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Introduction

Standard Model (SM) Is amazingly consistent with the experimental data.

However, there are Beyond the Standard Model (BSM) problems:
Baryon Asymmetric Universe, Dark matter, Neutrino tiny mass etc.

One Higgs doublet Is assumption in the SM. Extended Higgs models can solve
above BSM problems.

We can characterize extended Higgs models by
1. Number and representation of Higgs fields
2. Typical mass scale of new scalars
3. Structure of the Higgs potential etc.

We study the explanation of the current experimental constraints in terms of the
global symmetry of the Higgs potential in two-Higgs doublet model.




two-Higgs doublet model (2ZHDM)
The 2HDM consists of two scalar doublet @, ®, with ¥ = 1/2

¥ Higgs potential
V(®1, O3) = m2® Dy + m2dL0y 1 (m2,8Idy + h.c.)
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¥ Yukawa interaction
iz = | . s 7
L vukawa = ! Q YuilFiug + Q_ Yyi! idr + L LY i!ilgr + h.C.
=1

¥ Experimental constraints

1. tree-level Flavor Changing Neutral Currents (FCNCSs)

2. Radiative corrections for electroweak 1T parameter (A7 ~ 0)
3. SM-like CP-even scalarOs couplings 3




Experimental constraints 1

1. Suppression of FCNCs

d = - 5 S
Yukawa ~ - QL( a1’ 1 g2 2) R 'H'!'/A'!
Yukawa matrices may not be diagonalized simultaneously. R e LA

Z, symmetry: &, —» ®,, &, - — &, prohibits ¥, or ¥,

S. L. Glashow, S. Weinberg, PRD15 (19 /&) Paschos, PRD15 (1966

This solution Is scale-independent

: 9 S 1 .
{82 % 1 Ry Zgz ! 1—29'2 - Qyﬁ,l + adaaydzt+(Yu1Yu,2 +3Yd,1Yd 2+ ¥1.1Y1,2)Yd,1

It Y1 = Ya2 = Yep = 0 (Type-ll) at some scale A, f, =0! y;, =0atany scale.

FCNC suppression can be understood from the nature of UV theory.




Softly-broken Z, symmetric 2ZHDM

¥ Higgs potential

*) We also assume CP conservation in the Higgs potential
V(®1, B3) = m2®] D1 + m2®L By — mqa(2®] Dy + h.c.)
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¥ Yukawa Interaction e e
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Lvukawa = ! QL Yuluur ! Q  Yg! gdr! L. Yi! /g + h.C. Type-X = e L =
Type-Y = e s B _
Scalar particles « charged H*, CP-odd A and CP-even Higgs h, H T SR e

M. Aoki et. al, PRD80 (2009)

Parameters ¢ v = 246 GeV, m;, = 125 GeV, my, my, my:, M = my,/, [s5c; and mixing angle f, o

¥ Experimental constraints

1. tree-level Flavor Changing Neutral Currents (FCNCs)

2. Radiative corrections for electroweak 7T parameter (A7 ~ 0)
3. SM-like CP-even scalarOs couplings 3




Experimental constraints 2

2. Smaliness of AT W o e Vi = @+ (et term)

e
OzemT — P — e — 5o 5 {Hll(o) = Hgg (O)}, AT = TQHDM = TSM ~ () PDG 2020
St Ciy My,
mf\ = mﬁli Custodial O(4) Symmetry A.Pomarol, R. Vega NPB413 (1994)
mﬁ — mﬁ : and s, =1 Twisted Custodial O(4) Symmetry J. Gerard and M. Herquet, PRL 98 (2007)
*) We need further degeneracy M* = m7 = m?.
The smallness of AT can be understood by symmetry argument. I ==
. . = my, =125.09 GeV, |y | <25 __ E)I\(;J 95% CL
3. SM-like Higgs couplings 10! \
— Q] " . m\2N + U ! m% Wl : 8
Lint —S|n(! I )h TW Wu + EZ ZU ? i)
# mf = 1" " 15_ E
| —[sin(! ! ")+ # cos( ! ")]#h
f =u,d,e .
The twisted custodial symmetry explain not only AT ~ O but Ly 05 1
cos(f3-o) 6

also sz_, ~ 1
G. Aad et al, PRD101 (2020)




Violation of twisted-custodial symmetry

Z, X 0O(4) symmetry at EW scale can explain experimental constraints.
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0O(4) symmetry is violated by the Yukawa and U(1)y
gauge couplings while Z, symmetry Is preserved.

I Adjustment of A.(A) is needed to realize
twisted-custodial symmetry at EW scale.

When we consider the scenario
Luv(A) = Loppm(A)

It would be natural to assume the twisted-custodial
symmetry is realized at A.




Twisted custodial symmetry at high scale A

¥ Assumption
Higgs potential respects the twisted-custodial symmetry at

bl = 1o(b )= baql ) 1oty =1 lefl )
These relations are violated under the RG evolution.
However, the conditions

2 il ~
My ~my. and sz, ~1

are realized at the EW scale without decoupling of additional
Higgs bosons.

We can take A for the Planck scale.

¥ Predictions
my > my ~ my: and m; — mz.!tends to converge if A is high.

These features can be tested at LHC and HL-LHC
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Twisted custodial symmetry at high scale

¥ Deviation in the Higgs couplings

1. hVV couplings
ﬁfmt = St (6 — a)h (

proportional to Sht |

2. hff couplings

Lime=— 3 “Lfin(8 - a) +&(8) cos (8 -

f=u.d e

Possible deviations depend on ¢/ (cot/ or —tan /)
maximally 6 E deviations are expected

¥ The directions of deviations
¥ The size of deviations !
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Summary

We Investigate the scenario where current experimental data can be explained as a
conseguence of the global symmetry of the Higgs potential at some higher scale A.

¥ Assumption
Twisted-custodial symmetry are imposed at higher scale A

¥ Results and predictions
A can be taken at the Planck scale without conflicting with the experimental data.
Mass spectrum of the additional Higgs bosons (m, = my ~ my:) and deviations In the
Higgs couplings are predicted as a function of A

¥ Message
In this scenario, masses of the additional Higgs bosons can be taken around EW scale.
We can test the predictions in the current and future colliders.
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Custodial symmetry in the 2HDM 1/3

¥ Higgs Potential

| 4 wcost lsinl - Hy 0

o o 2 1 - 11 ok
i - Sin ! cos! H> ! H1#= $—§ o Ho#=0

¥ Higgs Potential
V(Hy, Hy) = Y?|Hy|* + Y7 |Ho|> — Y3 (HI Hy + H) Hy)
1 1
+ 5 Z1|Hi|* + 5 Zo| Hal|* + Zs|H [*| Ha|* + Zs(H{ Hy)(Hy Hy)

+ Zs[(H{ H)? + (HY H1)?] + [Zs|H1|* + Z7|H2|*)(H{ Hy + HJ H))

¥ /e and Z, satisty

1
L 2y = é(le Zz)tan 2|

1
Zg! Z7= 321+ Zp! 2(Zs+ Zy+ Zs)|tan4




Custodial symmetry in the 2HDM 2/3

¥ Bl-doublet
M; = (iooH!, H;), (i=1,2)
M ! M;exp['i!" 3]= M;diag(e " ,€")
¥ Transformation of M. under O4) ~ SU(2); X SU(2)»
Mi! LMiR, M;! LM,R
¥ Gauge Invariant quantities
Tr(M;My) = 2 [Hy|?,

Tr(M',M,) = 2|H,|?,
(M, M) =2(€'H;H,+ e " H,H1),

Tr(M;Mjl3)=2(€ HiHy! e "HyH1) * only breaks SUQ2), x SUQ2),




Custodial symmetry in the 2ZHDM 3/3

¥ Higgs potential

1 1
V(M1,M5) = SYSTI(M M)+ SYTr(M ;M) | Re(Yse B )Tr( M, My)
1 2 1 2 ! ! 1 ! !
+ E—leTr (M;Mq)+ ézzTr (M ,M5) + zlZg,Tr(MlMl)Tr(M >M>5)

+ 2[Z4+Re(Zse ATr2(M; M3)

+ 1ZL[Re(zae" ")Tr (M M;)+Re(Z7e ") Tr(M ;M) Tr( M M5)

L iim(YSe ) TI(M M3l 5) ! Z(Z4! Re(Zse INTr2(M M5! )

| '§|m(z5e" 21 ) Tr( M, MY)Tr(M M ! 3)

| 'é[lm(zﬁe" DY TrH(M M)+ Im( Z7€ 1) Tr(M LM A)TH(M, M1 3).

¥ Imposing SU(2); X SU(2);

m(YZe ') =Im(Zse 2')=Im( Ze€ ") =Im(Z7€ ") =0,
Z, = Re(Zse 2'). oy
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for

0,#

H#l 2, 3l 2




Positivity of m2 — m?2. = A,v?

Higgs basis

| 4 wcost lsinl - Hy
D sin! cos! H - :

Mass matrix of neutral scalars in Higgs basis

T 212)2 Z6’02 hl 1.50 -
—\ Zev? YP+ 2723450 ) ho
E 1.00
N_I 0.75
Observed data * Zv* ~ 0, (f — a ~ n/2) |

0.50 -

m, = 125 GeV is determined only by ! Zv*! Z, ~0.26
A4 < 0 is almost rejected by vacuum stability
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Results for A(m,)

¥ Assumption
Higgs potential respects the twisted-custodial symmetry at

A\
Ll = ol =t g Uatle) = 1 0 )

First relation Is violated under the RG evolution.
However, A,(m,) = — As(m,) is approximately realized.

> d(Ag + As)

10m dinT
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