fiiRE v U A1RE & BHHEE

@

SAEHRE (£RXF)

RRZFKREELIF— 20245F11H21H



Plan to talk

e 4 = A W,
- E551RER

<+ Two Higgs doublet model
+ Two Higgs doublet model D E55HEETE

L

=+ IHZRIB (Exotic intermediate phases)

MA, Biermann, Borschensky, lvanov, Mihlleitner, Shibuya,
JHEP 02 (2024) 232

Tokyo Woman's University Nov. 21, 2024 2



RNLT

* VA=V PEFLRE, VEZBHTIR/NEULBBIHFDIL

e X&)
D7x—72 “%F [RF#% [RF T
quark nucleon nucleus atom molecule
® &
g o gl
P /. proton B 1
FIIITA—T . BERTR  BEREF
1-':!?, L:\ down quark q:"t%? oxygen nucl:us oxygen ato/m" ‘ .
neutron ’ W‘atel’ molecurs
_ —A(@®))
N EF KZRTF
t V) 7 Z*ﬂ? el??tron hydrogen atom
L Lo kY
78~ & lepton
> 1015 1014 1010 AN
. L n i (X —

Tokyo Woman's University Nov. 21, 2024



jja)ﬂ)b_

By 2 I RILFE—

RE |[BL . | O
i AN
il e N

IOA=DELTRID TA—TERSH  BHROHZIEDE
BRZEZEXDN BFEENREDD EIIFESETDN

NELZBHF
(5F—=IRY V)

55U\
SRR D]
GG qw%, Q
KF ZIRY 2 Wik >

Kii—1Em

BAR—1Em

Tokyo Woman's University Nov. 21, 2024 4



HBERT—=

- eV (BFMNILK)

1[eV] = e[C]x1[V] = 1.6x10-19[J]
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Electroweak phase transition

% 1st order phase transition (PT): Ve T>T T=T. T<T,
eff

There is a sufficiently high and wide potential barrier / 0
separating the two degenerate vacua at T=Tc. -

~

" \\A
Tunneling

% High temperature expansion :

AT
Vet (p, T) = D(T? = T5)¢” — ET)¢|> + —¢"

4
N 2T,
+ Two degenerate minima: ¢ = 0 and .. LY
T
<+ The condition for the strong 1st order PT : Pe E > 1
TC )\Tc

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

% One-loop thermal potential :

T4 m?c m2B

m : field dependent mass

3k Boson-loop:

Tt 2 T 3 S Y|
~——+ —y— —y2 — —y“l — s
% Fermion-loop:
Tt w? 1 m
J ~—— + — — 21 L O(y>
F(y) 260 T ogY T 33 ¥ og(af>+ (y°)

ap = 16m%exp(3/2 — 2vE), ay = 7w exp(3/2—2vg) g = 0.57721...

The cubic term arises from the bosonic thermal corrections.

Tokyo Woman's University Nov. 21, 2024
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Electroweak phase transition

7/

%* The cubic term arises from the bosonic thermal corrections.

<+ Standard Model (SM) :

E (6myy + 3m3) ~ 0.01

T 192708

<+ 1st order PT :

c 2L
Pe _ 22 - 50 GeV > my,
Tc )\TC ~

<+ Beyond the SM (BSM) :
1

B =
12703

(63, + 3m% +---)

+

extra bosonic degree of freedom
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Two Higgs Doublet Model (2HDM)
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Two Higgs Doublet Model

SU(2);, U(1) Zo
(softly broken)

o, | 2 1/2 +

Oy | 2 1/2 -

% Flavor Changing Neutral Current (FCNC) @tree level

KY — K0 mixing

|
'O, D _ _
: 1, ¥2 IS l d
@1, @
dLavabL dRasRabR I b
d ' S
+ To avoid FCNC, give different charges to ®1 and ¢2
Z> symmetry : b — (I)l, by — —Py
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Two Higgs Doublet Model

% Tree level potential :

A 2 ) 2
Vico = m2, &1 @1 + m2, 058, — m2, (cIﬂ;ch n h.c.) n 71 (cbjcbl) n 72 (cb;cbg)

# 30 (#]01) (042a) + 04 (#]02) (ofmn) + 3 | (of2a) 4 e

w+ w+
O, = . 1 , Py = 1 2 ,
1 —(v1+h1+iz1) )7 2 (v2 + ha +i22)

v =4\ /v? 4 v: = 246 GeV tanBEZ—j

** Theoretical constraints :
<+ Bounded from below (BFB)

)\1>0, )\2>0, —\/)\1)\2<)\3, — AV AL+ XA < A3+ N\ — A5

+ Perturbativity [An| <4m (n=1,2,---5)
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Two Higgs Doublet Model

% Physical eigenstates Neutral Charged

— N

CP-even CP-odd
—

h, H, A, HT

Basler et al. JHEP (2017)

: : : 1000 25.0
% Parameters in the Higgs potential
, , , <00l 21.0
11, Moo, Mo, )\17 )\27 )\37 >\47 >\5 17.0
= 600|
l 9, 13.045
S 400}
Mp, TMH, MA, Mg+, o
125 GeV 5 200 5.0
v, tan 3, cos(B — a), mi, O
246 GeV o200 200 600 80 1000 -

Color points have a PT of strong first order.
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Multistep Phase Transition

0 0
Q=14 |, P2=1 ¢
V2 V2

1 step 2 step

MA, Komatsu, Shibuya, PTEP (2022)

P2 b
A

A

2nd-step

1st-step

-20 0 20 40 60 80 100 120 20 0 20 40 60 8 100 120
¢1 [GeV] ¢ [GeV]
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Multistep Phase Transition

MA, K t hi PTEP (2022
Type—I (mA _ mHi) , Komatsu, Shibuya, (2022)

ma [GeV] mpy [GeV] tan g cos(f — a) ms [GeV]
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
[ Ew Vacuum
200f
S 150}k
()] | B
C, 1
S 100:'
[ « VEV after 1st step
507 VEV after 2nd step
f S 62 + 2 =246 GeV
Of s covesisdarisibodon e : [ : . : .
0 20 40 60 80 100 120

¢1 [GeV]

The first step in the 2-step PT tends to occur along the ¢ axis.
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Exotic intermediate phases?

MA, Biermann, Borschensky, lvanov, Muhlleitner, Shibuya, JHEP 02 (2024)
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Exotic intermediate phases

% The CB phase were analyzed within the high-T approximation of
the 2HDM potential.

lvanov, Acta Phys. Polon. B 40 (2009).
Ginzburg, lvanov and Kanishev, PRD81 (2010).

+ The sequence of phases from high-T to the EW vacuum at T = 0O:

EW symmetric — neutral & charge-breaking (CB) = EW vacuum

(I)lzi p1+ 1 (I)in p2 + wcB + 112
V2 \C1twr +ih )’ V2 \ G2+ o +i (Y2 +lcp) )

Present vacuum (T=0) : Vj = @j\T:o ve = vep = 0,

Questions

<+ Does such an intermediate CB phase indeed exist within a more accurate
analysis with the effective potential?

< |s it possible that some of these phase transitions become first-order?
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Tree level potential

% Tree level potential :

A 2\ 2
Viree = m?, @1 &1 + m2,®1d, — m?, (¢>Iq>2 + h.c.) + 5 (qf{cbl) + 2 (cb;%)

+ 2 (@]@1) (@Les) + A (0]@s) (@lo)) + % [(@{%)2 + h.c.] |

<+ We assume CP conservation.
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A toy model (m212=0)

% atoy model:

High-T approximation
miy(T) =mi; +aT?,

m%Z(T) — m%Q + e T?.

CQZE

% T=0
<+ CB vacuum :

2HDM with an exact Z2 symmetry

2 _
mis =0

1 1
c1 = T (BA\1 4+ 23+ \y) + — (392 + 9’2) ,

16

1 1 1
(32 + 203 + A\a) + — (3% + ¢ + — (v2 + 3y + 3¢2) ,

16 12

Ivanov, Acta Phys. Polon. B 40 (2009).
Ginzburg, lvanov and Kanishev, PRD81 (2010).

* BFB conditions .4
Mag
o A > A5, A3 < VA1 The sign of A3 is not fixed. v #0
vg =0 EW symmetric
A A .
miiV Az +ma/ A <0, mi; < mgQA_i , My < mfl)\—i’ . unphysical.
A3 > 0 miy
3 m?, <0, mi, <0
A by A3 B
2 3 2 2 2 — CB =0
|m11|)\— < |mas| < |m11|)\— _ A1 27&0
! s wedge-like -
The T=0 situation
* A2 must reside.
m?, >0, m2, >0 Ao
11 7 22 mgz = m%l X (A2/A3)
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A toy model (m212=0)

% Temperature evolution

<+ Phase transition sequence with an intermediate CB

)\3 > 0 m3, A3 <0 m3, |
vy # 0 v #0
vy =0 / EW symmetric % vy = EW symmetric
1
m32, \ mi,
;_j CB v = CB o =0
vy # 0 vy # 0
A2 (m%l(O), m§2<0>) Az
)\3 )\3
Nov. 21, 2024 35
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A toy model (m212=0)

<+ The ray rises steeper than the wedge:

o )\3 > O 9 A
m
2 \m?\ > & 21 BEW symimetric
€1 [mi, | A3
eg) 2 ,’7
m 2 e
M =2 =025 X3=06 I\ =28, ’% == ‘ |
miy 3 A3 1 m2.
N 62/61 ~ 0.78, )\2/)\3 ~ 0.42 A i 11
2 2 i
)\2 ”02 )\3

< |If we drop the top-quark contribution to C2, we miss the charge-breaking region.

+ The charged Higgs boson mass: 2 _ 1) (1 _ m%l&) 2
2 mase )\3

If the starting point approaches the boundary of CB phase, the m%{i vanishes.

m
We need the larger A3 or a larger m—§2 .
11

|—> It leads a large AM1.  |A3] < VA1

Avoiding a dangerously small m%i IS not an easy task.
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A toy model (m?212 £ 0)

A toy model with softly broken Z> symmetry . (m?, # 0)

<+ CB vacuum:

2 2
H1 | K2
— +— <1,
a2 a2 A
1 2 m%z
EW symmetric
. 2\4/ )\1)\2771%2 a1 — )\4 + )\5
MV T VAl T VA A /' .
1y = m%l\/)\_g—m%Q\/)\_l a4y = \/)\1)\2—)\3 / /,/z
mi VA2 + m3V/Ar| VA2 + A A3 ,/" 2=
—_— P - m
)\1 g - 11
. . . A2 T =
hyperbolic conical section s

<= The larger m%Q , the further the CB region retracts from the origin.

— The evolution can miss the CB region more easily.
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Effective potential

% The one-loop corrected effective potential at the finite temperature :

V=W+Vew + Vcr + Vr @Z(f)

V2

% The Coleman-Weinberg potential :
1
Vow (1, ¢2) = = > nemi (¢, ¢2) llog
k

mi (o1, ¢2) .
6472 (12 g

+(-) for boson (fermion) . — g+ g h AW, Z,~,t,b, 1

* The counter term potential : V-

* The one-loop thermal contributions : V1

Tokyo Woman's University Nov. 21, 2024



Symmetry (non-)restoration

<+ Symmetry (non-)restoration:

+ the curvature of V7 with respect to the EW VEVs around the origin.

. . 0°Vr
The Hessian matrix :  Hij = 5———
iOW;

ij=1,2.

Y
Wi, =0

~ lim 1?21 1;122 — (Hu 9
| F I =
Tooo \ 3+ 7% 0 Ha)’
His =1 — —— [V2(36° + %) + 4 (3y/@A 23 + A [
11 =C1 167 (9 +9)+ (3ver A +v/e2 (2A3 + M) | 0.25F
1
Has = 2 — 7 [V (30° +9°) +4(3v@ha + V& (245 + )] | 000k

—0.25

+ In order for the stationary point at the originto be a 51\ = A, = A, = Xy = Ay = AN

minimum, all eigenvalues are required to be positive:
_075_ /\E)\1:)\2:/\3=>\4:)\5

Hi1 >0 and Hoo > 0. 0 1 i 3 4

Tokyo Woman's University Nov. 21, 2024 39



Yukawa interactions

% Four types of Yukawa interactions

(I)l (I)Q Up dR ER QL , LL
Type-l | + | — | — | — | — +
Type-lll | + | — | — | + | + +
Type-X || + | — | — | — | + +
Type-Y | + | — | — | + | — +
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Numerical analysis

MA, Biermann, Borschensky, lvanov, Miihlleitner, Shibuya, JHEP02(2024)

+ Scan ranges: Parameter Scan range
A1, A2, Az, A\g 0, 47]
A5 |—4m, 4]
m2,,m3, [—109,0] GeV?
mi, 0,109] GeV?

< All relevant theoretical and experimental constraints are satisfied.

% Experimental constraints

- Electroweak precision data Type-I [Halleretal. (18)] & 2™ 0 en o O5ES
Q) 4 rrrTrrrTTTTTT T my=12509GeV,ly, | <25 - Exp. 95% CL
Mmpg+ =MMa Or myg g gy e o —
+ B - C
- Flavor experiments
Bd — K tanﬁ 22 L3 -
- Higgs couplings strength _
| cos(B8 — )| <0.25 00 P ars [Gev) T s B
cos(B-a)
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Numerical analysis

600 — . . T 600 — T - ' '
500 F Y 1 500
400} -.’,-';"i'," 1 — 400
: et SR z
< 300} R il Y P 1 S 300
<t ‘ ¢ * ¢ i Gt T
= 200} T T
o NS el Restoration
100 f---- Non-restoration 7 100
* 4+ intermediate CB phase
000 150 200 250 000 150 200 250
my+ [GeV] my+ |GeV]
+ Relatively low charged Higgs masses: my+ < 210 GeV
<+ Degenerate configuration: Mg+ ~ My
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Numerical analysis

8 L -
+ Only points with Amax < 5 lead to EW

6r I symmetry restoration.

:
< 4t 1 _

Intermediate CB phase :

9| { + arelatively large maximum scalar

coupling: 4 < [Amax| <8
U700 150 200 250
mpg+ [GGV]

|>\max| = maX(‘)\1|7 |)‘2|7 |)\3|7 |)‘4‘7 |)‘5|)

When requiring the parameter points to fulfill the all three constraints

simultaneously, no viable points are found. : :
y P - an intermediate CB phase

- EW symmetry restoration
- the experimental constraints
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Temperature evolution

% Temperature evolution of the absolute values of the EW and CB VEVs.
+ Benchmark points: Wi, W2, WCB

my [GeV] ma [GeV] mpg+ [GeV] tanfB  cos(B8—a) mi, [GeV?]

BP1 562.84 168.56 164.51 16.58 0.128 18933.44
P51 .
CEJCB

200 R P o
=150t o
5 100} -

50 F ,J_/——'*'f ........... .
09 100 200 300 100
T [GeV]

<+ The sequence of phases from high temperatures to the EW vacuum at T = 0:
Neutral —- CB — EW vacuum.
<+ We find a first-order phase transition from the electrically neutral to the CB phase.
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Summary

<+ We investigated the possibility of an intermediate CB phase in the 2HDM type |

using the full one-loop corrected effective potential.

<+ The appearance of a CB phase favours rather low charged Higgs masses
and large quartic couplings.

+ |If we accept symmetry non-restoration:

Typical collider features: H — AZ or H — HXTWT

Tokyo Woman's University Nov. 21, 2024 45



FEH

+ BESKADEBVWAREIRILF—TREHE—nTED., E551H

LTizlick > T2 T,

+ BEHEBI—RBERODES. S=ENELSHBAISh S0
HPYIE-RPEFEN TG Z 5 TE S8 D B B,

v BB TIRIXEF —RMEHGBIEE S SHBWH, IHREE TR

ﬂ%_.rﬁbo

+ 2HDMIZ, BEEEBOE Yy JABLERKDBZ1DMA VT
IWWIRHLRDIER, U L. R viLidETH Y v FaHE
BYM1FPr=O A %&5|ZRIT,

v YIVFAT v TiHiEEPIntermediate CBITHDYIESH VJ v F,

=1
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