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I Introduction

e Extended Higgs models are well-motivated for new physics phenomena and
early Universe physics.

@ (Doublet), S (Singlet), A (Triplet)

e O+S Scalar DM, EW phase transition
c O+ MSSM, Neutrino mass, Scalar DM, EW phase transition, CPV
e O+A Neutrino mass, Scalar DM, EW phase transition, CPV

 The mechanism behind new physics can be closely connected to the Higgs sector structure.

* |tis essentially important to determine the structure of the Higgs sector.



I Higgs couplings as probes of New Physics

New physics effects appear in Higgs couplings.
® Deviation at Tree level
. - h h iy U1\ v
@ Field mixing (h;) = R(x) (H) (@ VEV mixing (v;) =R(F) (0)
v = /v +v5 = 246 GeV

® Loop corrections of new particles
/”

h
H A H,Z, 7"...~ X

* Higgs High Precision may allow us to detect deviations in Higgs couplings.
- Indirect tests provide an important way to probe extended Higgs models.




I H CO U P http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/

Fortran program for decay BRs of Higgs bosons with loop corrections in extended Higgs models.

| Softly broken |
Real Singlet Z2
2HDM (Type)

Complex Real
Triplet Triplet

h ;,5-decays

_ v New !! New !!
Couplings, BR, T

Heavy Higgs decays
BR, T

Loop corrections:  EW and scalar-NLO
. A. Djouadi, Phys. Rept., 457, 1 (2008),
QCD (NNLO, NLO) corrections (MS-bar scheme). s w.spirs, prog. part. nucl phys, 55, 98 (017),

K. G. Chetyrkin, A. Kwiatkowski, Nucl. Phys., B461, 3 (1996)

* This framework can compare the predictions of different extended Higgs models consistently.
* We aim to discriminate the Higgs sector through comparison with precision measurements.


http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/

I Models with an isospin triplet scalar
CHTM (Complex Higgs triplet model) : ® + A (Y=1)
RHTM (Real Higgs triplet model) : @ + A (Y=0)

 New physics

CHTM : Type-ll seesaw, strongly EW phase transition  Cheng, Li (1980), Mohapatra, Senjanovic(1981)

. e Patel, Ramsey-Musolf (2013),
RHTM ’ Strongly EW phase transition Niemi, Patel, Ramsey-Musolf, Tenkanen, Weir (2019)

mWZ

1
myz2cos?0y, 7

* Electroweak rho parameters  PtTree =

 Phenomenologically interesting processes in triplet models
-Ht > WZ Asakawa, Kanemura, Kanzaki (2007), Kanemura, Yagyu, Yanase (2011)

- Characteristic deviations in hVV coupling =2 will explain later
Kanemura, Tsumura, Yagyu, Yokoya (2013)



I Complex triplet model

1
® A A+ ++ Ozi + +1i A0=_6+U +1i
L o 2 A #0 ==+, + i) 7@+ vt in
Y 1/2 1 ?= ¢° A= A0 a* vg + 2v; : 9 9
V2 Prree = 7 +1 Constraints from pey, Vp <<V
: ¢ 4 p=1.00031%0.00019
* Mass eigenstates (PDG2024)

2 =) G (0) G (i) o et
_ (B) ’ - R(ﬁ) ) _ R(CY) ’
(Ai H* 77 A 0 H SM-like Higgs boson triplet-like Higgs bosons

V¢ V¢
* Mass hierarchy Wy Lightest I=) | Heaviest Degenerate
M = s = iy — = =2 s> 0 L) 5 <0 LAY
, =
e Alignment
sin g ~ —9va dmgs __2mj _ 2 ‘ » vp = 0 : Alignment limit
myg —my, [vy +2v; i+ 4vi 4




I Real triplet model

1

® A P’ =—=(p+vy+ix) A = (6 + v,)
S| 1z |1 D = <¢+> =1 (AO AZ) V2
0 2 \A™ A 2 2
Y 1/2 0 ¢ Drree = v t 2Vi +1  Constraints from pey, Vp2<<V 42
h vg o= 1.00031+0.00019
e Mass eigenstates (PDG2024)

=z
oF G b 5 h h H H (tanﬁ=—2ﬂ)
At ]~ R(p) VCES R s (@) 128k SM-like Higgs boson triplet-like Higgs bosons Ve

e Mass difference

A
mfl — mIZJJ_r = (—2 + 24, — 4/13> vﬁ + - Triplet Higgs bosons are almost degenerate.

e Alignment
2v4VA (24307 — 1)
24v5vp = 22,V3 — uvg

sina =

» vp — 0 : Alignment limit



I Higgs couplings at tree level

4 CHTM 0.2
_ Ynxx
Knxx = —sm [
hzZZ 2L
* hWV (hZZ, hWW) couplings | '

CHTM — ] ST

cutm  cosacosB’+ 2sinasinf’ cutm | €OS@ = '
Kh = K = —_ _2L
“z J1+sin2p M cos 5 O
_ ‘/EVA r Zﬂ NN

(tanﬁ = ,tanf’ = v¢) e _4__.”_
_ RHTM
RHTM  (RETM _ RiTm _ 207 (tan,B = —Zﬂ) 6l 1 GeV ~ 15 GeV
hzz hff cos B Vg _
* Alarger value of vpleads to larger deviations Bpe
in hZZ coupling in CHTM. = 6 n -2 0 2
A ke — 1 [%]
A .
K,E?;M ~ Cosa + —— slna
v

(RHTM _ RHTM _ { . 0(v2/v2) Do the .charac.terllstlc dewa‘gons pattern appear
hzz — Rnff = A even with radiative correction?



I One-loop calculations for 125 GeV Higgs decays

Calculation setup
* On-shell renormalization

Gauge dependence is removed by pinch technique

* One-loop corrected decay rates
Aiko, Kanemura, MK, Sakurai, Taniguchi, Yagyu (2026)

F(h — XX) — 1_‘LO (h - XX)(]- + A%/X + Ag)(,(‘g Kanemura, Mawatari, MK, Sakurai, Yagyu (2019)
h-ff, h->Vff, hhh
h—-vyy, h-7Zy, h-gg (EW-LO)
Ex). h—Vff {< ______ é< ______ {< _____ @<< é
MS-bar QCD corrections (NNLO)
v
A. Djouadi, Phys. Rept., 457, 1 (2008)




I Constraints (CHTM) T | Heaviest
€ EW precision observables o I

(miemy2 = msv? el AT Aoy (V2 + 2V3)
2(v? + 2v3) V2 Gem2v2(1 — Ar)
Ar 5 — 5 In(my: — M) Larger varequires a
" larger mass splitting.
® h->yy 2
t W+ HewHe H++'H+m
F(h'ﬁﬁm}r)HTM — C): +--- + - S %+ %ZE
i S

»

€ Perturbative unitarity

LHC constraint (|Ag,, | < 0.18 (20)) JHEP 07 (2023) 088
myz+ = 800 GeV for vy =15 GeV

Upper bound for my++ my++ S 900 GeV

Aiko, Kanemura, MK, Sakurai, Taniguchi, Yagyu(2026)

ghtest = 300 GeV

A,=0,m

100
Am [GeV]

120

RIS ¥ WS LW P Y=o P X
600 700 900

mpu [GeV]
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r'™rp - xXx]

I h =2 ZZ* and h 2tt with NLO corr. sk xx=150—1 -1

LO o Preliminary NLO CHTM
2 YCHTM : » CHTM 300 GeV < my < 1TeV,
. 0 <Am < 150GeV
0 0 0 < A4_ < 41T
R, R,
i = RHTM
N RHTM -
N « 2HDM- - 2 B . 2HDM- 200 GeV <m + <1TeV,
s e 2HDM-I o of © TWRY L oHDMA H
E L HSM 1 ?5’ &l d o HSM 0.1 GeV <v, <4 GeV, (« EWPO)
: ICIZDHMTM HS 7, = 1 GeV : ..'\ . I([Z)HN;M HS 7, = 1 GeV 0< /12 <4m, —4n < /13 <A4r
=l + CHTMHS vV, =10 GeV | _sl 3 « CHTMHS v, = 10 GeV |
« CHTMHS 7, = 15 GeV : £ RHTIVI « CHTMHS 7, = 15 GeV H* 7
e RHTM _ e RHTM h RN
~190.0 275 S50 =25 00 25 50 75 100 1900 =75 5.0 =25 00 25 50 75 100 --=4 »-
AR(h - TT) [%] AR(h - TT) [%] Ao _ 743
H+ z
. . 2.,2
CHTM : Even at NLO, I'(h—> ZZ*) can exceed the SM prediction. ARCh = 22°) ~ — Asv
64'7T2m2+
H_

RHTM : At LO, the deviation is negligible,
At NLO, can reach several percent due to non-decoupling loop effects of triplet Higgs.

S NLO corrections make otherwise hidden new-physics effects visible. =



| h2z*and h > yy skt - = S

Preliminary o CHTM
IS IS SRS RIS MRS SRS SRS M _ h = yy can be significantly deviated from SM.
2
NLO | > CHTM RHTM | AR(h>vyy)=—20%inmg,,,>m, >m,
Y " | AR(h->vyy)= +10%in my>m,, >m,,,
Xl
P RHTM
N _, ° - -20% <AR(h > yy )<+ 10 %
é o 2HDM-I _
A S-S % e t Future measurements :
e i 1] » CHTMHSV,=1GeV 1
sl + CHTMHS,=10Gev ] [(h—>yy) ~2.6% @ HL-LHC [2504.00672 ]
| il e e | rh - ZZ*)~0.5% @ ILC250+550 [2503.19983]

195750 -15 -10 5 0 5 10 15 [(h->tt) ~1.2% @ ILC250+550
AR(h - yy) [%]

Both models : Expected to be distinguishable from other models through deviation patterns
in certain parameter regions at future indirect test.



I Summary

* Precision Higgs measurements provide indirect probes of extended Higgs sectors.
e CHTM and RHTM predict characteristic deviations in the hVV couplings.

* NLO corrections significantly modify the Higgs decay rates:
-h = ZZ* can exceed the SM prediction in the CHTM
- Non-decoupling effects can generate a few-percent deviation in the RHTM.

* Correlations between h - zz*and h - yyprovide useful information for distinguishing
Higgs triplet models from other extended Higgs models.

* These characteristic deviation patterns can be tested at the HL-LHC and future e+e-
colliders.






. % A @O :%@W rip) SUR) U@y
=10 + - A+ .
¢ A = 1 | o 2 1/2
A = \/—5(5 + (2N + lﬂ) A 3 1
Cheng, Li (1980),
€ Neutrino mass | Type-Il seesaw Mohapatra,
Senjgpovic(1981) (®)
— . ~ ”
L, =hi;L* itoALl + he _ N Lo
v [ el § L A[U B hid I«L’U(Qb s%,
Majorana neutrino masses are v M3 ' A
: > ' €
generated via the LNV parameter [L . Ve pil v,
10.0017 v, - doublet
® The rho parameter Pexp = 1.0008 _gog07 VEV
Moy WIRJCE ~ oy
o is not equal to unity at tree. Gggv\? 4 7
2 242vp%
We need toset v, /v, <1 p=—%— = v¢2 vAz # 1

i



I Global symmetries

This potential respects additional global symmetries in some limits.

tiggs = M2 ®T® + M2Tr(ATA) +(1pTiro AT® + h.c]
+ A (@)% + Ao [Tr(ATA)2 + A3 Tr(ATA)?
+ M\ (@TD)Tr(ATA) +®I>ngTq)

When the u term is absent, there is the global U(1) symmetry in the potential.
This symmetry conserves the lepton number.

‘ Mass formula appear in this limit.

— 2 2 _ 2 2
éj — mH++ — mH+ - mH+ - mA)
Am = mpy+ — Myjjgpes,  With my = my

@ When both the u term and the A5 term are zero, an additional global SU(2) symmetry appears.
This is the symmetry which rotate the doublet field and the triplet field with different angle.

In this case, all triplet-like Higgs bosons are degenerate in mass.

2 _ 2 — oy 2 — 2
= Mpyt+™ =My =My~ = My



I Real triplet model

V(®,A) = mjd!® +mi Tr(ATA) + 0! Ad

+ %(qﬂ@)z + % [Tr(NA)r Ty (cI)ch) Tr(NA),

o — ot AL A0 At p AO_L( 4 )
— (U¢+¢_|_ZGO) 3 —\/5 A- _AO W1 —\/§‘UA )

tanf = — 28 tanoa— —2Mi v 2303 — dpva
Vo Miy = M3, s )\1@35 — AU — uv?b/(élvA)







T. Blank, W. Hollik
(1998), S. Kanemura, K.

Renormalization 599, Kenem

Chankowski, S Pokorski,
J. Wagner, (2007); M. -C.

> The mOde] With SM 'Otree:7 Jcahcir;oi. ([;g\évgfﬂ o

« Lagrangian parameters ¢ ¢ ¢ g gV

« Physical parameters ¢ ¢« < m,,m,,sind,, G-, a

« Renormalization conditions
On-shell condition

Rellzz(pP)losy2 = 0, 5m = Rell}b (m2),

em -

R H 2 = 1P
€ WW(p )|p2:m%v O, 6mW - RQH (mW) O om _ d i '}SW HI?(D)

d*} W{p}lp =0

=
Fem CW m:j:

» The model with HTM o, #7 e

- Lagrangian parameters ¢ ¢ o g g v, v, " miost, B'is a mixing
« Physical parameters ¢ ¢« m,,m,,sin, , G-, a_gngle among

« Renormalization conditions CP-odd scalar
2 552 2 Sm2 field.
. my, OSyy Cﬁ, om oMy,
SmZHW;tl—mz —> — = 2[ L - — 5B is
A Sw Sy \ Mz My, _
I —— determined by
Sy = —oCy

2
m 2 2 2 2
costy? = W ) 2y (omd smy gy
m ml+ ) my my  (1+c)) p® =my?,0




I Renormalization in EW

» Parameters; my,my, sinfy, Gg, Qom,

TQem 2

V2my2sinOy2

2myy
mz2(1+cos2Br)

> Relation; Gp = , C0S%0y, =
> Input parameters ; my, my, agp,, SinBy,
= B’ (mixing angle among the CP-odd

scalar field)
> Parameter shift; my? - my? + émy2

mzz - mzz + 5mzz,
aem - aem + 6aem’
sin® Oy, — sin?6y, + 6sin?6y,

> Renormalization conditions ;

Reﬁww[f?l%v] = 0, - 6mW2 Reﬁzz[ﬁl%] = 0, - 6mZ2’

fﬂee[qz =0, =p=m,] = ey,

-




IRenormaHzation in Higgs potential

. . (a: Mixing angle among CP- even Higgs bosons,
> H 188S pOtentlaI f: Mixing angle among charged Higgs bosons)
. Parameters -+ = = v, a,B, B, Myss, My My, My, M

» Counter-terms

Tadpole: o074 07,
Wave function renormalization : 02,, 02, 0Z,, 0Zzy, 02y, , 0Zg,, OZy,r, OChy, OCusp, OCu . c.

» Renormalization conditions

—————— +_-®__ .|._-.,_

21 — .
6m<p2 . . l'[(pq,[m(p ] = O, U‘ZmW Sln29W
T aem , 2 2
L. ) ov 1 (om Scv 0S
Sv - v o Renormalizations in the gauge sector, » A _—[ = - Cem _QW)
14 2 my, Tem Sw
Sa  + + + Hyuplmu?] = 0,y,Imy?%l=0, No mixing on-shell
6B+t MagImy?] = 0,,6[mg2=0, No mixing on-shell
1+ 55 2y 2y
S - 5B = ﬁéﬂ,. tan g = \Fjlﬁ, tang’ = #,




I NLO calculations

[(h > XX) =Tpph » XX)(1 + AR + ALY

Renormalized hVV coupling Other EW corrections
Z(W) Q
""""""""" ZNwW?)
2 Q. vy
I S (®) ©
Z% vyt (W)

N, - <<\ ........ </ ______ Og

(d) (e)

We have to calculate renormalized hXX couplings.




I Alignment in Higgs Physics
* What is the “alignment”? - Modifications of the h,,: properties from the SM predictions.

« Numerical definition — Deviations in h,,.-couplings = mixing angle parameter (Tree level)

> Field mixing » VEV mixing

(Z;) = R(@) (Z) (:2) = R(f) (g) v = 246 GeV
w

Alignment limit

SM

h: ----- SM mixing angles .
Zi i Mixing parameter = 1 Ihvv

/ = Ghww X parameter

Mixing angles = “Alignmentness”

[degree of alignment]

24/26



I Yukawa interaction

» 2HDMs with the softly broken Z, symmetry as an example.

O, - + O,

Type X Type Y
(])2 — — C])2 Typel Type 1L (Lepto‘:'lpsepecific) (Flipped)
Can avoid FCNC. | d
4 types of Yukawa interactions = ssm e.q. Radiative seesaw
Yukawa couplings
K]’c‘ = sin(f — a) + {rcos(f — a)
n ] ) Cu Cd Ce
The form of k¢ depends. on the Higgs field Type-] cot cot cot
that couples to the fermion. Type-II cot —tan B —tan B
Type-X (lepton specific) cot B cotf —tan
Type-Y (flipped) cotp —tan B8 cotp

25/26



(s =14 TeV, S2, 3 ab’ per experiment

Total ATLAS+CMS
— Statistical Projections ESPPU 2026
—— Experimental
—— Theory Uncertainty [%]
294 4% Tot Stat Exp Th
1{}, — 1.8 0.7 0.9 1.3
Kw E— 1.6 0.7 06 1.3
Ky, = 1.6 0.7 05 1.3
Kg — 24 08 0.7 2.2
K; = | 3.4 08 09 3.2
Kb —] 36 1.2 1.2 3.2
K, = 1.9 0.8 0.7 1.5
Ky B 3.0 27 09 1.0
Kz BV : | 6.8 59 1.6 3.0
0 002 004 006 008 01 012 ATL-PHYS-PUB-2025-018

Expected uncertainty



I Expected Higgs coupling precisions

@ FCC-ee @ LCF(ILC)
Coupling HL-LHC FCC-ee  FCC-ee + FCC-hh LCF, 250 GeV 250 + 550 GeV 250 + 550 GeV
1.3* 0.10 0.10 Higgs couplings  L[ab™'] 3, pol. 3+4, pol. 3+8, pol.
rw (% . . . -
H 1.4 1.04 87
ki, (%) 2.5% 0.38/0.49 0.33/0.45 g(Hee) 5 0 0.8
« 9(Hgg) 1.31 0.86 0.70
kg (%) 2 0.49/0.54 0.41/0.44
(%) 1.6* 0.46 0.40 g(HzT) 0.83 0.61 0.53
o | | | g(HWW) 0.34 0.24 0.22
Ke (%) - 0.70/0.87 0.68/0.85
Ky (%) 1.6* 1.1 0.30 9(HZZ) 0.34 0.24 0.22
nzY (%) 10° 43 0.67 g(Hvyy) 1.02 0.98 0.94
ﬁ;:(%) 3.2* 3.1 0.75 9(HyZ) 7.51 5.75 5.41
Ky (%) 4.4* 33 0.42 9(Huu) 3.87 3.68 3.53
| ,ﬂu\ (%) _ +29 +29 Higgs widths
T (%) _ 078 060 total width 1.39 0.97 0.85
Biw (<,95% CL) 1.9x1072* 5x10°4 23 % 104 width to invisible (95%CL) 0.36 0.33 0.31
Bunt (<,95% CL)  4x1072* 68x10° 6.7 x 103 width to unclassified (95%CL) 1.53 1.23 1.11

2504.00672 [hep-ex] 2503.19983 [hep-ex]



° S2 scenario (14 TeV)
= F ' ; 1 ' ' =
O W t O S e a rC a t C O I e rS = - ATLAS+CMS Spin 0, Gluon fusion production
N 10% | Projections ESPPU 2026 Narrow Width Approximation =
N = 95% CL upper limit =
@ L Expected ]
Direct searches of heavy Higgs i
Q = 5
9., = -
© 10 S T 0 O\ "t |
’ Z . e TS\ 0 Tt ttmeeeea- E
P 4 [ N
X _. 1

-= .\ E = 3ab" per experiment _§'
N [ - === 139 fb" (CMS-only, 13 TeV) .
N Z 10" Real singlet (b, =100 GeV, 6=0.2) E|
F —a,=05 —a,=10 :

1 L L f L

1072

Indirect test by A —precision T
. 2504.00672 [hep-ex]
In SM : couplings < masses

Deviations from the SM predictions = New physics effects

SM
__h_ /Precision measurements of h

Higgs factory I
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10°° 108 106 104 200
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[Melfo, Nemevsek, et.al., PRD85 (2012)] [Ashanujjaman, Ghosh, JHEP 03 (2022)]



LO, 2HDM: cpq < 0 NLO, 2HDM: ¢p_q < O
2 \ 2 ]
— : s : '
S 1) \ CHTM S 1 cHM
N O:Type_| Type-II N OZType—I / Type-II
T 0
s -1 ‘_ < -1 D ;
~ _ e 7o =15GeV | E e vp=15GeV .
: HSM L : i HSM :
< 5 o 7a=10GeV- a4, o 7a=10GeV
[ o 7a=1GeV | I o 7a=1GeV |
Y P A R L SS2S St S S et S I P Y | '
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Figure 9: Predictions for Amy ¢, (upper left) and Ap., (upper right and lower left),

_ together with the allowed parameter points (lower right) in the HS. _
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Figure 16: Correlations for the deviations in the decay rates in the LS. The color code is
the same as that in the HS.
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I Renormalization

& p=1 (SM, Two Higgs Doublet Model)
* Independent parameters m,,, m,, a

em

e Need 3 Renormalization conditions
Resz(p2)|pz=m% =0, ReHWW(pz)Ipzzm%V =0, 1W[q">=0,p, = p,=m,]=iey,

& p #1 (HTMs)
« Independent parameters my,, m,, a,, 0w

 An additional condition is required

56y : detemined by B8’ renormalization (CP-odd scalar-field renormalization).

cosOy,* = 2my° 05y = —0Cy
w - 2 12
m,4(1 + cos 2 2 2
z°( ) ‘ 2my, om; omy,  2sgcp

- W 5B
my(1+cz)\my  my  (1+c5)
T. Blank, W. Hollik (1998), S. Kanemura, K. Yagyu (2012), P. H. Chankowski, S. Pokorski, J. Wagner,
(2007); M. -C. Chen, S. Dawson, C. B. Jackson (2008), ), M. Aoki, S. Kanemura, MK, K. Yagyu (2012)




Renormalized

-W parameters

Ay =5 My o = 300 GeV
Ar = — — =~ —3 20.6 vA=1MeV
Xem Gp my, Sw Tl mem v, =5GeV
> Input = 80 K
5 ~
asl = 137.035989, Aag,, = 0.06635, Q. 304 -
Gp = 116637 X 107° GeV™%  my = 91.1876 GeV, EB = == B TR
a, = 0.118, m, = 173.5 GeV, 80.3F — e —
B Casell ,-° R
m, = 4.7 GeV,  m, = 126 GeV, (86) AR n
802 LiiritiiesttTT Casel ]
80 1 | | | | | |
0 20 40 60 80
Case-| Case-l|
vp S 1GeV 0 Am <s50GeV 0 Am < 30GeV
vp = 5GeV 40GeV<s Am < 60GeV 30GeVs Am < 50GeV

100

vi = 10GeV 85GeVs Am < 100GeV 710GeVs Am < 85GeV
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Figure 1. Example Feynman diagrams showing the production of the triplet-like Higgs at
the LHC: Drell-Yan (left and middle) and ggF (right).
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