 7/
04 SN DECIGO 77/ |SNR" (BP1) = 11.8 (880) |-
NN oo 0 | SNRPPC (BP2) = 5.7 (450)
5L NOoN R 707, DECIGO —
10 BBO N N_ . 7 A |SNR (BP1) = 1.1 (82)
Z 107% No Ts==T ) | SNRPECO (BP2) = 0.5 (36) 1
10_17 R “¢ “\ )
108 w/o reduction —
10'19 — BP2 —
10_20 O | | | | C | i
0.001 0.01 0.1 1 10 100 1000

f [Hz]
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Summary

% The 1st order PT is a promising probe for the new physics in the early Universe.
< Many models with extended scalar sector predict the strong 1st order PT.

* 2HDM - favors low scalar masses
- strong 2-step PTs are possible

% a scale invariant model with the hidden QCD sector

- Dynamical chiral PT in the hidden sector becomes the 1st order for
the smaller Yukawa coupling.

% The GW signal predicted by the BSM could be detected at future space-based
GW detector.

< The GW, LHC, and future collider complementarities will probe the 1st order PT.
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