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o Introduction
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Multi-Higgs-Doublet Model and General CP Symmetry

Multi-Higgs-doublet model:

o 2HDM [T.D.Lee, 1973], see review: [G.C.Branco et al, 2012; Bhattacharyya et al, 2015].
e 3HDM [Weinberg, 1976], see review: [Igor P. Ivanov, 2017].
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Multi-Higgs-Doublet Model and General CP Symmetry

Multi-Higgs-doublet model:

o 2HDM [T.D.Lee, 1973], see review: [G.C.Branco et al, 2012; Bhattacharyya et al, 2015].
e 3HDM [Weinberg, 1976], see review: [Igor P. Ivanov, 2017].

General CP (GCP) transformation[G. Ecker et al, 1987; Grimus, Rebelo, 1997]:

GCP | %
(/),' — X,J 697

Apply CP transformation twice:

GCP GCP
bi — Xjj j>'k — (XX*)I']' bj

o Usual CP: X = 1.
@ CP symmetry of order 2 (CP2): X X* = 1.
e CP symmetry of order 2k, if (X X*)f = 1.
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CP4 3HDM

o Apply GCP symmetry to 2HDM [Ferreira et al, 2010] and 3HDM [Bree et al, 2024].
o 3HDM with CP symmetry of order 4 (CP4) was proposed in [Ivanov, Silva, 2015];

@ The phenomenology of CP4 3HDM was discussed in [Ferreira et al, 2018; Zhao et al, 2023].

1 0 0 1 0 0
X=1[0 0 , XX*=10 -1 0], (xx)?=1

0 —i 0 0 0 -1

o1 = @1, G2 = igy, 3 = —id; )
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@ Scalar sector of CP4 3HDM
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Scalar sector of CP4 3HDM

Higgs potential of CP4 3HDM

The Higgs potential with CP4 symmetry [Ivanov, Silva, 2015]:
Vo = —m3y (171) — m35(272 + 373) + A1 (171)2 + A9[(272) + (373)?]
+ A34(171) (272 + 373) + N5, (272)(313) — Aj[(272)(373) — (273)(312)]
—Al(11)(272) — (172)(21) + (171)(313) — (173)(3"D))]
Vi = As(3T1)(271) + Ag(273)2 + Mg (273) (212 — 33) + h.c.
with complex Ag, Ag, here 1,2, 3 = ¢1, o, P3.
Vacuum expectation value(vev): (¢1) = v1/v/2, {¢2) = va/V/2, (¢3) = v3/V/2.
tan B = /v3 +v3/v1, tant =v3/ve
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Scalar sector of CP4 3HDM

Misalignment SM-like Higgs boson

Expand three doublets:

e () ) e ()

vi + p1 + iay = V2 \va+ po + iay = V2 \vs + p3 + ias
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Scalar sector of CP4 3HDM

Misalignment SM-like Higgs boson

In a Higgs basis: (®1) = v/v2, () =0, (®3) = 0.

e ) e ()

V2 \v+ hi +iG° V2

@ Two charged Higgs boson with a 2 x 2 mass matrix.

ho + ins

@ Five neutral Higgs boson with a 5 X 5 mass matrix.

1

=

(

V2wg

hs + in3

)
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Scalar sector of CP4 3HDM

Misalignment SM-like Higgs boson

In a Higgs basis: (®1) = v/v2, () =0, (®3) = 0.

#= 2 (o i) 2= G5 () %= 3 ()

V2 \v+ hy +iG° V2 \ha+ing) 2T 2 \hs+ins

@ Two charged Higgs boson with a 2 x 2 mass matrix.

@ Five neutral Higgs boson with a 5 X 5 mass matrix.

Alignment: hgy = hy.
Misalignment: hgy = cc - h1 + SeCaCyy - ho + ScCaSyy - h3 + SeSaCry - M3 + SeSaSyy = 12
(Abbreviation: s, = sina, ¢, = cosa. )

Here ¢, plays the same role as sin(3 — «) in 2HDM, shows /gy VV coupling.
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Scalar sector of CP4 3HDM

The mass matrix of neutral Higgs boson

The parameters in the matrix contain m?, m3,, \;.

In Higgs basis (/1 ho, hs, 13, 12), the most general scalar mass matrix:

a1 aip a3 day aps
aiz aze a3 day ass
M= | a3 a3 asz3 az ass
ai4 a4 azy daq  Ags

ais dgs5 dzs d4s5 dAss
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Scalar sector of CP4 3HDM

The mass matrix of neutral Higgs boson

The parameters in the matrix contain m?, m3,, \;.

In Higgs basis (hy, ho, h3, 13,12 ), tridiagonal scalar mass matrix in CP4 3HDM:

all aig 0 0 0

aiz azp azz 0 0

M = 0 a3 azz3 azs O
0 ass ags ags
0 0 a ass

(a;; are function of m?,, m3, and \;, they’re related)
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Scalar sector of CP4 3HDM

Inversion procedure

A usual procedure: random scan in \; — Physical Higgs [Ferreira et al, 2018].
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Scalar sector of CP4 3HDM

Inversion procedure

A usual procedure: random scan in \; — Physical Higgs [Ferreira et al, 2018].
© hsy = Ce - M 4 SeCaCryy - ha + 5cCaSyy - 3 + 5eSaCyy - 3 + SeSas~yy = 12

o With eigenvalue: m2,, = (125GeV)?2.

all aig 0 0 0 Ce Ce

aia azy asy 0 0 SeCalryy SeCalry
0 as3 azs azgs O SeCaSy, = mgM SeCaSvyy
0 0 ass ags ao3 SeSaCry SeSaCryy
0 0 0 a9z ass SeSaS~yy SeSaSyy
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Scalar sector of CP4 3HDM

Inversion procedure

A usual procedure: random scan in \; — Physical Higgs [Ferreira et al, 2018].
© hsy = Ce - M 4 SeCaCryy - ha + 5cCaSyy - 3 + 5eSaCyy - 3 + SeSas~yy = 12

o With eigenvalue: m2,, = (125GeV)?2.

all aig 0 0 0 Ce Ce

ajs asy ass 0 0 SeCalryy SeCalry
0 as3 azs azgs O SeCaSy, = mgM SeCaSvyy
0 0 ass ag ass SeSaCry SeSaCryy
0 0 0 a9z ass SeSaS~yy SeSaSyy

Use ;n%M, €, v, Y1, Y2 as input parameters.
Five coefficients in Higgs potential are not free anymore.
Angles ¢, a, y1, 72 related to the Yukawa coupling of hgys [Zhao et al, 2023].
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Scalar sector of CP4 3HDM

The mass distribution of extra neutral Higgs (general scan)

200 tan 3
@ With constraints: __700
o Bounded from below [Ferreira et al, 2018]. % 600 8
o Unitarity and Perturbativity constraints @) s
[Bento et al, 2022]. o 500 6
e STU constraints [Grimus et al, 2008]. § 400 3
@ Myin(Mmay) is the minimum(maximum) g
; 300 4
mass of the four extra Higgs boson.
o tan 8 = /v3 +v5/v 200 9
@ Plot show: No decoupling limit 100
@ All points have m,,;;, < 200GeV!!! 04
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Scalar sector of CP4 3HDM

Few large m,,;, points

tan 0

800
7001

6 For my,, < my, the top quark ¢t — Hc [CMS,
2024] and t — H*b [ATLAS, 2018] decay

4 channels could easily exceed experimental con-
straints.
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77177li71 [(:}(3‘\]]
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Scalar sector of CP4 3HDM

General Vs. Limit (Mismatch)

300 tan g
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Misalignment Alignment[Ferreira et al, 2018]
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Scalar sector of CP4

General Vs. Limit (Mismatch)

300 tan 3
8 8
6 6
4 4
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0 0F
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Misalignment Alignment[Ferreira et al, 2018]

By analyzing the analytic form of mass matrix, we find that large m,;, points (m,,;, > 200 GeV)

exist in a very narrow range in parameter space. 16



Scalar sector of CP4 3HDM

Focused scan in the high-mass region

800 tan §
8 2.5
6 2.0
4 1.5
2 1.0
04 ‘ . . : 0 - : : -
0 50 100 150 200 250 0 100 200 300 400
Mmin [GGV] Mmin [GGV]

tan € [0.5,2], tany €[0.5,3], |[tana|<0.05, |tanyi|, |tan~ys| < 0.3
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© Outlook
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Outlook: Misalignment Higgs boson and FCNC

SM-like Higgs boson could induce FCNC in CP4 3HDM:
hsy = Ce - h1 + 8cCaCryy - o + ScCaSyy - 113+ SeSaCryy + 113 + SeSaSyy * 12

L Ddp Nqadg hsy + h.c.

o Coupling matrix Nyo for Az, 12 [Zhao, @ Coupling matrix N3 for /13, 1)3:
2023]:
mg cot 8 0 0 —msCo9 —MysS29 0
Ny = 0 mg cot 3 0 . Nys < | —mgs2g  mgcog 0
0 0 —mp tan 3 0 0 0

Control angles €, o, y1, 2 = control FCNC.
15716



Outlook: LFV

Connect the scalar sector to the lepton sector:

@ hgsy LFV decay.

e Explore H — E;LE; [CMS, 2023]:
For instance: the coupling of H — eTe™ is
proportional to m,,.

CMS 138 fb” (13 TeV

95% CL limits.

—e— Observed

B epected 210

,,,,,,,, Expected + 2 /\

e Explore yp — eny:

95% CL limit on o(pp — X — ep) [fb]

v b b b b b b by i 10
115 120 125 130 135 140 145 150 155 160

~
my [GeV]
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Find high-mass points

Method: find a strategy to make all diagonal elements large enough at the same time.

a1 aig O o --- tan xo 1 0 0
ais asy ass 0 --- 1 cotxg O 0
0 asz ds3z d34 = m?M -1+ ais 0 0 0 0
0 0 azg agq --- 0 0 0 0
0 0 0 0 0 0 0 0
0 tanxsg 1 0 0 0 0 0 e
+ as3 0 1 cotxg O + asy 0 0 tanxy 1 e + ...
0 0 0 0 0 0 1 cot xg

14/16



M =miy - 15 + sin 2B (mj; — my)

2
Mgy €3S,
CBCyy T+ Sypl29p

o O O O O

+ >\89V2S%

O O O OO
O O O OO

CaCr, tane -1
-1 (cac, tane)™
0 0
O 0
0
0 0 0 0
tany; -1 0 0
—1  coty 0 O
0 0 tan vy
0 0 -1 cot Y2
0 0
0 () 0
(Cyy/8+,) tan o -1 0
-1 (84,/Cy;)cOt o 0
0 0 0

O O O OO

O O O OO

O O O OO
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Outlook
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