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Introduction

Problems in the SM . Baryon asymmetry of the universe

. Dark matter

- Neutrino tiny mass etc.

SM must be extended to solve these problems.

Extended Higgs model - One SU(2); doublet is an assumption in the SM.

. The above problems can be solved.

Determination of the Higgs sector is important.

How to determine

. Direct searches of BSM Higgs bosons

. Indirect searches through precision measurements of SM-like Higgs boson



Extended Higgs models

Electroweak rho parameter PDG2020

Representation of Higgs fields that relates to the EW symmetry breaking is
constrained by p ~ 1
_ myy > vi Ll +1) = Y7
Ptree = m?, cos? Oy B 2> viY?

Extended Higgs models with p,.. =1

- Higgs singlet model: doublet @ + singlet §
- Two-Higgs doublet model (2ZHDM): two doublet @, ®,

+ Higgs-septet model: doublet + septet (I. =3, Y, = 2) Hisano, Tsumura PREST (2019

Kanemura, Kikuchi, Yagyu PRD88 (201 3)

* Georgi-Machacek model: doublet + real and complex triplet  ceorgi and Machacek NPB262 (1985)

In this talk, we study ZHDM as a representative



Two-Higgs doublet model

The model with two scalar doublet ®, and ®, with Y =1/2

V(®1, p) = m2|®1|” + m2|®s|” — m2,(®1 Dy + h.c.)

W
1 1 2 d; = (L | L )
+5)\1|<I>1\4+5)\2|<I>2|4+>\3\<I>1\2|<I>2|2+)\4‘<I>J{<I>2| + 5 [((I)J{CI>2)2+h.c.}, : o5 (Vi + hi +iz;)

2 _ 21,2 _
ve=vy + vy, tanf = v, /v,

Scalar particles
h, H (CP-even), A (CP-odd), H* (Singly charged)

Discrete symmetry

Softly broken Z, symmetry suppresses tree-level flavor changing neutral currents.
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| ‘ Four types of the Yukawa interactions
Glashow, Weinberg, PRD15 (1977)

Paschos, PRD15 (1966) Barger et al. PRD41 (1990), Aoki et al. PRD80 (2009)



Higgs couplings in 2HDM

Higas basis Davidson, Haber, PRD72 (2005)

H, only obtains the vacuum expectation value.

— Cﬂ Sﬂ Hl tanﬁ — ﬂ
—S38 € H2 7 Vo

5 H;: SM-like doublet

In the Higgs basis, the charged and CP-odd states are mass eigenstates, while the
CP-even scalars are not mass eigenstates in general.

G+ HT 2 M%l M%Q



Higgs couplings in 2HDM

hi\ [ cs—a Sg—a\ (H
() = (2, 22 (B) s

There are two distinct scenario
. Scenario-l : h is the SM-like Higgs boson

. Scenarlio-ll : H 1s the SM-like Higgs boson  J Bernon et al. PRD93 (2016)

SM-like Higgs boson’s couplings are modified from the SM values.
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Higgs couplings in 2HDM

Higas signhal measurement

ATLAS Preliminary
New physics effects are parametrized by scaling (s =13 TeV, 36.1 - 139 fb”
m,=125.09 GeV, ly 1<2.5 — R -
factors «.. H Y _@Bi =B, =0
Kz - ' 0.99 +0.06
P—— my an rp = i Kw - ' 1.06 + 0.06
i ow TP Kt ———— 0.87 +0.11
Kp —— ' 0.92+0.10
At LO In the 2HDM, K, - .07 0%
K — - 0.92 +0.07
5 ¢ ' -
Ky = 88—as Kf = 58—a — CfCh—a g | : | 1.040.06
H - Ky I —-0-— _ 1.37 ig'.g%
Ry = Ch-a; Kf =Ch-at(fSp—qa Kz — | 092+00
Bi. I B;=B,=0 | 1 -
B B pSM=33°/O = )
“ L | |

Higgs signhal measurements tavor Higgs alignment

scenario with Sp_q=10rcs ,=1
a 2/ ATLAS-CONF-2021-0563



Higgs alignment in Scenario-|

Higgs alignment

tan 2(0 — «)

_ _ZM%Z ~ 0 M2 _ (Mil M;Q)
Mi =Mz, even o \Miy Ma,

Alignment w/ decouplinc

M%1 — f(Ai)UQa M%z — Q(Az’)?ﬂa -/\/@2 = M* + h(Ai)027 M? = m%z/(%%)

The size of the numerator Is constrained by

] 1
Allowed region
“from theoretic

perturbative unitarity.  Lee Quigg, Thacker PRD16 (1977) 0.9 [constraints
When M? - oo, tan2(f — @) = 0. Gunion, Haber PRD67 (2003) 3O
1+ . E 0.97
Additional Higgs bosons decouple from EW scale
0.96|-
m%{) = M* + fCID()\z')U2 — 00O Appelquist, Carazzone PRD11 (1975)
095500 200 600 800 1000
m, GeV

If tan2(f — a) # 0, additional Higgs bosons cannot decouple.
Kanemura, Kikuchi, Yagyu NPB896 (2015)



Higgs alignment in Scenario-|

Higgs alignment

tan 2(0 — «)

_ _ZM%Z ~ 0 M2 _ (Mil M;Q)
Mi =Mz, even o \Miy Ma,

Alignment w/o decouplinc

M%l — f(Ai)fUZa M%Q — Q(Ai)”UQy M%z = M~ + h(Ai)’UQa M? = m%z/(sﬁcﬁ)

g(1,) can be zero so that tan2(f —a) - 0

1
g()\z) — —5 ()\16% — )\28% — )\345625)825 — O, )\345 = )\3 + )\4 + )\5

The additional Higgs bosons remain on the EW scale, m3 = M?* + fo(\;)v”

Alignment w/o decoupling is a favorable scenario for BSM problems.

e.g. Electroweak baryogenesis, Muon g-2, CDF anomaly on my,



Higgs alignment in Scenario-l|

Higgs alignment

9 AA2
tan 2(8 — a) = 2Mi

Alignment w/o decouplinc

a O? Mgven — ( 2
M%l — M%Q M1

2

Mip = f(N)v?,  Miy=ghi)v?, Msy = M? + h(\)v7,

g(1,) can be zero so that tan2(f —a) - 0

1
g()\z) — —5()\16% — )\28% — )\345625)825 — O,

Since m, < m,, we cannot take decoupling limit.

A345

m; = M?* + fr(\)v* with cg_o =1

The additional Higgs bosons remain at the EW scale,

m3, =

2

M? =mi,/(spcs)

M2

= A3+ A\ + A5



Scenarios in 2HDM

Mass Mass Mass
_I_
H, A, H-
- 299 H A. H*
Mixing ~ 1/M? P ’ ’
f Mixing? +
A, H-
125GevV + h 125 GeV h 125 GeV H

\ Mixing?

299 h

It deviations In the Higgs couplings are measured, the mass scale of the
additional Higgs bosons can be deduced.



Higgs production at lepton

Higgs strahlung process

Higgs strahlung process is the main target at future
lepton colliders (CEPC, ILC, FCC-ege)

. o(e*e” — hZ) takes a maximal value at y/s = 240 — 250 GeV.

. o(ete” - hZ) can be measured by using the recoill mass

J. Yan et al. PRD94 (2016)
m2)(24/s)

We can directly access the g,,, coupling

technigue.

Z boson energy @ E, = (s + m> —

o(ete” — HZ) is suppressed by ¢;_ due to the sum rule.

my
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Higher-order calculation

oM = sﬂz_ ooy — The size of deviation is 6(1) %

- LHC data indicate a SM-like scenario s;_, = 1. -

= W >}f/ >——d
Loop corrections — The size of deviation is 6(1) %

Each size of correction is comparable. }

Experimental accuracy

Ac(ete™ = hZ) = 0.26 % at CEPC 240 GeV, 20 ab™! Snowmass: 2205.08553 (2022)

Higher-order calculations are essentially important.



Higher-order calculation

From-factor decomposition [ EERUES
Aiko, Kanemura, Mawatari, EPJC81 (2021)

Helicity amplitude can be decomposed as THY = g
3 Ty" = kiz(pe + pe)”
MU}\(Sa t) — Z Fi,a(sv t)M’i,aA(Sv t)a Mi,d)x — jayﬂ(pevpé)TiMV(Sv t)f—:jj(kz, )‘) Téw ~ k%(pe N pé)y
=1
Z et A
Renormalized quantities W
e~ \h
Fz‘(j;) = F/7 + F. )+ Ff + 77 + thany S “
+ F il,_IaZZ + F i,AJT 4,_5 ______
(d)
UV divergence: improved on-shell scheme Kanemura, Kikuchi, Sakurai, Yagyu, PRD96 (2017)

Gauge dependencies are removed by utilizing the pinch technigue

IR divergence: regularized by finite photon mass, and photon mass dependence
IS removed by adding a real photon emission.  Kniehl ZPC55 (1992); Denner et al. ZPC56 (1992)



Scenario-l with s,;_, =

(P.,P:) =(0,0), AR" =oxp/osm — 1
'Il'ype-ll ZHDM I Sgp—a = 1

— tanf=1.5

LO . No deviation

Olelaligcllgls® - Vacuum stability

. Perturbative unitarity

. S and T parameter

We find almost no difference among all Types.

. A few percent deviations

. Decoupling
T. Appelquist, J. Carazzone PRD11 (1975)

Vs =250GeV .

~%00 | 500 1000 2000
Mo( =My =may=my=) [GeV]

Aiko, Kanemura, Mawatari, EPJC81 (2021)



Scenario-l with s,;_, =

—EW
(P.,P;) =(0,0), Ay : Each NP effects

Type-l 2HDM : s5_q =1, tanf =1.5 =S + No deviation

Olelaligcllgls® - Vacuum stability

. Perturbative unitarity

. S and T parameter

; — L \\ /
> — 7 \ / . . .
< —2f o ] We find almost no difference among all Types.
! _
— hZZ v
— hZV \\ 1, - . .
_3[ — heé 1 | _‘ Results . A few percent deviations
— Box -
— Mz | - D lin
— Vs =250GeV ecoupiing
— - - - A T. Appelquist, J. Carazzone PRD11 (1975)
%00 500 1000 2000
m¢( = My=Msy= mHi) [GEV] . The hZzZ vertex giveS d

dominant contribution
Aiko, Kanemura, Mawatari, EPJC81 (2021)



Scenario-l with s, , # 1

(P.,P-) = (0,0), AR" =oxp/osm — 1
Type-l 2HDM : 55 _4=0.99, g« <0

— tanfB=1.5
— 3.0

LO . 2% deviation

Olelaligcllgls® - Vacuum stability

. Perturbative unitarity

. S and T parameter

Results . Loop effects are comparable

- Non-decoupling

JO \ j - The heavier masses lead to
> v\\ -
| larger effects.

- Vs =250GeV Ve
000 | | 500 1000
Mo( =My =may=my=) [GeV]

Aiko, Kanemura, Mawatari, EPJC81 (2021)



(Pea Pé) — (07 0)7

—EW

Ax

Scenario-l with s, , # 1

Each NP effects

Type-l 2HDM : 554 =0.99, ¢5-4<0, tanf=1.5

SRENEEEE

hzzZ

heée
Box
n,ZZ
Ar

V5 =250GeV -

~400

500 1000

Mo( =My =mua=my=) [GeV]

Aiko, Kanemura, Mawatari, EPJC81 (2021)

_Constraints_
__Results__

Constraints

2% deviation

Vacuum stability
Perturbative unitarity

S and T parameter

Loop effects are comparable

Non-decoupling

- The heavier masses lead to

larger effects.

The hzZZ vertex gives a
dominant contribution.



Correlation in Scenario-l : AR" vs. AR 20

(P,.P.) = (—0.8, + 0.3)

e’ €
o Deviation in ¢ x BR

40;. | | | | | | | | | AR B O'NP(€+€_ %hZ)BRNP(h%XY)
F AY T ggm(ete = hZ)BRgm(h — XY)

| Type-l |

10 _ | |~ | | | | | | -
OE \L‘ Type-X | . Each type of 2ZHDMs shows a different
- D ‘_‘ _

1

correlation.

ARPZ [%]

-10

. Type-l 2ZHDM, HSM and IDM show the almost
same correlation.

Experimental accuracy vtk

AR =028 %, AR* =084 % at2 ¢
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Aiko. Kanemura, Mawatari. EPJC81 (2021) Sizable deviations to detect at the CEPC.



Correlation in Scenario-|

AR vs. AR, 21

(P,,

50 [

ARNZ [%]
o

—50 *

P,) = (—0.8, + 0.3)
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Aiko, Kanemura, Mawatari, EPJC81 (2021)

Type-I ZHDM shows a different correlation
from the HSM and the IDM.

Experimental accuracy

AR, =1.06 % at2 o

2205.08553

If mgy S 1 TeV, deviations can be detected at

the CEPC.

Further discrimination

h — yy might be useful.

hZ __
(ARW o

6.04 % at 2o)

— Combined study with the HL-LHC



Higgs strahlung in Scenario-l|

Benchmark scenarios Xie, Benbrik, Habjia, Taj, Gong, Yan, PRD103 (2021)

BPs Sg—a | tanpB | my, |GeV] | myg |GeV] | my [GeV] | my+ [GeV] 172 )
—m
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BP2-H || -0.03 | 2.16 95 125 600 600 v
Aweak(e—l—e— — ZH) — O'NP/O'SM — 1
21 2:
1 1;—
0 of- / —
2 - EI=
S -2 —type IA=-132| T E — type Il A,=-6.50
L —type 1A,=-0.32 | E — type Il A,.=-5.78
;3 -4 — type | A,=-0.30 ;9’ SE — type I A ,=-5.74
q;D<1 5 °;’<] —55_ \/
-6 ‘6;— T
-7 —7;—
- 300 400 500 600 700 800 900 1000 8= l3(I)0l - l4(I)0I - l5(1)0l - l6(I)0l - l760l - l8(I)Ol - l9(1)0l — ‘IIOOO
Vs[GeV] \s[GeV]
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Sizable deviations to detect at CEPC even with ¢;_, ~ 1



Conclusion and discussions

Conclusions

. ete™ = Z¢ I1s a target process at future lepton colliders (CEPC, ILC, FCC-ee).

. The size of the deviation tells us a scale of new physics.
. The pattern of the deviation tells us the structure of Yukawa interactions.

. Theoretical calculations with NLO EW corrections are available in various models.

Z2HDM : Lopez-Val et al. PRD81 (2010); Xie et al. PRD103 (2021)

IDM : Abouabid et al. JHEP 05 (2021)

MSSM : Chankowski et al. NPB423 (1994); Driesen, Hollik, ZPC68 (1995);
Driesen et al. ZPC71 (1996); Heinemeyer et al. EPJ C19 (2001)

cMSSM : Heinemeyer et al. EPJ C/76 (20106)

Same renormalization scheme — Model discrimination

Extension of model space (HSM)
Our work {
Helicity-dependent cross section



Conclusion and discussions

Conclusions

. ete™ - hZ I1s a target process at future lepton colliders (CEPC, ILC, FCC-ee).

. The size of the deviation tells us a scale of hew physics.
. The pattern of the deviation tells us the structure of Yukawa interactions.

. Theoretical calculations with NLO EW corrections are available in various models.

Discussion

. Can we Investigate almost gaugephobic Higgs boson via ete™ - ZH ?

. Validity of the narrow width approximation for Z boson. Chen et al. Chinese Phys. C43 (2019)

- NNLO EW corrections are smaller than the estimated experimental error?






HSM with ¢, = 1

(P.,P.) =(0,0), AR" =oxp/osm — 1 (P., P;) = (0,0), Ziw . Each NP effects
X HSM:c,=1, us=0, M?2=0 X HSM:cy=1, us=0, As=1, M2 =0
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HSM with ¢, # 1

__EW
(P.,P:) =(0,0), AR" =onp/osm — 1 (P.,P:) =(0,0), Ay : Each NP effects
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IDM

(P.,P.) =(0,0), AR" =oxp/osm — 1 (P., Ps) = (0,0), Ziw : Each NP effects
IDM IDM : A, =1
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