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This work

We study the scenario where experimental data are explained as a consequence of
the global symmetry of the Higgs potential at a higher scale A.

Softly-broken Z, and twisted-custodial symmetry at a higher scale A

Experimental constraints

Results and predictions

. tree-level Flavor Changing Neutral Currents (FCNCs)
. Electroweak T parameter

. SM-like Higgs couplings

. The above constraints are satisfied without decoupling

. A can be taken at the Planck scale

. Mass spectrum of the additional Higgs bosons

. Deviations in the Higgs couplings



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.

- Number and representation of Higgs fields

. The typical mass scale of new scalars
. Structure of the Higgs potential etc.

We study the global symmetry of the Higgs potential from the viewpoint of
experimental constraints.



Two Higgs doublet model (ZHDM)

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

POteﬂtlal V((I)h (1)2) — m%q)]iq)l -+ m%CDECDQ — (m%QCI)ICI)Q - hC)
1 1
+ 5)\1(@1@1)2 + §>\2(q)$‘1>2)2 + A3(RTD1 ) (DI Dy) + Ny (R Do) (DI D))

_1 ]
+ §>\5(<I>J{<I>2)2 + (>\6(I)J{(I)1 + >\7(I)£(I)2)(I)J{(I)2 + h.c.

Yukawa interaction 2

Lyukawa = — Z [@LYu,i(i)iuR + QY Pidr + LpYp @il + h.c.}
i=1

Dol ainEac|Noeaigcllns® - Tree-level Flavor Changing Neutral Currents (FCNCs)
. Electroweak T parameter

. SM-like Higgs couplings



Experimental constraints 1

Tree-level FCNCs

L = ~QL (Y01 + Y, 02)dj £
Yukawa matrices would not be diagonalized simultaneously. 3/4/\4\ 7
Q> P, 0> -, ¥ =00r¥,=0 E.Paschos, PRDIS (1966)
This solution is scale-independent
16%26?”,2 = (—Sgg — Zgz 1529'2 T %yil + - ) Y2+ (Yo 1Yu,2 + 3Ya,1Ua2 + Ye, 100 2)Yd

If Y1 =y40=y,,=0 (Type-ll) at a scale A — y,, =0 at any low energy scale.



Softly-broken Z, symmetric 2HDM

POtel’Ttlal V((I)la (I)2> — m%q)J{(I)l + m%CIDECI)Q — le(QCI)J{(I)Q + hC)
1 1
T 5 A (@181)7 + S A2(25P2)” + Ag(2]D1) (R D2)

1
A (D By (01, ) §A5[(<I>J{<I>2)2 h.c.}

Yukawa interaction Lyvukawa = —Q 1 Yu®uur — Q;Yy®adr — L1 Y Pl + h.c.
Barger et al. PRD41 (1990)

2HDM can be classified into Type-l, ll, X and Y. Aok et al. PRD8O (2009)

e iR e = Eicigs  © /# (SM-like Higgs boson), H, A, H*

. v (=246 GeV), m;, (=125 GeV), my, my, my=, M* = m%/(s,cp), tan B, s,

Experimental constraints . tree-level FCNCs v/

. Electroweak T parameter

. SM-like Higgs couplings



Experimental constraints 2 /

Electroweak T parameter Ve MMQMM vy =g"lxy + (¢"q" term)

2
e
Do 1 = P — 1 = 5 5 5 {Hll(O) — Hgg(O)} ; AT = Toupm — Ty ~ 0 PDG 2020
Swew 'z
mj — méi (Usual) Custodial 0(4) Symmetry  A. Pomarol, R. Vega NPB413 (1994)
mé = méi and S,B—a = ] Twisted Custodial Symmetry J. Gerard, M. Herquet, PRL 98 (2007)
ATLAS Obs. 95% CL
- Vs=13TeV,24.5-79.8 fb” x  Best Fit Obs.
The smallness of AT Is understood by symmetry v/ my =125.09 GeV, Iy, <25 - Exp.95% 0L
10 :2HDM Type-ll
SM-like Higgs couplings \.&:‘
2 2 > It
Line =sin (B — a)h (TWWJ”‘WM_ | ZUZ Z“’Zu> S ]
ms . . _ :
= > tBin(8-a)+E&cos(B-a)lffh
f=u,d,e
0T s 0.5 1

The twisted custodial symmetry ensures s; , =1 ¢/

cos(-o)
G. Aad et al, PRD101 (2020)



Violation of twisted-custodial symmetry 3

Z, X 0(4) symmetry

A(mz) = Aa(mz) = A3(mz), Aa(mz) = —As(mz)

2HDM Type I: sin(3 — a) = 1, M =300, Am = 0,tan 3 = 10 _ . .
— Violation in RGE
| [ [—
=y The Yukawa and U(1), gauge couplings violate
—~ 2HDM
e O4) symmetry.

A; 0.4

e

0.2 1

. Twisted custodial symmetry at EW

0.1- - 2(A) should be adjusted.
E e . Twisted custodial symmetry at a high scale
log1n(Q)

- Can we explain the experimental constraint?



Twisted custodial symmetry at high scale A 9

- Type l, tanB =5
l Assumption

) . Twisted-custodial symmetry at A

A (A) = A2(A) = A3(A), Aa(A) = —=A5(A)

1.50 A

1.25 - - 14

1.00 A

075+

(Mg — mMfj=)Iv?
log10/\

0.50 A

0.25 -
0.00 - ‘

—0.25

: - These relations are violated under the RG evolution

2 Results

—(;.2 —Ol.l 0.'0 O.II 0.'2 0.l3 0.'4 0.5
(Mf — M=)V

Type |, tang = 5 . mp~mg. and s;_,~1at EW scale without decoupling

1000

900 A

800 -

700 -

Predictions

600 -

500 A
. My = My =~ Mys

400 +

300 A

6 . m? —m?. takes a fixed value if A is high.

200 -

lm . The scale A can be taken to the Planck scale

-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00

cosipr=a) These features can be tested at LHC and HL-LHC

MA, S. Kanemura, JHEP (2021)



Twisted custodial symmetry at high scale A 10

Type |, Il, X and Y, tang=1,1.5,2,3,5, 600 < M < 700 [GeV] Deviation in the Higgs couplings

¥ ¥ § N

LT VAR

¥
. tang =1 ,"\ : tang =5
\\ / " l' ta n B - 5
S /
A / / I
N ,I I .‘
1.04 7 _0. 04 /\\ /’ Al :

- hVV couplings proportional to s;_, = 6(0.1)%

—003/ / .,:. 14 Lint =sin (8 — a)h (mjv W+MWM_ | 7;?% ZH Zu)
~ 1.021 —o.oé‘,\\,\\\l - _
S 001N » 2 . Deviations in hff couplings depend on &
< 1.00 j.'; : pe
4 oo Line=— 3 "Lfsin(5—0) +&(8) cos (8~ )] fh

(V)

0.98 - _{//.'/ f=u,d,e
né=1/"" Type-| —
\ ., Predictions
e o cos(B - a) = —0.04 _ _ o
ang=1", Type-X . The directions of deviations s. Kanemura, et al, PRD90 (2014)
0.94 0.96 0.98 1.(')(()e(m;.;)2 1.04 1.06 1.08 N typeS Of YUkawa InteraCtIOnS
MA, S. Kanemura, JHEP (2021) . The size of deviations — possible scale A

These % level deviations can be tested at future lepton collider



Summary 11

We have found the scenario where experimental data are explained as a consequence
of the global symmetry of the Higgs potential at a higher scale A.

Softly-broken Z, and twisted-custodial symmetry at a higher scale A

DeencaicINeakigliey - tree-level Flavor Changing Neutral Currents (FCNCs)
. Electroweak T parameter

. SM-like Higgs couplings

Results and predictions . The above constraints are satisfied without decoupling

. A can be taken at the Planck scale

. Mass spectrum of the additional Higgs bosons

. Deviations in the Higgs couplings — detectable at the ILC






Custodial symmetry in the 2HDM 1/3

Higgs basis
¢, \ ([ cosf —sinf H, 1 0 B
<(I)2>_<Siﬂ5 Cosﬁ><H2>v <H1>__2<v>’ (Hy) =0
Higgs potential

V(Hy, Hy) = Y2 H1|? + Y3 |Ho|* — Y (H| Hy + H}Hy)
1 1
- §Z1\H1\4 + §ZQ\H2\4 + Z3|H|?|Ha|* + Z4(HIH2)(H§H1)

+ Z5[(H{ Ha)? + (HY H1)?] + [Zs|H1|” + Z7| Ha|*)(H{ Hy + HJ H))
Z, and Z, satisty

1
Zﬁ -+ Z7 — —5(21 — Zg)taDZﬁ

1
Z6 — Z7 — —Z[Zl + ZQ — 2(23 + Z4 + Z5)] tan4ﬁ



Custodial symmetry in the 2HDM 2/3

Bi-doublet

Mi — (iO-QH;?Hi>7 (Z — 17 2)
M/ = M, exp|—ixos] = M;diag(e” "X, e"X)
Transformation of M; under O4) ~ SUQ2), X SUQ2),

M, — LM R, M} — LM}R!

Gauge Invariants

Tr(M] M) = 2|H, |?,
Tr(M'yMy) = 2|Hy |,
Tr(M] M) = 2(eXH! Hy + e "X HI Hy),
Tr(MfMéag) = Z(eiXHIHz — 6_”;XH§H1) < only breaks SU(2), x SUQ2),



Custodial symmetry in the 2HDM 3/3

AICTTN IR v (My, M) = Y2 Tr(M{ M) + SYTr(M§MS) — Re(Vie ) Te(M{ M)

1 1 1
+ 220 T (M]M,) + 523 T (M')M3) + 5 Zs Te(M] M, ) Tr(M'3M3)

1 .
+ 7 [Zs + Re(Zse )| Ta® (M] M;)

1 : ]
+ o [Re(Zse™™) Te(M{My) + Re(Zze™ ™) Tr(M'y Mj)| Tr (M{ Mj)
. 1 -
_ iIm(Y32€_7’X) Tr(MlTMéUS) _ 1[24 — Re(Z5e—2zx)]Tr2(Mf 503)
— m(Zae= ) T MY T (M Mjor)

(

5 [Im(Zge ™) Tr(M] M,) + Im(Zre ™) Te(M'S ML) Te(M] Mos).

SUR);, X SUR)g Im(Y7e ™) = Im(Zse X)) = Im(Zge™™X) = Im(Z7eX) = 0,

Z4 = Re(Zse X)),

A = A5 for x =0,
or

)\4:—)\5, )\1:)\2:)\3 for X:7T/2,37T/2




Results for A(m,))

Type |, tanB =5

. Twisted-custodial symmetry at A T
E 0.25
AL(A) = A (A) = A3(A), Aa(A) = =As(A) T |
First relation is violated under the RG evolution. I
However, 1,(m,) = — A5(m,) IS approximately realized. "= e iy i e ™
Type |, tanf =5
d( A A ~0.25 - \ Ils
1672 ( 4t 5) — 2()\1 + Ao +4A 3 + 24 + 4)\5)()\4 —+ )\5) ~0.50 1 " 14
dIn p T on- oS
~3(36% + 9" (Ma + Xs) R e
+2(3y; + 3y + 7)) (A +Xs) + 3079”7 I

Aa(mgz)



Mass differences

Type |, tanB =5

The following conditions are approximately realized In
this scenario. .
LSy 1 if my. 2300 GeV :.
. A4+ 4s=0 at EW scale . ::
The mass squared differences among the additional P 4
Higgs bosons can be simplified as T hmama
m2 —Qm?{i >0, T Type |, tang =5 Iw
(V) e 16
m%{ — m%i N ()\ , 1 2 -oso- \ 14
3 ~ (A1 + Ay — 2)3) cot* 3 <1+00t25) B on- '1223,
< 100 -
The mass difference between H and H* is generated via :
violation effects for 4, = 4, = 4,. I

0.0 0.5 1.0 1.5 2.0

However, It Is suppressed via tan f. Aa(mz)



Positivity of m; —m7. = A,*

Higgs basis

Mass matrix of neutral scalars

M — Zva Z@’U2 hl 1.50 -
- Z@UQ Y22 -+ %2345?)2 ho

Observed data : Zy? ~ 0, (f — a ~ 7/2)

m, = 125 GeV is determined only by Zyv* — Z, ~0.26 o

0.25 -

A, < 0 1s almost rejected by vacuum stabllity

0.00

20 -15 -1.0 -05 00 05 10 15 20
Aa(mz)



