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1. Introduction




The Standard Model: Success and Open Questions
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Standard Model
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Dark Matter
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Baryon Asymmetry of the Universe

e : _ _ flp — Np —~10
Baryon-to-Photon Ratio (15): 775 = ~ 6% 10

n,

SM Prediction: nl?M ~ 1072

Sakharov Conditions (1967) for Baryogenesis:
1. Baryon Number (B) Violation

2. C and CP Violation
3. Departure from Thermal Equilibrium
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Why “Strong First-Order”?

P— - B\ e — e G —
R T S R Py T ORI, T ea g B PR, ORI, DS OX- B =3 R 7 B PIREP T , ROR I, - o

Fuyuto, Kaori, "Electroweak Baryogenesis”

Sakharov Condition #3. Departure from Thermal Equilibrium 1 T > T T=T; T=

= First-Order Phase Transition (FOPT) »
: Discontinuous transition — non-equilibrium process :
| \/ 90

Bubble Dynamics
Broken phase bubbles nucleate and expand within Symmetric phase §

T

Requirement for "Strong" Transition ‘i“ N y.
Suppression of Sphaleron washout in the broken phase i a Bu::,.e B
Ve 70 v =0
¢
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Why an “extended Higgs sector”?

p— - - g - o ot o , — — —

Standard Model: m; = 125 GeV Higgs results in a Crossover EWPT. Vet T>Ts T=T, T=0
— Consequence: Sphaleron Washout of Baryon Asymmetry

Enhancing the Cubic Term

: a large negative Cubic term (—ET¢3) in the thermal effective potential.
— Deep potential barrier for a SFOPT requires

The BSM Solution
An Extended Higgs Sector — new scalar bosons :
= can significantly enhance the crucial coefficient ‘E’. '
= One of the simplest: Two-Higgs-Doublet Model (2HDM)

| V(¢h’ T)~ (DT2 — //l2)¢}% — ET¢}? T Z¢2
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Two-Higgs-Doublet Model

Branco et al. arXiv:1106.0034

CP-Conserving 2HDM with a softly broken Z, symmetry

¢il_ qbél_ ® Zz symmetry: (Dl — + (I)la (Dz o Cbz :

(DI = | Vi + P1 + ”/]1 . (I)2 = | W + P> + li’]z o tanﬁ — V2/V1
: 2 )

\/_ \/_ o V12 + v22 = y? ~ (246 GeV)’ :

(D, ®,) = m] (DID)) + m3, (PID,) — m{, | (PID,) + h.c. |

/11 /12
| + (O/D))” 4 ; (DID))* + 13 (DD (D] D,)

i t A3
+24 (DT D) (D] D)) + =

> (®®,)* + h.c.
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Normal vs. Inverted Scenario

Branco et al. arXiv:1106.0034

CP-Conserving 2HDM with a softly broken Z, symmetry

CP-even mixing: Five physical Higgs bosons:
HY _( cosa sina) (£
h —sina cosa /) \P2
CP-odd mixing:
G\ [ cos f  sinf M
A ) \=sinp cosp) \'n
Charged mixing:

Gt\ [ cosp sinp\ [ o7
(Hi> B (—sinﬁ cosﬁ) 5
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ighter CP-even Higgs

j neavier CP-even Higgs
; CP-odd Higgs
| Charged Higgs bosons

Normal Scenario: |

h~ 125 GeV

. Inverted Scenario: |

Vs. H~ 125 GeV




Why Inverted 2HDM?

V(g T) = (DT — i)y |

1

E=——
127

3
3m;

6m;,
p3

e

() = M* + Ao

where 4 : a linear combination of the 4, (I=1~5)

E(a) ~
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and M? =

)
mi,

sin ff cos f

s ° h B e - S - -
~ _ = o - /oo
v =2 o0 S B W YIOReEY T S AFCCUNZ

~ Why the “Inverted” Scenario?

M? > ) ¢? = E ~ 0 - No SFOPT

In the normal scenario, m;, = 125 GeV

H., A, H* are heavier and M? is also large.
— Weak EWPT

In the inverted scenario, my = 125 GeV
h, A, H* are lighter and M? is also small.

1 | m f — Enhance the cubic term and enable SFOEWPT
— 1 = = M < At
127 127 v3° at'h?
0, M?* > A,pi
Too heavy m, (thermal decoupling) |
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Why Type-I 2HDM?

Two-Higgs Doublet Model, Type |

@ 4r L I L IR L
c —
g 35 :_ 95% CL excluded regions
- B - Xy
Type-l 3 [ B - pp
Much weaker 25 R . =
bounds 2
— the largest viable '8

parameter space
for EWPT studies
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Our Model: Inverted Type-l 2HDM

Let’s Focus on “lype-l Inverted 2HDM"!

Model parameters F—g pummmwm— Yukawa Type

my = 125 GeV (inverted),

My, My, My, Type-I
ms,, sin(f—a), tanfg | |
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One-loop effective potential at finite temperature

classical background field configurations:

C 1 O C 1 ()
Cr=—"=\w ) 27w, +iw )
V2 \T y2 \"2 T

W — (Wl’ Wz, W3) ~ (Wl’ Wz) .

One-loop effective potential at finite temperature:

Tree-level One-loop Counterterm Thermal correction
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One-loop effective potential at finite temperature

- The one-loop Coleman-Weinberg (CW) potential:

4, — _ mlz(w) _ : + ~0 = +
> nmie) [ | P22 ) — 6| = hoH A B GG WA Z )
U

1
Vew(w) =
cw(v) 642 4

l

- The counter-term potential:

2

2 2
_, Wi Wy + W3
VeT(w) = 5m1217 + 6m222

oA O/ OA3 + O/
— Om,W W, + ?wf + ?Z(sz + w32)2 - 1 - wi(ws + w32) + Tswlz(wz2 — w32),

- The thermal correction:

V — T T4 7 mé(v\;) T4 ] m]i(Tv’) T4 m%L(W, T) 3/2 m}?L (W) 3/2
w ’ —_ I/ll —I—  — . o n . ,
7 ) ) 2 Z BB T2 2 2 Z jg’ F T2 177 k, - -

ip JF kp

- The thermal functions Jz(x) for bosons and J(x) for fermions:

Jp(x) = J

0

0 o0

dkk21n[1—e—vk2+1, JF(x)=J dkkzln[1+e‘vk2+x].

0

where rh,%(ﬁ’, T) is the temperature-dependent thermal (Debye) masses appearing in the daisy resummation term
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Characteristic Temperature

Pype: ture vacuum fraction

Vel pum, T=T, T=0
Ug
" ¥

['(T,)
Veﬁ(O,Tc) = Veff(VC, Tc) H*(T) = P true(Tp) =0.29 Ptruea}) = 0.9

BSMPTv3 (https://arxiv.org/pdf/2404.19037) calculates
one-loop daisy-resummed finite-temperature effective potential and tracks its minima.
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https://arxiv.org/pdf/2404.19037

Gravitational Wave from SFOPT

Three Main Sources
of GW from SFOPT:

1. Bubble Collisions
2. Sound Waves
3. Turbulence

Characteristic strain

(Laser Interferometer Space Antenna)

10—11 _
10—14 _
10—17 _
10—20 -
10—23 _
10—26 _

10—29 i

10—32

Pulsar Timing Arrays
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2. Multi-Step EWPTs in 2HDM




Minima Tracer - FOPT

T T
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*
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> >
Q v
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100 100
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50 50
0 0%
L |l L ] L I o |l L |l 1 ] 1 0
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What is Multi-Step FOPT?

-
300 300
250 - 250 -
2-step 3-step
FOPT FOPT
200 - 200 - -
*
-200 -200
— 150 - — 150 -
> >
) )
= - 150 C) 150
> 100 - > 100 -
100 100
e A 20 7 T *’
50 * 50
(2)
Py — ATIB’
04 * 04
L Ll L L 1 L o L 1 L 1 L 1 0
0 50 100 150 200 250 0 50 100 150 200 250
vy [GeV] v, [GeV]
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What is Multi-Step FOPT? 4¢3 mﬁﬁﬁ%ﬁ@%

APPROACH TAKEOFF FLIGHT »<— LANDING—>

T
300 300
250 - 250 -
250 \ 250
200 - 200 A |
L 200 - 200
;' 150 '; 150
) )
O - 150 O - 150
> 100 > 100
100 100
50 - 50 -
50 50
PT{Z-step) /
(3-step) L
0 e - 04 % PT, fc = (0.321
1 1 1 1 L 1 0 I 1 1 I 1 1 0
0 50 100 150 200 250 0 50 100 150 200 250
741 [GeV] Vi [GeV]
\/ T T 2 T T 2
I, T, _ r. T, <V1(Ci+) — V1(‘i-)> T (VZ(Ci+) — Vz(ci—)>
Veff( 1(1 -)’ 2(1 -)’ L ) _ Veff( 1(z+)’ Vz(z+)’ I ) £ =
C
TC
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Scan Model Parameters

Scan Range of Model Parameters e,
my = 125 GeV,

| m, €[30,120]GeV, m, € [30,700] GeV, my. € [80,700] GeV,
S50 €[-05,05],  1,€[1,50],  m} €[0.2%10%]GeV2.

Duama B ICNNS AE WO 23 M a2 A ™~ - Acn A psB 43 16 il A BTN <l WS 5 Az B DB 20 i ol A _ Ass Sc DB L3 2 D A BT NATS <A W@ T . A B Lo b2 BRSO - Acp B Lo _f<2

Theoretical Constraints Experimental Constraints

P - P - = . s e - 3 2 q = 3 = - b= - S - - CS - - L= el =
T Ea L EU m IR O O P "3 O3 78 B IR D G lalr v o e — PO OB o N3 O3 % W re - @~ S SO O . - o s o /3Tl Y o e > 4~ o D PINEIC COR PR T T > 7 - P N s o (2T o e — o DR O B3 R T &

‘ 1. Bounded-from-below \ /’ 1. B-physics / FCNC
2. Unitarity at tree-level j 2. Electroweak Precision Data (EWPD)  §
“ 3. Perturbativity ; ,' 3. Direct searches (LEP, Tevatron, LHC) |

4. Vacuum stability .‘ 4. Higgs precision data

mrens AL I D iy - Az B Lo b A O el A g - Asp B Lo b= BT B <l WO \STS - Az B L b0 A O el — g o _ Arp B . sBa 23 e o A i _ Azp S8 s ama 23 M el A iy _ Az B L b BT A _ Az S L _po<aa
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Multi-step PTs in 2HDM?

Out of 2M Physical parameter points,

PT{l-step) £, PT{Z-step) £,
l I Physical parameter points:
.l 95343 points .. 200 points . . .
= P 1 s D Parameter points that satisfy all the theoretical
0 M s T . . requirements and current experimental constraints.
& 300- : & 300- " - 0.
2.0 % 2.0
200 - 200 - -~ YA @ a "MATEC eYTella
00 %0 w0 T 00 100 310 1o 0 40 0 0 70 80 s 100 110 120 Physical parameter points that additionally satisfy the
pr 21ep i pT (59 2 SFOEWPT condition, . > 1.3.
_so{ 4486 points 0 sy 6(+23) points
> >
é 400 - .‘3 400 PT(n-Step) n
é:300- é:300_ i
R I the i-th transition in an n-step SFOPT.
o‘ ]
30 40 50 60 n;: [Gz(\)/] 90 100 110 120 30 40 50 60 n;: [GZS/] 90 100 110 120
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PT,(1-step) vs. PT,(2-step)

Soojin Lee | NTHU
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PT,(1-step) vs. PT,(2-step)

Soojin Lee | NTHU
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PT,(1-step) vs. PT;(3-step)
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Mass Degeneracy

1-st 2-ste
P steP) éc pT 2 steP) £
700 700
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600 - 600 -
500 A - 3.0 500 - - 3.0
> >
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©, 400 - O, 400
H - 2.9 H F 2.3
300 - 300 -
2.0 2.0
200 - 200 -
1.5 1.5
100 A 100 A
100 200 300 400 500 600 700 100 200 300 400 500 600 700
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The region with m;,, ~ m, ;- Is excluded in 1-step The region with my, ~ m, 4= is allowed in 2-step
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tan f and sin(f — a)

tanB

Soojin Lee | NTHU
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3. Gravitational Waves from SFOPT




Gravitational Wave from SFOPT

 SFOPT: A Violent Process in the Early Universe
* Jrue Vacuum Bubbles nucleate, expand, and collide.

* Three Main Sources of Gravitational Waves
1. Bubble Collisions
2. Sound Waves
3. Turbulence

= Stochastic Gravitational Wave Background (SGWB).

* This GW signal is a key target for future detectors, e.g., LISA.
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Detectable by LISA?

Color: SFOPT points

SFOEWPT parameter points via PT{'**?" SNR SFOEWPT parameter points via PT3* "’ SNR
102 102
10°10 SNR 10-10 *
. > 10: Lot SNR > 10: -
10-12] 8 points 10-12- 128 points
\. 3 109 = 10°
. 10_14 10_1 . 10—14 10_1
r:lc 10716 - _ 102 c:lt 10-1° 102
10°18 103 10-18 - 10-3
10-20 107 10-20 10~
’ 1075 1075
10-22 ———— ———— 10-22 S —
104 1073 102 10-1 10° 102 104 1073 102 10-1 10° 102
fReak [Hz] FReK [Hz]
_ o1
_z X 2| - sighal-to-noise ratios:
Qe ~ iaSWeeak (2) 5Ly 3 S max [ n2Qgw() |
GW GW 7 fSW,peak 4 fSW,peak SNR= | df >
GW GW \ fmin _h 25ens(f) |
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Order Parameters and SNR

SFOEWPT parameter points via PT{Y  my=
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Color: SFOPT points
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GW parameter points

my=+ [GeV]
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a LISA GW signal with an SNR > 10.

GW parameter points via PT
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2
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SFOEWPT and GW parameter regions are not clearly separated

The GW detection points are broadly distributed.

10t
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5. Conclusion




Conclusion

1. Inverted Type-l 2HDM provides a comprehensive framework where Multi-step
SFOEWPT scenarios.

2. Multi-Step SFOEWPT: Successfully supports SFOEWPT via 1-step, 2-step, and
3-step phase transition. Multi-step transitions often have the potential to produce
stronger phase transitions.

3. GW Signatures: Multi-step transitions are the predominant source of detectable
Gravitational Waves. A few points in the Inverted Type-1 2HDM have SNR > 10.

Soojin Lee | NTHU PAGE | 34



Thank you




Vacuum uplifting in One-Step PT

Vacuum Energy Density Difference at T=0 (Depth of the Potential):

Fo=V(IT'=0)v) - V(T=0)0)<0 Vr—o
2HDM SM
The Uplifting Measure (Ref: Dorsch:2017nza): |
_ z2HDM SM
AF = F5PM _ F k »
AF , > 0 indicates strong BSM field transformation of the Higgs potential. : AF,
SFOPT Connection:
This strong transformation creates the necessary high energy barrier at 1, Ref: Jeonghyeon Song’s talk in HPNP2025

making the SFOPT condition (£, = v./'T ) easier to satisfy.

Soojin Lee | NTHU PAGE | 36




Soojin Lee | NTHU

Type-Il Higgs potentia: T = 0

Vacuum uplifting in One-Step PT

Type-Il: cos(B-@)=0, tanp=3

rrrrrrrrrrrrrrrr

1x108} — my =800 (GeV)
L. — my =600 (GeV)

L my, =200 (GeV)

vvvvv

..............

AAAAAAAAAAAA

There is a study show a strong positive correlation between the vacuum uplifting ratio

My(=mg—200) (GeV)

10.2

(AF /| %V?M |) and the SFOPT strength (&) (up to n; ~ 500 GeV).

Does the strong A%, — £. correlation remain valid for Multi-step Phase Transitions?

Question:

Ref: Wei Su, Su:2020pjw
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Vacuum uplifting in Multi-Step PT

SFOEWPT parameter points via PT, St SFOEWPT parameter points via PT 2t SFOEWPT parameter points via PT35S My +

4.0 4.0 4.0
400
3.9 1 3.9
- 350
3.0+ 3.0 ¢
- 300
QL Q
W M
2:2 7 r AL - 250
2.0 1 2.0 A 200
150
1.3 ¢ L3 ¥
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.2 0.4 0.6
AFol|F3M| AFol|F3M| AFo/|F3"|

Answer: No!

There is no correlation between A%,/ | # OSM | and £ in Multi-step PTs.
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+) Collider Signatures




Decay modes of /

SFOEWPT parameter points
- S '
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110
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- 90
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70

Dominant decay modes of /1

1. Most case:

(1)h — bb,(2) h — 17T

2. Part of region with sin(ff — a) < 0:
(M h — vy, 2 h — bb

ho . | COS(ﬁ—(X)
gl = sin(f— o)+

sin(f — a) < 0 = cancellation = smaller fjf’

= larger Br(h — yy)
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Production Processes

SFOEWPT parameter points

— — —
N (0 0] o N By
A I ' s

olete " -H*H™) [fb]
o

1.5 TeV CLIC

My =+ [GeV]

50 100 150 200 250 300 350 400 450

(1) bbn mode e’ e = H+H_ W+W hh - W+W bbr%‘ ]]bbT ,
(2) bbyy mode e e — H+_ — +W hh — W+W bby;f —>]]bby;/ /

” SFOEWPT parameter points Cg-a
1.5 TeV CLIC
12 -
0.99
10 -
- 0.98

o(ete” = hA) [fb]

hae S Y
m\m -
ol .

—_—. -

0
50

100 150 200 250 300 350 400 450
ma [GeV]

0.97

0.96

Soojin Lee | NTHU

PAGE | 41



Soojin Lee | NTHU

Benchmark points

BP myg+ | myp mA
BP-1 || 104.6 | 71.3 | 107.5
BP-2 | 199.1 | 70.4 | 168.7
BP-3 | 199.4 | 101.2 | 174.3
BP-4 | 301.3 | 71.2 | 300.7
BP-5 | 309.2 | 97.7 | 313.5
BP-6 || 345.5 | 78.0
BP-7 | 351.1 | 79.8 | 338.7
BP-8 | 395.1 | 102.7 | 402.5
BP-9 | 401.8 | 95.6

BP-10 || 403.1 | 119.8

SB—o | 1B M || Br(h — bb)
0.022 [ 11.8 | 72.0 | 8.42 x 10~1
0.151 | 45| 68.6 | 8.42 x 10~1
0.184 | 12.6 | 95.9 || 8.02 x 10~1
0.037 | 8.6 | 51.2 | 8.42 x 1071
0.217| 9.9| 90.4 || 8.09 x 10~1
0.171] 5.7 52.6 | 3.52 x 102
'— 6.8| 61.4 | 833 x 1071
0.004 | 5.8| 85.6 | 8.06 x 1071
70.6 || 1.90 x 10~
102.6 || 1.53 x 10~1

9.10 x 107°

12,02 % 107" |

1 1.86 x 1072 |

Br(h — ~7)

Stage

Ee

3.00 x 1076
3.50 x 107?
6.39 x 10~4
3.00 x 107
5.07 x 10~4

1.82 x 104

PTg2-step)
PTgZ-step)
PTg2-step)
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2.23
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Event selections

For the bbyy mode:

For the bbbt mode: ete™ — Cujjbbyy

ete™ — Cujjbbrt™
Lepton Multiplicity: N, = 1

Jet Multiplicity: N; = 2, N}, = 2
Photon Multiplicity: N}, = 1

Invariant Mass Cuts: my,; < ny, m,, < m,

Lepton Multiplicity: N, = 1
Jet Multiplicity: N; = 2, Ny=2,N_ =2

Invariant Mass Cuts: my,;, < nmy,, m_ . < ny,

The Background is negligible
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Number of Signal Events

Number of signal events for eTe™ — HTH ™
at the 1.5 TeV CLIC with Liot = 4ab™!

Benchmark mode | bbyy mode | Benchmark | bb77 mode mode
BP-1 | 6849 | 000 — —_—
BP-2 0.05| BP-T
BP-3 0.98 | BP-8
BP-4 0.00| BP-9
BP-5 0.75 | BP-10

The SFOEWPT region offers high discovery potential at the 1.5 TeV CLIC via Charged Higgs pair production.
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