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Introduction

Higgs was found in 2012, but the structure of Higgs sector is still unknown.

The number of Higgs field, representation, symmetry, ---

Physics of electroweak symmetry breaking, details of phase transition
v oscillation

Related to BSM phenomena - Dark matter _
_Baryon asymmetry_

Testable with various experiments

$

—

Approaching new physics from Higgs physics

Q. Can we explain these 3 BSM phenomena simultaneously at TeV scale?
M. Aoki, S. Kanemura and O. Seto (2009)

—We focus on Aoki-Kanemura-Seto (AKS) model



Our purpose and work

M. Aoki, S. Kanemura and O. Seto (2009)
We evaluate baryon asymmetry based on original AKS model to explain 3
BSM phenomena

We search for parameter space which can explain 3 BSM phenomena
simultaneously and test with various experiments
- Electron electric dipole moment (EDM)
Lepton flavor violation
Dark matter
---------------------------------------- [JHEP06(2025)036]
. Strongly 1st order electroweak phase transition(EWPT), Baryon number
* Find benchmark point which can explain 3 phenomena
. Test with various experiments (collider, GW, DM, neutrinos, EDMs, --)

We show this model can explain 3 BSM phenomena while
considering various constraints



Particle content

SM | + | Extended Higgs | + | Right-handed v

- Extended Higgs — additional Higgs doublet ¢, +singletn, S*

- Right-handed neutrino N§ «=123
- Softly broken Z, symmetry — suppress Flavor Changing Neutral Current

- Exact Z, symmetry — 1 ,S™, N are odd Zy  Zy (Softly broken)
P1 + +
P2+ —
Type-X 2HDM + N%, 5%, 77 N2 — —
St — i
)\5 1 2 B i ad Dark matter — 7] — —
L2 =S (b162)° —[h(NR)lpS™ +hec.

. J— L a . .
CP phase 6c (¢ = |1c|ei®s) a =123, i =1,2,3,h{ is 3x3 complex matrix



Aoki-Kanemura-Seto model

Aoki-Kanemura-Seto (AKS) model can explain 3 BSM phenomena
SimUItanGOUSIy at TeV scale M. Aoki, S. Kanemura and O. Seto (2009)

Tiny v mass via radiative correction

Dark matter candidate (Z, odd neutral particle)
Baryon asymmetry : Electroweak baryogenesis(EWBG)
Energy scale : TeV—Testable at collider

Z, symmetry [

a2 7, for FCNC
[
—) x—< eV Zs  Zs (Softly broken)
N oL+ +
~10"% ¢2 + _
Ng - —
St — +

3-loop neutrino mass generation n



Dark matter

2 ) . 1 ) n : Dark matter
Vo + Y (paldal 5717 + Jouléul ) o )
a=1 2 10°1
DM-Higgs interaction
Dominant contribution to the relic density
-2
N tan g = 18 10
< (o1sin? B + 0, cos? B) =~ oy S
S o, = 0.0841 ]
n H2 1 2 1073
— Oh° = 0.12
DM direct detection
spin-independent cross section for nN - nN 104 S S —
ngQ ’1}2 102 103
o) ™ N s—— (01 cos 4 o3 sin B)? mn (GeV) LZ (2024)
47T(m77 + mN) mHl my = 1 GeV : nucleon mass K. Enomoto, S.Kanemura, ST (2024)

g = 1073 : coupling for nucleon-Higgs

(o.cosB + 0,sinB) = oy Shifman, et al (1978)



- lectroweak Baryogenesis

Electroweak Baryogenesis

Kuzmin, Rubakov and Shaposhnikov (1985)

(1) B violation # Sphaleron Transition
(2) C. CP violation - CP violation in extended
’ Higgs sector
(3) Departure from » Sphaleron decoupling
thermal equilibrium ...o0 (0er —Strongly 1st order EWPT
7 <
Charges accumulate around the ,/ ' \\ f
bubble wall due to the CPV / /—
/ f
‘ ,I \ CP violation
B number is generated by I« UB |
sphaleron | |
p \ ,, ' Sphaleron
4 \\ B 1
/
Sphaleron decouples inside the bubble \ /
wall and B number remains AN ‘ /




EDM experiments (|d,| < 4.1x1073% ecm).
Roussy et al. (JILA) (2023)

Electron EDM can be small by considering following contribution
0!

Barr, Zee (1990)
Altmannshofer, et al(2020)

~lectric dipole moment in our model

Sufficient CP phase (85~0(1)) for EWBG is severely constrained by electron
LD —hYNg)ILST + h.c.

Y
§= =8
s oS
» \ n € > I/ h]a <_\l Nﬂhe >
hg Na I\\ l] h]ﬁ* /I
\_>,//

e Or U,

Contribution in 2ZHDM
(Barr-Zee contribution)

Additional contribution
in CPV AKS model

ld,| =~ 8.3 x107 3! ecm < 4.1x1073% ecm

0: ~ —0.0907

< 4.1%x1073% ecm

S_
//’>~\\

Ni

(&

&
> 1
he

o |hg|?

>_
ho™

Imaginary part = 0 in 1-loop




Strongly 15t Order Phase Transition

Sphaleron decoupling —  Tepn < H(T,)

r2r :Sphaleron rate in broken phase

’ StrOneg 1st order EWPT % > 1 I—Isz(ggl’c):Hubee const. at transition temp.
C

—non-decoupling effects of additional scalars

This effect gives a large deviation in hhh coupling Kanemura, Kiyoura, Okada, Senaha, Yuan (2002)
Kanemura, Okada, Senaha, Yuan (2004)

Anih = Ak
AR = PNy ~ 36 9
h-h-h 1077 A
GW from Strongly 1St Order EWPT 1:1 —— Spectrum of GW
—testable at BBO,DECIGO —— DECiG

104 1073 1072 1071 100 10!
f[Hz]



paryon asymmetry

Bubble profile Chemical potential
x1075°
120 e1 1.5 1 i
100 vz tr
¥s 1.0 A by,
80 A By,
0.5 1 —— Higgs
= 60, ‘
3 g
S 401 3 0.0
20 —0.5 1
0 / —1.0 1
720 4
T . T T — —1.5 . r . : T
—100 —50 0 50 100 —100 —50 0 50 100
2T, 2Ty

Top transport scenario with WKB approx.

.. Cline, Joyce, Kainulainen (2000)
CosmoTransition Fromme, Huber (2006)

Wainwright (2011) Cline, Kainulainen (2020)

Chemical potential outside the wall convert to baryon asymmetry by Sphaleron

» n -
Observed : ngp = =2 = (6.04 — 6.20)x1071° £ [ cMB Planck (2018)

ny

ng =~ 6.07x10710

=

TEVIE
2 V2 \@2 + 193

my1 = 125 GeV, myz = 207 GeV,
mys = my+ = 373 GeV
M = 210 GeV, mg = 325 GeV,
us = 20 GeV,0s =~ —0.0901

M. Aoki, K. Enomoto, S.Kanemura, ST (2025)




_epton flavor violation

It->Uy ;Zﬂf It - [k m
S ‘r/’
g [ Ne [’
>— —
K. Enomoto, S.Kanemura, ST (2024)
Prediction Exp. bounds
U — ey 2.3x10714 3.1x10°13
T ey 1.8x10~11 3.3x1078
T > uy 2.0x10~17 4.4x1078
u - 3e 1.0x10713 1.0x10712
T - 3e 3.1x10712 2.7%1078
T - 31 2.6x10723 2.1x1078
T > eue 3.1x10~17 1.8x1078
T > e 1.4x10°17 1.7x1078
T —> eufl 8.3x1071° 2.7x1078

MEG-11(2024)
BaBar(2010)

BaBar(2010)
Mu3e(2023)
BaBar(2010)
Belle (2010)
Belle (2010)
Belle (2010)
Belle (2010)



Phenomenology in collider experiments

S* Production ) .

Production : Drell-Yan process \*'

t-channel process
(lepton collider)

////‘(/// ‘\'l\

ot g+
S* - H*'n - 7vn is the main decay channel
ete”™ - STS™ = tTE (E : missing energy)

LHC can produce S* by Drell-Yan process

Additional Higgs H,, H3 can be tested at future HL-LHC by
Hz,H3 - 17T, tt Hz, H3 - ZHl, H1H1

o (fb)

103 4

101 4

100 -

ete " -S*S~

— Oal

Oew

750 1000 1250 1500 1750 2000 2250 2500
Vs (GeV)

pp - STS~ (I\/IadGraph)
\/§= 13TeV:0 =0.976 tb
\/§= 14 TeV:0 =1.14fb



Summary

« AKS model can explain 3 BSM phenomena simultaneously at the TeV scale.
- We introduce CP violation into the original AKS model (2009).

- We evaluate the baryon number and confirm that it can explain current
observed data.

« We find the benchmark point to explain 3 BSM phenomena while avoiding
several constraints.

* Prospects
 Test with various experiments (collider, flavor, DM, neutrinos, EDMs, GW, ---)



Back up



Test of our benchmark scenario

LFV Flreenetiein bl(_:)ﬁ?{d sEeans?’;E/?’?y
U — ey 2.3x1071% | 3.1x10713 | 6x10714
u - 3e 1.0x10713 | 1.0x10712 | 1x10716
T - 3e 3.1x1071% | 2.7x1078 4x10~10

Electron EDM
Future ACME-IIl aim :

|d,| =~ 8.3 x 1031 ec

Neutron, proton EDM

|d,| < 1073% ecm

m

tanf = 18
Quark Yukawa couplings are suppressed by cotf

EDM cancellation does not work for neutron, proton EDMs

—Future neutron, proton EDM can test CP violation

lz_.; T T “_l—m

MEG-11(2018)

I I l k
Mu3e phase-11(2020) :p

Belle-11(2018)

Lepton contrlbutlon f
S- S~
/1 a ‘\ ﬁ*
e ! hj \ NB h' e
_> o 'B* , >_
hOtN \ lJ h Y

~>—
S~ PDG(2024)

|d,| < 1.8x10726 ecm
|d,| < 2.1x107%° ecm



Lagrangian

Type-X 2HDM + Ng’si’n Stationary cond. Im [ui,] — %Im [As]vive =0

. i —u2,, A5 are not independent
Higgs potential ;

2 2 5 M A1 4 4
V= — 3161 — p3lee]* — (uiapld2 + hc) + p3lS|” + St0% + S 1ol + S-[eal

As A

CP phase 0 (As = |As|e'fs)

+ Z (pa\gba "+ UaWa‘ n ) + (2611 287 n + h.c.)

Phase of k will vanish by rephasing of §~

2
+ Al | Plea| © + >\4!¢J{¢2\ +

The physical CP phase in Higgs potential is only 6«
Neutrino Yukawa

— .(]\/'g)C %S'{' + h.c. a =1,2,3, i =1,2,3, h{ : 3x3 complex matrix
CP violation (CP phase 4,15, 13 +PMNS phase §, ay, a,)



Benchmark scenario

myr = 125 GeV, myz = 207 GeV, mys = my+ = 373 GeV
M ~ 210 GeV, mg = 325 GeV, m,, = 250 GeV
(my1, Myz, mys) = (400,900, 1400) GeV

o, = 0.0841,0, = 1.1x1073
m,1 = 8.1 meV,ktanf = 45,tanf = 18,605 ~ —0.090%

hfx 0_518—0.367'&' 0.0398—0.0055711 0.00396—0_357-”'

1.4~ 045 0,015 28"  0,0076e~0-58™

(1.3e—°-16”i 0.0028¢ ~0-90 0.011e—0-042m'>




[ransport equation

(

—Dlt,u; + ué + V?Jw(m%)/ta,ut — KOtft :__S1t7 B

— Doty — vyptty + YU (M) Qaps + (m3) Ryuy + [t tott + Vo Kot lI't = — 594
—D1ppy, + up — KopL'p = 0, B

_D2b,u§3 _ v'wug + Fb,totub + vaObe = 0.

_Dlt,u;c + Uéc + YUw (m%),Q%MtC — KOtftC :__Slta -
— Doy e — VypUse + Y0 (M3) Quapize + (M3) Ryuge + I't totUte + Uy Kopl'e = —Sat.

—Dp ), + uy, — KopI'y, = 0, B
—Doppy — vy, + Uhtottn + v Kopl'n = 0.

Sli — —VVw (m?ai)/Q?z -+ vamzz(% (mg),ngzv (l — 17 2)'



Collision rate

= T (1 9D00)pe + 104, + (1 = 9Dor e

w(ut — ) + Ly (pe + pie + ) + 20 (pie + fige),

oo (14 9D00) e + 10p, + (1+9Do) e )
(
(1

Py (po — o) + Ty (e + pree + pin),
[y = ( + 9D ) ot + 10pp + (1 — 9D0t),tét0)
+ 20 (pee + ) + Uy (2pe + pie + po + 24n),

— 3
I'y, = Zry(Q,uh + pt + pp + 2pze) + Thpin.



paryon asymmetry

1 1
KB, = 5(1 + 4 Do) ot + 5(1 + 4Dop) iy — 2 Do fite .
4051 spn /OO 451 spn 2
— d < :
"B 17209, |0 2 1By, fspn(2) €xp ( 10, )
24T vn (2)
fspn(2) = min{l, = e~ 7 }

sph



Casas-Ibarra parametrization

1672 o st e
h = 'k tan B ARV DUp g (M)

1
moz(Floz + FQa

i (1 0 0 ) (1 0 0 ) (cw 0 sw>
= B ©n 5 0 I 184, 0 I 0
Y 0 —Sy1 Cy 0 —isy, 1 LY 0 Cvs
| 0 28y, Cygs Svyg 0 1 18y, U
X 0 I 0 —8a Gy U — S E U
—8 0O 1 0 g 0 0 1

Ao =

)5a5 D = diag(m,1,my2,m,s) My = diag(me, m,, m;)




Neutrino mass matrix

 (ktan B)*myumy

Z hihimye (Fla + Foq)

a=1

(1672)3




Yukawa interaction in Type-X 2ZHDM

£y = — muzﬂzuz — Mg szdz _ lel_le
- Z H, { = (R1q + Ra2q cot 8 — iR3, cot 575)

+ TdZ(Rla + Ry, cot B + 1 R3, cot 675)

@F(Rla + Ro, tan 8 4+ 1 R3, tan 575)#}

U

9 | | o
— £{Cot Bu'Vi;(mgi Pr — myi Pr)d’ HT + tan By’ PrI"HT 4 h.c.}
v



~lectric dipole moment in our model

Y
g \S_ﬁ

S— _-—-
f « 4 ,
y I/ a \\ * _
e bt L M NRe e | < 41%10ecm
EMA\ he N® hf* ,
e, N e S
€ Or U, P
Contribution in 2HDM Additional contribution
(Barr-Zee contribution) in CPV AKS model
—1.1232%107%°ecm + 1.1314%107%°ecm = 8.3x1031ecm



Details of Benchmark scenario

0.999898 0.00774 0.0120 1. ~ 3.47
R, =(—0.00598 0990 —0.141 1 ~ 0259
0.0130  —0.141 0.98995 334
3 —_— .
e 0 o s =~ —1.53 + 0.32i
S~ —0.012
R,ZM,%Rh=< 0 207 O > T ~0
0 0 373

U=~ —2.05x%x10"">



_FV constraint
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Stau search
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CMS 138 fb™ (13 TeV) . Expected exclusion —— Expected discovery
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