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I will discuss the conformal and non-conformal two Higgs doublet models with a focus
on their phase transition and gravitational wave signatures. The construction of the
finite temperature effective potential of both models will be discussed in detail.
Compared to the non-conformal case, the conformal model yields a very interesting
phase diagram in the 2-dimensional parameter space corresponding to the phase
transition. An exploration of other conformal hidden sector models (such as the well-
established real singlet and two real singlet models) suggests that the special shape of
the phase diagram could be a universal feature in a generic class of conformal models.
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Phase transition dynamics \*

The essential quantity of phase transition dynamics is the bubble nucleation rate (the decay rate of the false vacuum) per
unit time per unit volume:

3
enes, e, T
Télliv (ﬁ) eXp(_S4)7 T< Tdiv

where S is the bounce action

The most general form of the bounce action should be
0 o 1/0¢\> 1 /[84)\?
T)=4 212 (22) L2 (&2 T
sy =ax [ ar [“ i [2 (52) +35(50) +vatom)

where T = it 1s the Euclidean time.
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From the finite-temperature effective potential, we can derive the bounce action by solving the following equation-of-
motion (EOM) with the boundary conditions:
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Phase transition evolution process

34% false vacuum has
been converted to true
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Critical Temperature

Critical temperature: the temperature at which the effective potential has two
degenerate minimums.

Te
The degenerate
minimum appear .
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S
Nucleation Temperature

Nucleation temperature: the temperature at which one bubble is nucleated in one
casual Hubble volume.

Tn
One bubble per horizon N /

o) (TdT T g2 1 +
N(Tn)_/tc O _/Tn =1, 5 (PR +pV)

For the electroweak scale phase transition, this roughly corresponds to S(T,) = 140.

Note: this is not true for supercooling cases™**
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S
Percolation Temperature

Percolation temperature: the temperature at which the probability of finding a point still in the
false vacuum is 0.7 or 34% false vacuum has been converted to the true vacuum.

T

34% false vacuum has
been converted to true
vacuum

Vesr

drv}  (Te ar'r(T) [ (T dT

[(T) = =3 r HTT* \Jr H(T)

We assume the bubble wall achieves the terminal velocity very fast, so we can set Vb as a constant,
which can be a good approximation.
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I 2
Two Important Parameters for Gravitational Waves

a: the ratio of the latent heat released by the phase transition normalized
against the radiation density

1
a=-— = - (—AV +T,As)
Prad g—og*T;{‘

AV =V (vr,,T) =V (0,T,,)
1% 1%

ASZ ﬁ (’UTn,Tn) — 8—T(

O7Tn) )
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B/H*: the inverse duration of the phase transition 3 relative to the Hubble
rate H* at the nucleation temperature T,
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Gravitational Waves (2

The power spectrum of the acoustic gravitational wave is given by:

B2, (f) = 8.5+1076 (100) 2,0 (%) VS (f)

where the adiabatic index I'aj= w/e = 4/3. w and € denote respectively the volume-averaged enthalpy and energy density
respectively. Uris a measure of the root-mean-square (rms) fluid velocity and is given by:

—2 3
U F ZH FaT,
where %¢1s the efficiency parameter and it is well approximated by
o

" 073+ 0.083va + a
when v, (wall speed) — 1. The spectral shape Sy (f) is given by:

Sow (f) = (ffw)B (m)

with peak frequency fsy approximated by:

=t (i) G2) (ociw) ()

with z, a simulation-derived factor that is of order 10, and we take it to be 6.9.
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_ (3]
Non-conformal 2 Higgs Doublet modie

The effective potential:

Veff = Viree + Vloop + Vet + Ver + VRe

TypeI TypelIl Lepton-Specific Flipped
Up-type quarks D) P, D) ®,
Down-type quarks 28 P, d, P,
Leptons P, P, P, b,

Table 1. Classification of the Yukawa sector in the 2HDM according to the couplings of the
fermions to the Higgs doublets.
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In terms of the two SU(2). Higgs doublets ®; and ®o,

(131 = (Z%;) and @1 = (Z%;) y (21)

the tree-level potential of the 2HDM with a softly broken Zs symmetry, under which the
doublets transform as ®; — ®1, 3 - —P,, reads

1 1
Viree = m2, 8} @) + m2,0}®, — [mg@’{@g + h.c.] + 301(0[01)? + S Xg(@}02)?
2.2)
1 (
+ A3(101) (D5D2) + Aag(BI Do) (®LD1) + [§A5(q>§q>2)2 + h.c.] .
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In the minimum of the potential eq. (2.2) the following minimum conditions have to be
fulfilled,

8%1‘86
od!

0 a,ie{l,2}, (2.14)

D, =(P;)

with the brackets denoting the Higgs field values in the minimum, i.e. (®;) = (0,v;/v/2) at
T = 0. This results in two equations

2 2

m%l = m%QQ — U—lx\l _ % (A3 + A1+ Xs) (2.15a)
V1 2 2
(% 'U2 '02

m2, = m§2v—; — S =5 s+ Aa+Xs) - (2.15b)

Exploiting the minimum conditions of the potential at zero temperature, we use the fol-
lowing set of independent parameters of the model,

2
Mh, MH, MA, My, My, @, tanf, v. (2.16)

we fix My, = 125 GeV and v = 246 GeV, hence we are left with My, My, My, B, a, m1l2 - the parameter
space has 6 degrees of freedom
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The fermion mass at T' = 0 is given by the tree-level VEV vy, of the doublet ®f as

mf(T = 0) = %’Uk .

where y;is the tree-level Yukawa coupling and k = 1, 2 denotes the classical constant field
configuration doublet ®¢, to which the fermion couples.
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2
My = ngQ + 2¢2T? (A.5)
2
1
my = (9°+4") (T2+%) — gV (97 = ?)° (64T +16T%2) + (g2 +g%)°w!  (A6)
2
1
my, = (9°+9") <T2+%) +231/(92 - 92 (BATH+16T202)+ (g2 +97)Pwt,  (AT)

where g and ¢’ denote the SU(2)z and U(1)y gauge couplings, respectively, and

w? = Z w? . (A.8)

i=1,2,3

Again, the physical masses are obtained for w; = @;, and at T" = 0 we recover the well-
known relations for the physical gauge boson masses (v = ’Uf + ’U% = 193 w§|T:0)

m%,‘/zzv, m% = 1 Y and m,2y=0. (A.9)
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The tree-level relations for the mass matrices of the Higgs bosons in the interaction basis in
terms of the wy, are obtained by differentiating the tree-level Higgs potential Viee €q. (2.2)
twice with respect to the real interaction fields

¢i = {p1, M, P2, M2,C1,¥1, 2, Y2} (A.10)

and replacing the fields with their classical constant field configurations

¢f = {Oa 0,0,0,(01,0,0&)2,&)3}, (All)
leading to the mass matrix
1 82Wree
M)ij = 5 : A.12
( )ZJ 2 8¢28¢3 e ( )

The physical masses are given by the field values in the global minimum of the potential
where wy, = Wk, which at T' = 0 reduces to @j 2|7=0 = v12 and ws|7=9 = 0. Because of
charge conservation the mass matrix of eq. (A.12) decomposes into a 4 x 4 matrix MY for
the charged fields p1, 71, p2,m2 and a 4 x 4 matrix MY for the neutral states 1,1, (2, Y.
In the CP-conserving 2HDM the neutral CP-even and CP-odd fields do not mix so that
the latter matrix further decomposes into two 2 x 2 matrices, one for the CP-even Higgs
states (12 and one for the pseudoscalar states 1; o.
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A
E'igenvalues[(c g)] // FullSimplify

=

. s )

c, ©

Eigenvalues i T2
: el

)] // Fullsimplify

{% (A+B—\/(A—B)2+4C2+T2 (2 (A-B) +T? (c1-¢C3)) (C1-cC3) +T (c1+c2)),
i (A+B+  J(A-B)Z+4C*+T? (2 (A-B) +T? (€1-¢€2)) (€1-€32) +T? (€ +¢2) )}
My =
% (A+B+ '\/(A-B)z +4c2) /. A->mll® + %* (3*A1xwl? + (A3 + 24 + A5) »w2?) /.
B -»m22% + 2* (3*A2%w2% + (A3 +24 +25) xwl?) /. C»> -m12% + (A3 + 24 + A5) xwlxw2 /.
vl »246%Cos[B] /. V2 »246%Sin[B] /. wl > ¢d*xCos[B] /. w2 » p*Sin[B] // FullSimplify;
Mh

N[ n

1
(A+B— '\/(A—B)2+4C2) /. A->mll? 4 E*(3*Al*w12+ (A3 + 24 + A5) *xw2?) /.

1
B -»m22% + 5* (3%#A2%w2? + (A3 + 24 +25) *wl?) /. C»-m12% + (A3 + A4 + A5) xwlxw2 /.

V1 5246 % CoS[B] /. V2 »246%Sin[B] /. wl > ¢ *xCos[B] /. w2 -» ¢*Sin[B] // FullSimplify;
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Loop level potential

The Coleman-Weinberg potential in the MS scheme is given by:

n; s m; ({w})
Vow((e) = 3 gy (- mited) [jog ("5) e
ngo =1, net =2, n=4, ng=12,
nWT:4a nWL:27 TI/ZTZZ, nZL:]-a
Nyp =2, Ny =1.
In the MS scheme employed here, the constants c; read
¢ = % , 1= W:t7 Z, Y
% , otherwise.

We fix the renormalisation scale pu by pu = v = 246.22 GeV.
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Counter Term Potential '

Notice that loop corrections generally shift the values of the VEVs as well as the renor-
malized mass-squared matrix of the C'P-even neutral scalar bosons. To keep them intact,
we introduce the following counterterms [76, 77],

Vor(py, pa, 8) = 6m3ps + 0m3aps + 6m23° + SA1p1 + 0Xapy + 05
+ SX12p2 P2 + G152 + G g s>, (45)

The nine counterterm coefficients are determined by the following nine equations at

(ﬁla ﬁ27 §) = (vla V2, US)a

Ner _ i Ver _ Vi _ o w0
Op op1’ Op2 op2’ 0s 05’

PVer _ Vi Ver _ Vi Ver _ W n
opt opt’ op3 op3 05? 052’

0*Vor _ 0*Vy *Vor _ o*vy  0*Ver _ 0*Vy (48)

0p20p  0p0p1’ 030p,  030p,° 030py  030py

The masses of the Nambu-Goldstone bosons G° and G* vanish at (51, 2, 8) = (v1, va, V)
in the Landau gauge, inducing logarithmic IR divergence terms in Egs. (47) and (48) pro-
portional to

omZ om2 . mZ
In —* i =P ) 2 7~' 49
a¢z 8¢] n'u’27 ¢ p1p28 ( )
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3 oV 102V vy 0%V vy 0%V
2 1 1 2 1 s 1
m2 — - 4+ + 50
d ! 4vy 851 4 8ﬁ% 4v, 8ﬁ28,51 4v,q 8§8ﬁ1’ ( )

3 8V1 182V1 V1 82V1 Vg 82V1

oms = T 10,05, 40 | 40, 0p,0p, 4, 50, (51

sm? = _4?)3 ?9‘;1 + 3832;? + 41 88528‘;11 * fi 8852//312’ (52)
2 2

O = 811){’ g}a/i a si% (?9;? = 81113 g‘p'/; a 83}3 %;g ’ (53)
2 2

O = 811)§ 86‘;1 B 811J§ (?9;/21’ Oz = _41117)2 8(22}9/;)1’ (54)

2 2
OA1s = _4v11vs ;(;//;1’ Oas = _ﬁ;—gg{ (55)

at (ﬁl,ﬁg,g) = (’Ul,’Uz,’Us).
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Finite T Potential and Ring Corrections

Z nk ) (2.21)

The sum extends over k = Wy, Zr,, v, Wr, Z7, ®9, ®*, f. Note, that the Goldstone bosons
and the longitudinal part of the photon, which are massless at T' = 0, acquire a mass at
finite temperature and are included in the sum. Denoting the mass eigenvalue including
the thermal corrections for the particle k by my, Ji (k) g given by (see e.g. [70])

2 ™m m3
J‘(Tz) 2 (7 — k) k=W, Z1, 71,00, 0%
JE =L g (T k =Wy, Zr (2.22)
m2
T4 (T k=f

with the thermal integrals

2 oo
Ji (?2) = :|:/ dz z?log [1 :I:e_Vf”2+mi/T2] ,
0

where J, (J_) applies for k being a fermion (boson)
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Unitarity Constraints Co-positivity Criteria

0<A+A, < 327" =35.51

2 2 Al 20;
2 m12 162 _
|MA - g | < ¥ =1013960 A, 20
2 m122 162
| Mip? - o2 | < 875 = 1013960 As+ A Az 20
Ma, M+ < 1 TeV A | As | +4AL Ay 20
Al + 22
. 5 A3 + VAl %22
ml2
1.0 % Abs|Ma?% - A3 + A4 - Abs[A5] + /Al % A2
. [ - Sin[pB] *Cos[B]] [25]
. m122 3.8067
1.0+ Abs [Mcu? - — ]
Sin[B] * Cos[A]
7.01261
10000.
92500.
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Gonformal 2 Higys Doublet Modle

Fields and tree level V

$Assumptions = True;
$Assumptions = { {wl, w2, w3} € Reals};
$Assumptions = { {11, A2, A3, 24, A5} € Reals};

b11 )
Hy = H
- ( ¢12/1°

¢11)= 1 *( pr+Ixm )
12 ﬁ wl+ 8 +Ixyy)’

Hldag = ComplexExpand[ConjugateTranspose[H1]]

b21 )
H, = .
. ( 621’

$21\ _ p2 + I*my ,
(4522) = (1/(‘\/2)) i (w2+I*w3+§2+I*tI/2)’
H2dag = ComplexExpand[ConjugateTranspose[H>]];
Al , A2 2
Veree = Part[7 * (Hldag.H;)“ + =E (H2dag.Hy)“ + A3 » (Hldag.H;) » (H2dag.H;y) +

24 « (Hldag.H,) » (H2dag.H;) +

? x (Hldag.Hy)? + % % (H2dag.H1)2) // FullSimplify, 1, 1]
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Flat direction
Now, we work on the VEV conditions, which will choose a flat direction for the background field.

[Vireey {€15 1}]1 /. w3 >0/.0120/.1m>0/.0,-50/.1nN->0/.28:1-20/.y1->0/.8,->0/.4,->0//Simplify
[Vireey {€25 1}]1 /. w3 50/.0150/.1m>0/.0-50/.1nN->0/.281-50/.Yy1-50/.8,->0/.4,->0//Simplify

(A1 w1® + (A3 + A4 + 2A5) wl w2?)

Nl= NRe O O

w2 (A3 wl? + A4 wl? + 25 w12 + A2 wzz)

1
Solve{z (AL wl® + 2345 « w1 w2?) = 0, A345] // FullSimplify

1
Solve[E w2 (2345« w12 + A2 w22) = 0, A345] // FullSimplify

Al wl? }}

{{/\345_>- —
A2 w2?
o

{{/\345 -

w
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c Al wl? A2 w22 . 22 . 2 -
By Multiplying 21345 - - w;UZ and 2345 - - w“’ we can get rid of the :? and obtain: A3ys° —A1l*A2=0

1z
N p 2 2 A
On the other hand we can write these two equations as:“%Z. = - 2L and & = %45
w1? A345 w12 A2
. : 22 Al-A . . AL-A
These two equations can be further written as “’? = ﬁ which corresponds to the angle notation tan” 6 =ﬁ.
w —A345 —/345

N —
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one-loop improved tadpole conditions

tree mass

Fields ®»
mass ®

flatness condition from tree potential

Tor = 5 (AL wl® + 2345 « wlw2?)

w2 (2345« wl1? + A2 w2?%) =

0

NIEN|=

Td)z =

loop potential

loop mass

one-loop improved tadpole conditions =

previous from tree level potential, we have flatnesl conditions from tree level
potential:

2 (M1 w1®+ (A3 + 24+ 25) * 0l w2?)

202 (A3 wl? + A4 wl? + A5 w12 + A2 w2?)

we write:

1 3 2
treeflatl = Py (M w1® + (A3 + 24 +25) * w1l w2?)

1 2 2 2 2
treeflat2 = S w2 (A3 wl?+ 24 wl® + 25 wl? + X2 w2?)

1 3 2
5 (AL wl®+ (A3 + 24 +25) wl w2?)

1
502 (23 wl? + M4 wl? + 25 w1 + 22 w2?)

>
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we have the following from loop potential:

loopgl = D[Vieoprs {815 1}] /. w350 /.p120/.1150/.p350/.1250/.8150/.4150/.5,-0/.
Y » 0 // FullSimplify

loop¢2 = D[Vieoprs {825 1}] /. w350 /.p120/.N150/.p350/.1250/.8150/.4150/.5,-0/.
Y » 0 // FullSimplify

A5 (w12 + wzz)

12

{{25; S wl (wl2 +a)22)
7

~16 252 +16 (M +2A5)2 +8 (A3 + M4 + A5)% + 16 252 Log[- ] +16 (14 + 2A5)?2

(A4 +25) (wl1? + w2?)
-3+2Log[- - ]
u

+8 (A3 + 24 + A5)2 -3+2Log[- -
U

(A3 + 24 + 25) (w1 + w2?) ] ]

wl? + w22 wl? + “)22> (g% + g%)

4 ( 180y . 2 .2\2 (
2g1+6Log[ ]gl— (g1 +8y) +3Log[

](g%+g§)2

})

4 12 4 12

1
{{ 256 72

2 2 2 2 2 2 AS ((L)12+(1J22) 2
w2 |16 (w1® + w2?) [-23% 22324 -3 4° -2 (A3 +324) A5 - 425 + 25 Log[-—2]+2(x4+A5)

U

(A4 +25) (w1? + w2?)

(A3 + 24 + A5) (w1? + w2?)
Log[- ]+ (A3+A4+A5)2Log[— ]]+
2 2
u u
12 22 2 12 22 2 2
3 (w1? + w2?) —1+2Log[u]+Log[ (w1* + w2%) (g1+8y>] gl +2 (w12 + w2?)
2 2
U 64 u
(w1? + w2?) (g +g7) (w1? + w2?) (g} +87)
_1+3Log[ o ] g% g§+ (w12+w27—> _1+3Log[ PR ]]g3+
22 2 22 2
24 122 (2+Log[4] —2Log[w Zy"l]]yﬁﬂ [2+Log[4] —2Log[w 2yt]]y2] 3
u u

our one-loop improved tadpole conditions now read:
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Consider supercooling for conformal 2HDM with strictly
calculated Tn

C2HDM Type 1 with 125 GeV Higgs

o C2HDM Type 1 with 125 GeV Higgs
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C2HDM Type 1 with 125 GeV Higgs
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strict calculation of Tn is required for large alpha

The comparison of old Tn and correct Tn for some points (with large alpha
values)

CH H A " 12 13 14 I5 Te/ Xi Tn/ Tn/ Tp/ Tp/ Tp/ Tn/
GeV GeV GeV GeV Tn Tn’ Tc

268 268 200 .96200.2671!.64971.71270.6609 22. 6.35 0.507 0.715 0.62 1.22 0.87 0.023
46

269 269 200 .99780.2654!.66321.7304).6609 23.6 6.3 0.624 0.857 0.742 1.19 0.86 0.026

270 270 200 '.0341426377.6767¢1.7480.6609 24. 6.2 0.736 1.06 0.909 1.22 0.86 0.03

72

271 271 200 1.0709.26211.69034.76610.6609 24. 6.17 0.768 1.26 1.093 1.4 0.87 0.031
716

272 272 200 1.1081¢26048.7040¢.7841).6609 26. 6 1.092 1.47 1.284 1.16 0.873 0.04
86
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CH H A 1 12 I3 14 I5 Tc/ Xi Tn/ Tn/ alp bet Tp Tp/ Tp/ Alp Be
Ge Ge Tc ha a Tn Tc ha’ ta’
\'} \'}

200 200 300 4567¢46368617€¢1652.4872

220 220 300 .6971.4014.0705.112:.487z 18. 6.5 0.5670.03 33 48 0.49 0.870.026 58 51

82 04 55
2 2

221 221 300 ).7252391140815.126¢€.4872 19. 6.44 0.630.032 38 56 0.5480.87 0.028 43 59.7
53 30 95
9 2

222 222 300 7521€38221.0920.141£.4872 20. 6.4 0.7 0.035 18 44 0.61 0.86 0.03 33 55
25 54 48
2 3

223 223 300 7783&3743t.1036).1562.487z 20. 6.34 0.7950.038 13 47 0.6870.860.033 23 44
97 10 52
7 7

224 224 300 804083672¢1148).171(.487z 21. 6.3 0.888 0.04 9621 45 0.764 0.86 0.035 17 43
68 51
3
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CH H A 11 12 I3 14 15 Tc/ Xi Tn/ Tn/ alp bet Tp Tp/ Tp/ Alp Be
Ge Ge Tc ha a Tn Tc ha’ ta’
\'} \'}

300 300 300 .60542046:1154.4872.487z 67. 3.7 33.73 0.5 0.27201.631.850.94 0.47 0.33 171
59

310 310 300 .26591921¢2705.688¢.4872 74. 3.38 41.56 0.56 0.16 249 39.350.95 0.53 0.19 209
15

320 320 300 .05731795t.4312.897(.487281.9 3.06 50.76 0.62 0.094 314 48.350.96 0.59 0.1 269

330 330 300 .02051665.5977!.111£.487z 91. 2.73 62.66 0.68 0.052 407 60 0.96 0.650.059 328

66
340 340 300 .21611529(7699.3332.487z 10 2.36 80 0.750.024 571 77.7 0.97 0.73 0.026 389
7.2
343 343 300 .63291487°.8227!.400¢.487z 11 2.2 88.440.77 0.02 639 85.5 0.97 0.74 0.021 484
4.9
347 347 300 .23951429.89402.492 .487z 12 1.9 103.2 0.8 0.012 794 100 0.98 0.77 0.014 584
9.5
350 350 300 3.737¢§1385¢9480:.561:.4872 146 1.635120.30.824 0.0 996 117 0.98 0.8 0.007 684
06
2
351 351 300 .91301371(.9662..5844.4872153.2 1.58 127 0.83 0.0 947 124.80.98 0.82 0.0 731
04 05
9 2
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Conclusions:

1. The difference made by supercooling is important, especially for extremely
large alpha values

2. Generally, for alpha values inside [0.0001, 1], supercooling has quite small
contributions which can be neglected.

3. Supercooling makes alpha bigger and beta smaller in general (for all points),
again, for extremely large alpha values, the supercooling is very strong since
we have very small Tn/Tc for these cases, hence the difference can be big
which means it is indeed necessary to consider supercooling in our
calculation and do this comparison.

4. An interesting thing we need to be careful about is the calculation of Tn, the
community usually uses S(Tn) = 140 (or 150, 160) as an approximation
numerically, but our calculations show that it holds only inside the range
[0.0001,1]. The approximation can be terrible for big alpha values, calculations
directly from the definition of Tn is required.
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