New scenario for aligned Higgs couplings originated from the
twisted custodial symmetry at high energies

Based on JHEP 02 (2021) 046 (hep-ph: 2009.04330)

Masashi Aiko (Osaka univ. D3)

Collaboration with: Shinya Kanemura (Osaka univ.) ¢ PR A

OSAKA UNIVERSITY

Asia-Pacific Workshop on Particle Physics and Cosmology 2021 (2021/08/03)




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 the 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 (2HDM)
The 2HDM consists of two scalar doublets @, ®, with ¥ = 1/2

 Higgs potential
V(®y, By) = m2®I®; + m20Idy — (m2,81®, + h.c.)
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* Yukawa interaction
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* Experimental constraints
1. tree-level Flavor Changing Neutral Currents (FCNCs)

2. Radiative corrections for electroweak T parameter (AT ~ 0)
3. SM-like CP-even scalar’s couplings




Experimental constraints 1

1. Suppression of FCNCs

Llukawa = —Qp (Y5181 +Y,582)d,

Yukawa matrices may not be diagonalized simultaneously.
Z, symmetry: ®; - ®;, &, - — @, prohibits ¥, or ¥,
S. L. Glashow, S. Weinberg, PRD15 (1977), E. Paschos, PRD15 (1966)

This solution is scale-independent
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f ¥,.1 = Ya2 = Yrr = 0 (Type-ll) at some scale A, §, =0 — y,;, =0 at any scale.

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




Softly-broken Z, symmetric 2HDM

 Higgs potential

*) We also assume CP conservation in the Higgs potential

V (B, ®3) = m2®] 0y + m2®I Dy — mia(PBI D, + hoc.)
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Scalar particles : charged H*, CP-odd A and CP-even Higgs h, H BRI S

M. Aoki et. al, PRD80 (2009)

* Yukawa interaction

Parameters @ v = 246 GeV, my, = 125 GeV, my, my, my=, M = m,/, /s, and mixing angle f, a

 Experimental constraints

1. tree-level Flavor Changing Neutral Currents (FCNCs) v/
2. Radiative corrections for electroweak T parameter (AT ~ 0)
3. SM-like CP-even scalar’s couplings




Experimental constraints 2

2. Smallness of AT v WQWW Ve =g"Ixy + (¢"q” term)
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Rm e — P L % [Hll(O) — 133 (O)}, AT = Toupm — Ism >~ 0 PDG 2020
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My = M+ Custodial O4) Symmetry A. Pomarol, R. Vega NPB413 (1994)

‘ miy =mix and Sg_o =1 Twisted Custodial O(4) Symmetry J. Gerard and M. Herquet, PRL 98 (2007)

*) We need further degeneracy M?* = m?; = méi

The smallness of AT can be understood by symmetry argument. ATLAS T Comwwa
Vs=13TeV,24.5-79.8fb" x  Best Fit Obs.

my; =125.00 GeV, ly, | <25
2HDM Type-Il

3. SM-like Higgs couplings

: m2 . 0
Lint =sin (8 — a)h (TWWJ”‘WM — Q—fZMZu)

- > “Lsin(8-a) + & cos (8- )]

f=u,d,e
The twisted custodial symmetry explain not only A7 ~ O but

cos(f3-a)

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




Violation of twisted-custodial symmetry

Z, X O(4) symmetry at the EW scale can explain experimental constraints.

>\1<mz) = )\2<mz) = )\3(?7?,2), )\4(?77,2) = —)\5(mz)

2HDM Type l: sin (3 — a) = 1, M =300, Am = 0,tan 3 = 10
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2HDM

UV theory

O(4) symmetry is violated by the Yukawa and U(1l)y
gauge couplings.

— 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

* Assumption
Higgs potential respects the twisted-custodial symmetry at A
AL(A) = A2(A) = A3(A), A(A) = —As5(A)
These relations are violated under the RG evolution.
However, the conditions

2 ~ 2 ~

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

We can take A to 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

scale A

Type |, tan =5
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MA, S. Kanemura, JHEP (2021)




Twisted custodial symmetry at high scale A

: . s . . MA, S. Kanemura, JHEP (2021)
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The directions of deviations — types of Yukawa interactions ., =

« The size of deviations = possible scale A
These % level deviations can be tested at future lepton collider




Summary

We investigate the scenario where current experimental data can be explained as a
consequence 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, > m; ~ m.) 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 basis

) ~[rcosp sl H s 0 -
<¢;>_(Sin5 COSﬁ)(H;)a <H1>_ﬁ<fv)’ (H5) =0
» Higgs Potential
V(H, Hy) = Y2\ Hi* + Y7 |Haf? — Y3 (H{ Hy + H{H))
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» Zs and Z; satisty
ZG - Z7 = —%(Zl = Zg)taIlQﬁ

1
Le — L7 = _Z[Zl + Zy — 2(Z3 + Z4 + Z5)] tan4p




Custodial symmetry in the 2HDM 2/3

* Bi-doublet
Mz’ = (’iOQH;,Hi), (’L = 1,2)
M, = M, exp[—ixos3] = M;diag(e™ X, e™X)

 Transformation of M; under O(4) ~ SU(2); X SU(2)x

My S EMG R M, — EAMER!

* Gauge invariant quantities

« only breaks SU(2); X SU(2)»




Custodial symmetry in the 2HDM 3/3

* Higgs potential

1 1 .
V(M;, Mj) = SYPTR(M{My) + SYZTe(M'EMS) — Re(Ve ™) Te(M{ M)
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* Imposing SU(2); X SU2)p

[Im(Zge™™) Tr(M] M,) + Im(Z7e =) Te(M'S MY Te(M] Mjos).
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Results for A(m,)

* Assumption
Higgs potential respects the twisted-custodial symmetry at

A
A(A) = A2(A) = A3(A), Ae(A) = —As(A)

First relation is violated under the RG evolution.
However, A,(m,) = — A5(m,) is approximately realized.
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Mass differences

Type |, tanB =5

We have seen that following conditions are
approximately realized in this scenario.

Sp_g =21 1 mys 2 300 GeV
Ay 4= = 0 at EW scale

A2 —A3(myz)

—0.025 0.0

The mass squared differences among the additional il I

Higgs bosons can be simplified as A= 25(m2)
Type |, tanf =5
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The mass difference between H and H™ is
generated via violation effects for 4, = 4, = /..
However, it is suppressed via tan f3.




Positivity of mf — m2. = A,v*

* Higgs basis
) cosB —sinf H 1 0
(@;)Z(sinﬁ COSﬁ)(H;)a <H1>:ﬁ(v)’ (H5) =0

* Mass matrix of neutral scalars in Higgs basis TYPE-I 2HDM, tan § = 5

ho

= ( Z1’1)2 Zf,"U2 ) h,l

1
Z6’U2 Y22 = §Z345’U2

Observed data Z6v2 ~ 0, (f—a~nl2)

m;, = 125 GeV is determined only by Z,v?> = Z, ~ 0.26
A4 < 0 is almost rejected by vacuum stability

20 -15 -10 -05 00 05 10 15 20
Aa(mz)




