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Current Situation

Higgs Discovery 2012

Mass 125 GeV Spin - Parity

Good agreement with SM prediction
No BSM evidence found up to now

But big questions — New physics

Where is new physics?

Low scale?

TeV Scale?
High Scale?

Coupling strength to

Ratio to
Standard Model

CMS, 137 o' (13 Tev) 2022
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Deviation = New Scale

No-Lose Theorem Lee, Quigg, Thacker 1977

Unitarity: My < 1 TeV,
otherwise, BSM appears below 1TeV

Motivation to build SSC, LHC
h(125) discovery!



Deviation = New Scale

No-Lose Theorem Lee, Quigg, Thacker 1977

Unitarity: My < 1 TeV,
otherwise, BSM appears below 1TeV

Motivation to build SSC, LHC
SM value

h(125) discovery! Alignmenty § '

Deviation

New “No-Lose” Theorem hVV coupling
(V=W,Z2Z) K v

If deviation appears in a Higgs coupling,
the second Higgs H or New Phys must appear at

Ky =sin(B-a)

0.85

Aky=2% 2 myu<1.4TeV

Finding a deviation is necessary




Higgs couplings

N"\WW, hZZ, ht T,
htt, hbb, -,
Ny v, hZy, hhh
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Vs = 14 TeV, 3000 fb”' per experiment
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—— Theory Uncertainty [26]
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Expected uncertainty

Once deviation is detected at LHC or a Higgs factory, we can guess
the new physics scale, thanks to the new “no-lose” theorem. Then we
can go ahead to built next generation high energy colliders.




Higgs: window to new physics

Higgs sector remains unknown

Multiplet Structure (# of fields, symmetry, couplings, )

Higgs Potential (dynamics of EWSB, EWPT, --*)
Yukawa Structure (flavor, CPV, --*)

. . Braathen
Elementary or Composite? Hierarchy?

SM Higgs sector: no principle Tiny Neutrino mass

Extension of the Higgs sector DM candidates
) Phase Transition (1st Order)
— BSM phenomena may be explained CPV sources

TeV scale: testable at current and future experiments



Extended Higgs sectors?

Multiplet Structure (with additional scalars)
dgy + Isospin Singlet,
®dsy + Doublet (2ZHDM),

Oy + Triplet,

Additional Symmetry
Discrete or Continuous?
Exact or Approximate or Softly broken?

Interaction
Weakly coupled or strongly coupled?

g Rho parameter ~ H Multi-doublet (and singlet) structures

FCNC Suppression » Strong constraint on the Yukawa sector
_ Higgs alignment mp Strong constraint on mixing angles

J




Example: 2HDM with softly broken Z2

Vivow = +m3 (@1 + m3 [@2” — m3 (@@ + @], wt
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How SM-like is realized?

A A Friendly with
N N\ _L 1st OPT
: (EW Baryogenesis)
N\ : Cutoff v WIMP
M : Mass scale Radiative seesaw
irrelevant 5 5 5
Higgs alighment
M 1
@ ks~ 1 SMiike
Ve~ My | vV~ m
g W J W= cos(f —a) ~ 0
vt 6 v’ 6
Legr = Lsm + WO( ) Lett = Lnonsm + FO( )
Effective Theory is the SM Effective Theory is an extended Higgs sector

Decoupling Alignment and Non-Decoupling ¢




° ° ° ° )[leDg fa.CtO I
Deviation in couplings
| g'u. gd ge
Scaling factors |
o — g BSM /g M Type-I|cot3 cot cotp
X hXX hXX / Type-1I| cot 5 —tan — tan 3
2HDM :
Ky = sin ( ﬁ _ a) Type-X|cot3 cotf3 —tanp
K i — Sin(ﬁ — C() -+ f fcos(ﬁ —_ C() Type-Y| cot3 —tanf3 cotf

HSM :
Ky = CoS
K = COSQ

I'(h > VV*)psm.

.« L. L F'Ch = ff)sm. 2
Deviation comes due to mixing and also Tho ey T

quantum corrections of BSM particles




H-COUP Project
SK, Kikuchi, Mawatari, Sakurai, Yagyu 2018

Fingerprinting
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Full set of 1-loop corrections (EW + QCD + Higgs) to the decay rates in various Higgs sectors
and future precision measurements make us possible to fingerprint models and

also to get information of inner parameters such as mass of the second Higgs boson

11



Physics of Higgs potential

Core part of EWSB still unknown =
- Dynamics, physics behind EWSB

- Negative mass _ .
- Origin of self coupling V(®) = +p7|®" + A|®
« Relation to new paragigm

- Aspect of EW Phase transition
 First order phase transition?
« EW Baryogenesis
« Mechanism of EWPT, History of the Universe




Higgs self-coupling
EWSB  SU(2); x U(1)y = U(1)em

It is important to know the hhh coupling
to reconstruct the Higgs potential

1 1 1 -
VHiggs — _m}%h2 - _>\hhh,h3 - _)\hh,hhh4 T
2 3 4!
"H#$%8&. . h
| Top loo g
SMloop 3m% Ncm;_l effzct b
Ankh = l—o==—+] |
v 3n2v2ms3 in the SM h
I"HHS%0& () *&+,*&-%./.5& +01.2. *&34.1*&56 NOn-deCOUpling effect \‘\ /7

Sensitive also to BSM physics? Yes.

13



Ex) Case of extended Higgs sector

h
92 4 2\ 3 4 | |
AZHDM Sy, 1 Mg (1 M ) Ny | i
v 29 2 2 20120m 2 = +
v 12m=m3 mg, TEUEmy /O\ N @
Extra scalar Top | h’ ~h ’ )
X op loop
loop O =H, A, H*
Mass of extra Higgs bosons o
5 5 5 V(W)=450GeV ,77(D::}\v3+1\4:
mq):M —I—)\ZU (D =H, A H) 150
m, =120GeV
$POTJEFS UIF/DBTAEMJILF V=’
“h
"U MPPQPXFS WGLGF MY )
sin (0—f)=1

Deviation can be huge
~ 100%

under constraint from
unitarity bounds etc.

SK, Kiyoura, Okada, Senaha,

Yuan, 2003

||||||||||||

0 500 1000

M (Gel)
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1 TWOPT by nondecoupling quantum effect

Effective Potential

)
~ 2 2N\ 2 3 T 4
at finite T (HTE) | Veil9. 1) = D" = Tp)p" - ETp"+ —-¢" +

Pc
T. <1l SM: The condition cannot be satisfied

Non-minimal Higgs can satisfy it due to non-decoupling quantum effects

i | M2\ 2 (when
T = Q{Gmw+3mz+z%mq><1——z> > 1 M<<m )

37rvmh mg

Quantum effects of ®( = H, A, Ht, ---)
Prediction: Large deviation in the hhh coupling

3m2 M2\ ° SM
)\lzzg—h 1__ > A'
hhi v { 20 m2 —I—an) 127r2v2 h ( mé) } . hhh

Grojean, Servant, Welllg, 2005
SK, Okada, Senaha, Yuan, 04 SK, Y. Okada, E. Senaha, 2005




1t OPT: Physics of extended Higgs models

(2

Higgs on'
\ )

A\ Higgs off

\ 2
'

in the symmetric

‘ phase

Gromen) |

EW Baryogenesis

& Generated B number

¢ Frozen inside

babble wall by

the sphaleron
decoupling

Thermal non-equilibrium
-
"HIN&'()  *&+(,"%-)./+()*-0-() D
110').%2/3 " 4567 — 21

1

450

400

350

S.K., Y. Okada, E. Senaha (2005)

| Deviation . in.the-"" _
hhh couplin WBG |
- L vigble

AN/ A = 10%

sin(f—a)=tanf =1 7

- 2HDM
my, = 125 GeV

Me =My =My = My
| | I I | | |

0 20 40 60 80 100 120 140
M [GeV]

16/30



Case of Alighed 2HDM

A|Igned 2HD|\/| K. Enomoto, SK, Y. Mura, 2021 Example ‘ 3401
40-60% deviations g E 10]

(Barr-Zee cancellation used for EDM) in the hhh coupling !

The hhh coupling can be measured at
HL-LHC, or future e*e- colliders

1st OPT can be directly tested HL-LHC
if hhh is measured by 10% level | 27%7?

h!! can also be sensitive to non-decoupling effects

Dewath\n in the hhh coupling (%)
o - K. Enomoto SK Y. Mura, 2021
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roCreelenh S i S

.............................................................................................. D FCC-eej,
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FCC-ee - N 33% (1936/5)

] | FCC €€,

lLC
36% (25/)

D IC,.;
38 % (27%)
cepc\'— 4 | e D 49% (29%) __

ILC|—=—
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\;\\\ NN \[ T :\\l E]CLIC|500 DCLIC‘W
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arXiv:1905\07764
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68% CL bounds on x, [%]  aifutun o colllers Gombined with HL-LHG




GW from 1 stOPT

Bubble Collisions

“Sound waves”

“Turbulences in.the plasma”

“Wall Collisions”
Envelope approximation)

Example
Aligned 2HDM

K. Enomoto, SK, Y. Mura, 2022
107° .
LA
GWs for benchmark 13
. = 107"-
points of BAU §
‘:'Q 10—15 i
They may be tested
by future GW experiments 10-17 |~ BPIb
---- BP2b
10-19 an |
10> 1073 1077 10!

f [Hz]

K. Enomoto, SK, Y. Mura, 2022
Vi =.O.45 4 ‘ 14

400

v
/ nEEl“ (95% CL)

Dotted curves: Sensitivity Curve
M. Breitbach et al., arXiv: 1811.11175

Solid curves: h2Qpisc [SNR criterion]
J. Cline et al., arXiv: 2102.12490
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CPV: EDM in EW baryogenesis models

« 2HDM with softly broken Z2 symmetry Fromme, Huber and Seniuchi (2006); Dorsch et al.(2017);

Basler et al. (2021), -
» Suppressed FCNC

Barr-Zee diagram Observation
* One CP phase Id, | < 4.1x10" %& cm

- CP violation for observed BAU — |d, | = 0(10" ") ecm  Difficult Roussy et al. 2022

. i i ... Fuyuto, et al. (2019); SK Kubota and Yagyu
General 2HDM Viable EWBG as the aligned 2HDM, but (2020). Enomoto, SK and Mura (2021), (2022):

- Assuming the Yukawa alignment for avoiding FCNC

- Multiple CP phases EDM cancellation

- EDM depends on the parameters not related to BAU. ) (\5‘)
L, P
Cancellation among Barr-Zee-type | ! G
diagrams can be used y - 7’L,
/&, S JOAY S
\J - J -

(a) Fermion-loop. (b) Higgs boson-loop.

Is it really necessary?
No. It is possible to built a 2ZHDM without EDM cancellation Aiko, Endo, SK, Mura 2025 19




A scenario without EDM cancellation

M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 23
| BZ-type diagrams are given by light fermion couplings with Higgs Ci

bosons.
If we just switch off them, EDMs via the BZ diagrams vanish,
while the CPV phase in top Yukawa can generate BAU. /

I Still, the CPV phase of the top coupling for EWBG can lead the
top-quark (C)EDM, which causes n, p, eEDMs.

I We examine whether this scenario works or not under theoretical
and experimental constraints.

I The scenario is viable under current experimental bounds, and also
testable at future EDM experiments as well as other experiments.



Starting from the general 2HDI\/I

Higgs basis $
Most general potentlal L TR I BT
—"' g ! [

Davidson and Haber

1
+ 54 (@: P )# + gﬂ#(cb;cb#)# + A D7 D) (D D) + A (D) Dy ) (D] D) (2005)

1 + + + +
+ {(5/1- DL Dy + A DL s + CID#CID#) ®; Dy + h. c.}

(U A, A, 4y € C)
Most general Yukawa sector

L =—

(Q1Yo® uz + Q1Y q® ds +L1Y gP e3 + h.c.)
NEL

Yukawa coupling Y4 for the additional doublet &, is a general complex matrix

e.g. ) Up type _ P22 P12 Pez FCNC couplings are bounded
Yo = | P27 P77 P87 : : :
to satisfy experimental constraints.
P28 P78 Pss
CPV rephasing invariants in the model 1, " #%|

Potential: Im[A7A7], Im[A”2]], Im[A0 4 ]

Yukawa: Im[A: p3gl, Im[A  pggl, Im[4) pgg] (and other p.. related invariants)

21



Our scenario

- $(. )/ ReO' gﬂ.

Discovered 125GeV Higgs is SM like $ 100 . ()1 Re("
" # B i «1 - -4() ] 1m0’ 71
B I[P, Im[2 pld, Im[2) ped i
Top transport scenario R PR

. Yslpsd y . < <
miog~ = 288 {(9 05 — pu)sin(arg [psg]) + (@oup= — @+ pspcos(arg [pgg))} | BAU evaluated by

the semi-classical
method (with WKB)

For sufficient BAU, $%& ¢( ),iS necessary.

If *¢ + * + ,, the tree level potential approximately has - symmetry (! ; " . ! ).
@2, 3 K1
[Minimal Setup for EWBG A
p; =0 (except for pgg) and *y / *. [ *g/ , (A =2 is for T parameter)
\» 0+./ 04,/ 0,810 One available CP phase: arg|A,p:¢| ) 22

M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236



EDM in the minimal setup

Top chromo EDM induces Weinberg operators and light fermion EDMs by RGE

Kamenik et al. (2012);

Hisano, Tsumura and Yang (2012);
and more works
Hs 3

1 loop diagram for top CEDM ¢ g)) ’ )

e.g.) 34,277\ 3

t— \Q%z t (& = Hy, Hoy H)
23




EDMs from top (C)EDM from !" #5 % &

1 - . y 1 ~ ) , 1 o
Lepy = _Qdd)wauuz’\/ﬁ@FW — §Qsdq§<7m/2"/5Ta(]Ga“' — gu,rfacha GvrGer.

pv p
Induced Weinberg operator and EDMs

, d,=18x10"ed,, dy=—-20x10"°¢ d,,
952 t » d, = —-80x10"°d, dyj=—17x10"%d, . .
- ~ 4 \ 2,3
3277 my w=—1.4x 107" GeV~! dy, L Y

hadronization scale ug = 2 GeV wbb;\

Sw® /g =

QCD sum rule

d, = 0.73dy — 0.18d,, + e(0.20d; 4+ 0.10d,) + 23 x 1072 GeV ew,
d, = 0.73d, — 0.18d4 — €(0.40d,, + 0.049d,) — 33 x 107* GeV ew,




Correlation between EDM and BAU in the minimal set up
M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236

Parameter scan m. = [200,500] GeV, uf = [-mZ, 0], |pggl = [0,0.5]
12y | = [0,1], 2 = [0,1], arg[A) pggl = —7/2,v» = [0.1,1/V3]

Sahoo, PRD (2017) Electron EDM

Neutron EDM

|dp| < 2.1x107%° e cm (current)

1072 5 H=mz
JILA (2023)
10—30 4 JILA, Science (2023) BAU 04
g 103! 0.3 —
— i 5
: S 107 > 02
] i g =
] ° e e X é
0.1 33 ] g e = 0.1
Vutha et al. (20T®) =1 x 10-%e om I
i <
Ardu et al. (2024) ¢ o oot
10 LEELELELLRLL | LELELELLRLL | LELELELLRRL | LELELELLRRL | LELELELRALL | L
107 10" 10" 10" 10" 10" 107

B
Viable, and testable at future EDM experiments 25



Phenomenology
1st OPT

Deviation in the di-photon decay and in the hhh coupling, Higgs to

Higgs decays, gravitational waves, primordial black holes, -

p" = (oBry, )onpm/(0Bro, )sm = Ioppy /Tgy = 0.9

CPV
eEDM, nEDM, pEDM,

my+ = 500 GeV
M =0

Colliders (gg — H,/Hs — tt, H+—tb, W-Z, ---)

_ 10.10
Py = 1.04% 69

Flavor physics (B decays, K decays, etc)

Shape of the 2ZHDM

Deviation pattern in decays of h(125) via the quantum effect

Detect heavy Higgs bosons H,3 — tt, H* — tb




Landau Pole

« Extended Higgs model, radiative
neutrino models, etc

« Additional scalars lift up the beta
function to be positive

d
1672 oA = 24X% — 6y7 + AN\,
lu' \ ) \ )

\
SM: negative Extra scalar effect

Positive (A > 0)

Strong 15t OPT — Landau pole

llllll

rrrr

|
Nonperturbaive (A=4r)

\s,=10"" [Ge

llllllllllllllllll

0 [GeV]

SK, Mura 2023

#0108, 5, %+, $.5.%,

dJTp>1 = A<10-100 TeV

20 L O R Y O L B O O A B R MR R

%.l ll 10 100

SK, Senaha, Shindou 2013,




UV theory:

The correspondence between the symmetry structure

of the UV theory and the multiplet structure of the IR theory
SK, Y. Mura, T. Shindou, arXiv: 2509.05934

SU(2),

Confinement if Ng< 4.7
((%)*+,-/%./0)/112223

Classify low energy models by

Coupling

* Number of T; (fundamental Rep)

» Global symm. (Flavor symm.)

- Charge of T; under EW symm.
Discrete symm.

A Additional scalars

make it blow up
NO

Various
Extended Higgs
Models

A

|
|
-r%u rtarbative
|
|
|

~47t /\H“'In' ‘(\-l

N

asymp-

composites super- )
totic

conformal

=i

EWSB: freedom
m A

m Ay
! In
)

coupling
N S o0 o O

Oy

001 01 1 10 100 1000
WA

Murayama et al 2004,
and many references

Asymptotic free
Confinement

SU(2)y gauge symmetry
Flavor structure

A

|
SM [ C&rres 0]
(one doublet) I (even non-SUSY) .

EW A

\

High Energy

(IR) Landau pole (UV)

-\ /1./ — /, /:/ 28




Summary tables

SK, Y. Mura, T. Shindou, arXiv: 2509.05934

Class | n | Charge assignment of the UV model Higgs sectors as a part of the low-energy effective theory
1 2 | y2=1/2 CxSM
2 3 | (y3,ws) =(1/2,41) CxSM, 2HDM, Zee
3 3| (y3,ws) =(1/2,-1) CxSM, IDM (Tao-Ma), SDM
4 3 | (y3,ws) = (3/2,+1) CxSM, Zee-Babu
5 4 | (y3,ws,ys,ws) = (1/2,-1,3/2,—1) CxSM, Zee, IDM (Tao—Ma), SDM, Zee-Babu, AKY, KNT, GNR
6 | 4| (ys3,ws,ya,ws) = (1/2,+1,1/2,—1) CxSM, Zee, IDM (Tao-Ma), SDM, KNT, AKS, N2HDM
7 4 | (T, T>2,T3)" ~ (2,1,8), Ty ~ (1,2,1) | CxSM, Zee, Zee—Babu, GM
Models CxSM 2HDM Zee IDM (Tao-Ma) SDM Zee-Babu AKY
Y,L,Z,) | (0,1,+) | (1/2,2,+) | (L,1,+) (1/2,2,-) 0,1,0) | 1,1, (LL,1,+) | (1/2,2,-), (3/2,2,-)
Class 1,2,3,4,5,6,7 2,6,7 2,5,6,7 3,5,6 3,5,6 4,5,7 5
Models KNT GNR AKS N2HDM GM

Y,L,Z2) | (4,1

=), (L,1,4) | (1/2,2,-), (1,1,—), (2,1,4)

(1/2,2,+), (0,1,-), (1,1,4+) | (1/2,2,+), (0,1,—) | (1,3,4), (0,3,+)

Class

5,6 )

6 6

7

Abbreviation

2HDM: Two Higgs doublet model

IDM: Inert doublet model

SDM: Singlet dark matter model
AKY: Aoki-Kanemura-Yagyu model

UV gauge theory may be the mother of extended Higgs sectors

CxSM: Complex singlet extension of the SM KNT: Krauss-Nasri-Trodden model
GNR: Gustafsson-No-Rivera model

AKS: Aoki-Kanemura-Seto model
N2HDM: Next-to-minimal 2HDM

GM: Georgi-Machacek model




Summary

We have discussed a minimal scenario for EWBG in general 2HDM

| Take 3. = 0 except for 3 to avoid constraints from B-Z type eEDM.

| 45&. 3 ) is the most important rephasing invariant for EWBG.
I In the minimal setup, only 45&: 3 ) causes EDM and BAU.

I Leading 2 loop top EDMs induce EDMs (n, p, e)

I Qur scenario is a viable scinario for EWBG under current
bounds, and would be testable in the future experiments.

I"H$%&'&
O# &+,
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Standard Model:

. -\ ° °
Lagranglan(z | }Gu! GH! | }Wu!wp! | }Bu! g \ Gaug.e interactions
4 4 4 Beautiful being

+ 0 ! D,Q. + L. DL, > determined by

the gauge principle
+Ugi! *FDyug + dgi! *Ddg + eri! FD e

- [vdocrug +[YlQL! dg +[YlQu! eq +(h ) EWSB for mass

Yukawa couplings - Yukawa interactions

2 Higgs .. .
K+|DH! 21 I [ / Kinetic term of Higgs

~_ _J) Higgs potential

J \

V(D)

No principle

Perhaps a beautiful principle behind?

Non-minimal shape? Many possibilities.
32




No Lose Theorem Anything will appear at 1 TeV !

If Higgs exists, its mass should be less than 1 TeV
Or any new physics should appear below O(1) TeV

Otherwise, the Higgs coupling becomes strong at O(1) TeV
(New signature of a new physics scale at TeV)

This argument gave a strong motivation to
SSG (40TeV ppbar) and LHC (14TeV pp).

mmp H(125) discovery in 2012! §



Perturbative Unitarity

W_ W, - Elastic Scattering

aO(WL+W|_‘—>W|_+W|_‘) ~ AE4+BE2+C

Unitarity Violation if A, B+ O atlarge E W
A=0 by the gauge symmetry ”

To make B = 0, diagrams mediated v o

by a scalar field must be added | |
A Higgs field H is required ” 5
to save unitarity v Ty

Inthe SM |C| <1 = m,<1.2TeV

(E—e)

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Lee, Quigg, Thacker (1977)

34



Phase Transition

Vv T>T V T>T,
A A
Yol ) ; <
XC T<
- H - H
1t OPT 2nd OPT
VEV is discrete VEV is continuous

VEV’ is discrete
Bubble created

BSM necessary to realize 1st OPT

Figure by J. Cline

SM
b G phasp l

broken\ 2nd order smooth
phase crossover

Not discrete
75 GeV

= mH
Cross Over
VEV is continuous

VEV’ is continuous
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Correlation among EDMs | |
M. Endo, M. Aiko, S.K., Y. Mura, arXiv: 2504.07705

» Strong correlation among EDMs (dashed: future prospect bounds)

|d.| e cm

|d.| e cm

- All of CPV quantities are correlated by Im[A;p4¢].
— Characteristic prediction of our scenario

* Null results of EDM in the future experiment
— We need to start considering a cancellation mechanism. 41
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Slide by Y. Mura

Extended Higgs models

- As a bottom-up approach, extending the SM Higgs sector opens the possibility
to solve those BSM problems.

- Example of models previously proposed in the literatures

SU(2) doublet extensions w/ singlet scalars w/ doubly charged scalars w/ triplet scalars
Two Higgs doublet model (2HDM)  Zee model == 715 e _ _
(il Aoki-Kanemura-Yagyu (AKY) model Georgi-Machacek model
Inert doublet model (IDM) v o> <g> Adkietal PLBEOI
Lee, PRD (1073); Deshpande and Ma, PRD (1078 ',”’ .\'.:.'»; ! wy ! Chanowitz and Golden, PLE
-~ EW baryogenesis ; j "'_;;x\\e'« Type-ll seesaw model
Dark matter candidates - _;’;:_ . _‘;:\:'_‘ ;_E - N oS e SNy | Magg and Wetterich, PLB (1080), and more
’ oy g H-, L H
Tao-Ma model (w/ RHNS) Krauss-Nasri-Trodden (KNT) model
;' ,-,-—3: PRD (1006); Ma, PRD (2006 e Krauss et al. PRD (2003 \T’
. P x Gustafsson-No-Revera (GNR) model e
o [, AN 1
’ ’ Aoki-Kanemura-Seto (AKS) mode Fig. from Cal, et al. (2017
HEP (2025 v v Aoki et al. PRL (2000 : )
::( . T, A -> Small neutrino masses
-> Small neutrino masses my Dark matter candidates

Leptogenesis Leptogenesis, EW baryogenesis




