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Introduction

@ Discovered Higgs boson looks like the SM one.

€ CP-violating scalar sector is motivated by the baryon
number asymmetry of the Universe.

€ Until now, there are no sign of non-SM particles.

We focus on the precision test of the discovered Higgs
boson to explore the CP-violation in the scalar sector.
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I n th is ta I k, soe %{Zz sym. : To avoid FCNC at tree level. ]

[S. L. Glashow and S. Weinberg, PRD15, 1958 (1977)]

€ We consider the 2HDM /| 2HDM with CPV ~N

with softly broken Z,. [T. D. Lee, PRDS8, 1226 (1973)]
[J. F. Gunion and H. E Haber,

PRD72, 095002 (2005)]

2HDM [I. F. Ginzburg and M. Krawczyk,

« Simple extension of the SM. PRD72, 115013 (2005)]

. . . [G. C. Branco, P. M. Ferreira, L. Lavoura,
* CP-V|oIat|on Can be mtroduced. M. N. Rebelo, M. Sher and J. P. Silva

PR516, 1 (2012)]
[B. Grzadkowski, O. M. Ogreid and

€ We analyze the Higgs coupling P. Osland, JHEP 11, 084 (2014)]
constants (hVV, htt, hbb, hcc) in [D. Fontes, M. Miihlleitner, J. C. Romao,

. R. Santos, J. P. Silva and J. Wittbrodt,
the (;P-cc?nserV|ng 2HDM and the JHEP 02, 073 (2018)]
CP-violating 2HDM. and so on.

Several talks are am
€ We then compare these results. - [ '/
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CPV parameter in this model

Q) = Py, Py = —DPgy under Z,.
@ Potential of 2HDM (with softly broken Z, sym.)

V =pu3|®@1|* 4 p3]P2|® —

@@{@2) +hed

1 1
+ 5)\1|(I)1|4 + §A2|@2|4 + Ag| @1 %P2 + )\4|(I)]i@2|2 + {@@1@2)2 + h.c.}

@ Vacuum expectation valug, _, ,

wt
= (g 10 )
J <%(’l}j + hj + ’LZj) @

v? +v3 = (246GeV)?

|

&€ Parameters in this model

’02

i

The redefinition of the phases
can get 6; to disappear.

/

Stationary condition

ov

Ohq

0

~

oV
_0’8—h2

o

=0
0 821

0

- 2Im(p3) = v1va Im(As)

A345 = A3 + Agq + Re()\g,)

U1, V2, Re(:ug)v )\17 )\27 )\37 )\47 Re()\5)7 Im(>\5)

2018/9/4

Multi-Higgs



CP mixing between the neutral scalars

Higgs basis
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[Davidson and Haber, PRD72, 035004 (2005)]\
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® Mass matrix: M3; = 0°V /Oh;0h) |, (i,j=13) [EI{; 125 GeV |
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R M?R = diag(m%r1 : m%{Q : m%{?,)

Mi;
M3, hi Ry Riz2 Ris\ (Ha
M3, hy | = [ Ra1 R2a Rz || H
h R31 Rss Rsz) \H3
hY, hs: CP even, h5 : CP odd

Im(A5) # 0 = CP mixing
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Higgs couplings

Z, charge assignment in each Type

“v
€ Types of 2HDM ®, | P2 | QL | Ly |ur | dr | €R
o A e s Type-l [+ [ -]+ [+ -17-1-
LYuk:a,wa —YUQLEZO-Q(I)U,)UR Type—II + _ 4 + _ 1 +
+ YqQrPadr TypeX || + | — | + | + | = | = | +
+Y. L. ®.ep+he [ Type-Y | + | — | + |+ | — | + | —
[Barger, Hewett and Phillips, PRD41, 3421 (1990)]
‘ H |gg5 cou p | | ngS [Aoki, Kanemura, Tsumura and Yagyu, PRD80, 015017 (2009)]

1
Livy = Ru (ghwww+W Yt 2thZZ 7 ) Hy
Hq: 125 GeV Higgs

2HDM SM 7 : f:udande
LHlff :—ghfff(cjf+’5756?)le V:W and Z
gu gd ge
Cfv = Ry + Rzlff Type-1 || +cotf | +cotB | +cotpf
P = (—2]\R Type-II || +cot | —tanf | —tan
! ( f) 2 Type-X || +cotf | +cotS | —tan
I,=1/2, I,=1,=-1/2 Type-Y || +cot8 | —tanf | +cot 3
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Result

€ Input parameters

v =246 GeV,

. =125 GeV,
77~7/H = 200 GGV,
ma = 250 GeV

mH) ’ﬁlA (Im()‘5) — O)
— Mass eigenvalues

Ky, tan 8, Im|\5]
are variables.

|

f

They are independent of

Re(p3), mp+ atthe tree level

CP-conserving case is plotted by
[Kanemura, Tsumura, Yagyu and

Yokoya, PRD90, 075001 (2014)]
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Result

€ Input parameters

v =246 GeV,

. =125 GeV,
77~7/H = 200 GGV,
ma = 250 GeV

— Mass eigenvalues

Mmp,ma (Im(As) — O)J

|

Ky, tan 8, Im|\5]

are variables.

f

They are independent of

Re(p3), mp+ atthe tree level

CP-conserving case is plotted by
[Kanemura, Tsumura, Yagyu and

Yokoya, PRD90, 075001 (2014)]
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- aN1t Rl 1

SM
Ihvv

Pomom(Hi = ff) oo 2
Pouh— 1) D

R21£0

>Iiv—

®,— :Im[A]=0.0
+ ,--: Im[A5]=0.1
@, :Im[A]=0.2
A --:1m[1;]=0.3

[onpM (H1 = bE)

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0.
Loupm (Hy > T717)
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ILC250 (2abl) ky: 0.38%

[K. Fuii, et al, Kp: 1.8% 8ab™
Result e 2 Lo

Kn:1%
|Im[)\5] 0 Ry, <0 b’T:
—— I

For instance, if k;; measures 0.995, ...

» In the CP-conserving
2HDM, the ratio of decay

rate for the fermion should I‘f’
be on the black curve. < =
~ éﬂ.
_ Type-X
The deviation from the - Allowed by EDM-
black curve is indirect } &m0 |
. . I M A=Y
effect of CP-violation. gl b AL N
1.0 1.2 14 1.6 1.8 2.0 2.2
[M. Aoki, K. Hashino, D. Kaneko, Tyupm (Hy = T°T4)

S. Kanemura, MK, arXiv: 1808.08770] Top(h > T-TF)
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Summary

@ In this talk, we analyze the CP-violating effect on the Higgs
coupling constants in the 2HDM from the viewpoint of indirect

search.

@ The prediction of the Higgs couplings in the CP-violating 2HDM

can be certainly deviated from the CP-conserving one.

€ By measuring the Higgs couplings very precisely we are able to

extract the information of the CP-violation in the scalar sector.
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Back up
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Current data

2018/9/4

[ATLAS-CONF-2018-031]

Vs=13TeV,36.1-79.8fb" 2 & kilorval
m,, =125.08 GeV, ly,_| <2.5 o
- 4
—~— ~
- - | — -
—— —
~— ~—
_ B -0 : |""="|f|5'I +
=M Bogy 20 e
| N 'ATH I ' T ' I N I A B A
=1 0.5 ] 0.5 1 1.5 -1 0.5 ] 0.5 1 1.5
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Current data (ATLAS-CONF-2018-031]

Parameter (a) no BSM (b) with BSM

K7 1.07 £ 0.10 restricted to k7 < 1
KW 1.07 £ 0.11 restricted to gy < 1
0.24 0.13
Kb D.Q?fn_ﬂ {}.Eﬁfﬂ_ 1
0.15 0.14
K I.DQfD_H 1.{}5”:0_]3
Ky I.Dijg:{; 0.95+0.13
o L0239 09870
Ke 1.00* )13 0.97'0 8
Brau - < (.26 at 95% CL
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Current data (CMS-PAS-HIG-17-031]

[ cms Fraliminary & Dioserved CMS Fredminary & Olbsanved
35917 (13 TeV) - 13 lervel 3551003 Tev) - el
[ . — 20 Intervel h'-“zl i irterval
L% — — | ;
| ; b, | o
hic, | —— B
W 5 b, | ———
Kt —H—— b, | ———
el — . i<, .
B : i, i
e
e, | : | |
— i e, | — -
[ | —— — :
9 : B |le—
__ ! Wi
|1{. | — —-5l-—
f BBSM =0 ! EIum:hﬂ."__
IIlIIlIllI||I||I||I||I|I|l||l||lll|llll|lll| IIII|l||IIIII|||III|I||||II|II|||II|III
-15 -1 =05 0 0.5 1 15 2 2.5 3 0 02 04 06 08 1 12 14 16 18 2
Paramoter value Paramater value
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Current data (CMS-PAS-HIG-17-031]

BR;,.. =10 BRip = gy <1
Unoertainty Uncertainty

Parameter Best fit Stat. Syst.  Parameter Best fit Stat. Syst.
+0.11 +0. +iL0% +0.0% +0IF +0.05

Xy 0.99 —[L11 (.0 —iL0 X 0.89 —(0.08 —0AF —[M
I:—I:I.]] r—L".I:I'E‘:I r+'ZI.L'l.‘|} +III.L'|:II'=I |:+I:I.'ZIL":| |:—I.".III-ZI:I

—[L11 \—[e —06 —0.11 —[L —[.06

+013 +0.10 +iL0S +0.00 + LM +0L

Kw 112 Thog (.18 —{07 K LOD Zops —0M —n2
[—D.]E r—u.n:rg] r+-ZI.L"?} +u.m} |:+|:I.-ZIL" [—um]

—0.12 L[ —{L07 —0.1Z — DL —0a7

+0.14 +0.08 +iL1Z +0.17 + DL +0.14

K 109 —0.14 —[.08 —{L12 X L12 .16 —0L —0.13
t [—n.l»: f—L".IZIﬁ:' r+-:|.1;.-} t +u.13} |:+|:|.13 [—u.lz)
—0.15 e 12 —0.15 —OL —0.12

+017 011 12 +0.13 +0E +0.11

i 101 Zpa —[.15 —in09 X 0.91 Zys —0E —[.10
¥ [:—I:I.]-ﬁ r40L11 :| 0111 } . +.14 } |:+I:I.':I':i' [-L".]'I :l
~0.15 L—pm L—11 —.15 -011 —[.11

+027 +0.19 +i19 +0.1% +0.12 +0.14

K L10 033 —[.3] —i{L14 ¥ 0.91 .16 —0.11 —0.11
b [—n:-:s r—u.'.g] .-+-:|.1?} b +u.13} |:+|:|.13.:I [—u.n]
023 1T 15 —0.23 —0L17 —[.15

+0.15 +0.10 +i111 +0.18 +0.11 +0.14

K 114 T3 —[.04 —iL09 . L17 Do —0L1 —0.11
(] I:—I:l.]-i r—L".'.III:I "'"'3'-1']} B +III.1I"I'=I I:+I:I.'I."!- [—L".]'ZI:I
—n12 —e =09 -0.17 — 0L —[1

+0.15 +0.10 +Hik11 +0.0% +0E +007

i, 107 —0.18 —[17 —{L07 K, 0.96 —0.08 —[il —015
i [—I:I.]E r—L".'.EI:I |'+':I.L"?l]II ¥ +u'm} |:+I:I.':IF I:—L".EIE:I
—0.12 L —m1a -7 —0.1F — L —0a7

+0.0% +013 +0.08

BE, 0.04 {ho —03 — [

BT +I:I.L1ﬁ} I:+|:|.-:|-1 [—L".l].'-"]

+00.00 —[LHH — [0

BR,. 0.00 faw fom Zhm

det. +u.1|:|} |:+|:|.1r [—u.n ]

+0.00 — LMY — [
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Res u It [M. Aoki, K. Hashino, D. Kaneko,
S. Kanemura, MK, arXiv: 1808.08770]

@ ILC prospect
ILC250 +ILC500

K fit k fit
g(hbb) 18 0.0 @
g(hee) 2.4 1.2 0
glhgg) 2.2 0.97 =
g(hWW) 1.8 0.40 2
g(hrt) 1.9 0.80 g
ghZzZ) 0.38 0.30
glhvy) 1.1 1.0
glhp) 5.6 5.1
g(hvZ) 16 16

Sensitivity: [K. Fujii, et al., arXiv: 1710.07621]

1.0 1.2 1.4 1.6 1.8 2.0
Loupm (Hy > T717)
Tsm(h - t1%)
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Res u It [M. Aoki, K. Hashino, D. Kaneko,
S. Kanemura, MK, arXiv: 1808.08770] Sensitivity: Ky:0.2%

Kfll%

€ EDM constraint

(Type-X (R,,<0) )
1.00; —
- Type-X ;
0.99; (R,;=<0) ]
0.98" 1~
> [ {12
N4 I - «— -« 12
0.97" Allowed ] T
0.96 Q. Q (1 [ [« i &
t C C C [ [ ] I
» g (8 [g|8[8 &
0.95" b e Type-X
0.01 0.05 0.10 0.50 1
Im As 0.80
P -3 —2 - ® : Im [A.]=0.0
CPI<7x1073 (1), 2x1072 (ID), 8 imAe}-0.0
—2 _3 _... |.||||I\||\|||l|||\|_
3x 1077 (X )a 6 x 10 (Y ). 073, 1.2 1.4 1.6 1.8 2.0 2.2
[Cheung, Lee, Senaha and Tseng, JHEP 06, 149 (2014)] Doppm(Hy = 1)
[Keus, King, Moretti and Yagyu, JHEP 04, 048 (2016)] Ism(h - t1+)
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2HDM with softly broken Z,

/
X G+ . Ht Z} Zl
(bl:(L / -0),¢2=(L/ -;) 2 | = 2
750+ h +iGY) 5 (hy +ih3) b, Hs
* CP conserving case (Im(A5) = 0), for the mixing states (hi, hy, hs) /
mass
, Enﬁsé—a +2m%—10%—a %(:;n% B m%)?(g_a)] 5 eigenstates
Mepe = | lz(my, —mE)sas—a) MpCs_oq T MESg_o ) 0

o :
« CPviolating case (Im(\5) # 0),
Lﬁlﬁs%_& + 'rh%{c%_&
1

M? = | |3(my — mE)sas-a)
[— —%UZ Im()\5)525

[Kanemura and Yagyu, Phys.Lett. B751 (2015) 289-296]
* Parameters in this model [Keus, King, Moretti and Yagyu, JHEP 04, 048 (2016)]

v(= 246 GeV),mp, (=125 GeV),M,myg=+, M, ma, kv, tan 5, Im(As)

2018/9/4 Multi-Higgs 18



2HDM with softly broken Z,

{M2:M2+AM2
R=R+ AR

AM?, AR, — 0 (Im(Xs5) — 0)

diag(m3,, ,mp,, mi,) = R' MR
= RTM?R + A(RT M2R)

= diag (i, m3, M%) + diag(Amj, Am3;, Am?)

2018/9/4 Multi-Higgs
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2HDM with softly broken Z,

€ Mass dimensional parameters mm, ma

300 sin(8—a)=1 |
% 250 "M Hy ]
O, ) :
N I m ]
é 200- Ho —
| —:tanB =2 "’%q\ |
| ---:tan B =5 .

150 -+ rtan f =10
001  0.05 0.10 050 1

Im()\5)

2018/9/4 Multi-Higgs

v =246 GeV,
m, = 125 GeV,
myg = 200 GeV,
ma = 250 GeV

When Im(A5) is small,
mH ~ I H,, mA R H,

\

Mass eigenvalue

mpg,ma (Im(As) = 0)
— Mass eigenvalues

20




2HDM with softly broken Z,

@ Ratio of decay rate

F2HDM(h — ff) 2(0;)2 + (Cz})Q

Ry = Rll
Ri,+ R51 + Ry =1

Tsm(h — ff)
=(R7, + R3,&7 + 2R11 R &) + (R3.67)
=k + (1 — Ky,)EF + 2Ky Ro1 &y
= kp+ (1= k)& (Rap — 0)
Su §d e (Im()\5) increase D)

Type-I || +cot8 | +cotB | +cotf _
Type-II || +cotB | —tanfS | —tan 3 — ‘R31‘ Increase
Type-X || +cot3 | +cot3 | —tanp
Type-Y || +cot | —tanf | +cot \_ — ‘R21’ decreasej
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Res u It [M. Aoki, K. Hashino, D. Kaneko,
S. Kanemura, MK, arXiv: 1808.08770]

® . — :Im[1]=0.0
+ - Im[45]=0.1
® . :Im[A]=0.2
A, :Im[A]=03

Tupm(H; = bb)
IonpM (H1 - bB)

1.2 1.4 1.6 1.8 20

0.6 0.8 1.0

Dupm (Hy = 17TF) Loppm(Hy = T71F)
sm(th - t=tt) Tgm(h = t=1%)

hbb-htt
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Foupm (Hy = €©)

Tsm (h = ¢0)

Res u It [M. Aoki, K. Hashino, D. Kaneko,
S. Kanemura, MK, arXiv: 1808.08770]

1.4

1.3

N
N

110

Ioapm (Hy = €©)
FSM(h - CE)
(@)
(0¢]

0.6

0.2 0.4 0.6 0.8 1.0

Loupm(Hy = t7t%)

FSM (h g T_T+)
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0.7

1.0

3
< ,— :Im[25]=0.0

i + o= Im[15]=0 1

11 @ - Im[A]=0.2

L A, Im[ ]=0.3 .
06 08 10 12 14 16 18 20

Loppm(Hy = t7T%)

ITgm(h - t=tt)

23



Result

Rz1 20
\. ! “\' o ’ ! ' i _ _ ! _ _ . . !
147 ) ®,— :Im[A]=0.0
RN + -t Im[A5]=0.1
N, &, :Im[A]=0.2
S A - -:Im[1:]=0.3

Tyupm (Hy — fF)

1.0

0.98
Ky

0.97

[M. Aoki, K. Hashino, D. Kaneko,
S. Kanemura, MK, arXiv: 1808.08770]

Tyupom (Hy - fF)
Tgm(h > fF)

1.0
0.9

0.8

06
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@, :Im[4]=0.2
A - -:1m[15]=0.3

-
-
-
-
-
-
-
-

"
k .
.
.
0 .
.; L
-

Sensitivity: [K. Fujii, et al., arXiv: 1710.07621] | K»: 0.38%
ILC250 (2ab1) Kp: 1.8%
K 1.9%
b S 11
® ,— :Im[A]=0.0 : ;i
+ ,---: Im[45]=0.1 ! ;; ,;" ;

Ky
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o)

Res u It [M. Aoki, K. Hashino, D. Kaneko, Ky O'ZOA’

S. Kanemura, MK, arXiv: 1808.08770] Kp,z 1%

1.25 A 1.00 -
| @ :1m[15]=0.0 | @ :1m[A5]=0.0
+:Im[25]=0.1 +:Im[25]=0.1

1201 '{3%; 095!
Typed 1

Toupm (Hy - F)

1.10

1.056

'00 L L L L 1 1 L L L | I L L L 1 I L L L 1 I 1 L L
0.975 0.980 0.985 0.990 0.995 7000
SM

Ky

Type-I
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Toupm (Hq = ff)

Type-l

0.80 by
| g
<

'?'5 f I 1 L 1 L L L L 1 1 L L L I L I 1 L L L L L 1
0.975 0.980 0.985 0.990 0.995 1.000
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K,: 0.38%
Kp: 1.8%
K 1.9%

Sensitivity: [K. Fujii, et al., arXiv: 1710.07621]
-1
Res u It [M. Aoki, K. Hashino, D. Kaneko, ILC250 (2ab™)
S. Kanemura, MK, arXiv: 1808.08770]
Rz1 =0 Rz120

147 @,— :Im[1]=0.0
| + -1 Im[A5]=0.1
&, :Im[A]=0.2

| A -=:Im[25]=0.3

[oupM (H1 = bE)
Conpm (Hi - bb
FSM (h - bE)

® — :Im[1]=0.0
+ ,---: Im[45]=0.1
¢, :Im[1]=0.2

06 A --:1m[15]=0.3

1

1.0 1.2 1.4 1.6 1.8 2.0
Lpupm (Hy » t71%)
[spy(h - 1)

Type-X
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Doupm (Hy = T717)

Tsm(h - T=1t)
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0,
Res u It [M. Aoki, K. Hashino, D. Kaneko, Ky: O'ZOA’
S. Kanemura, MK, arXiv: 1808.08770] Kp,z 1%
125
| @ :Im [A5]=0.0
W Im [1.]=0.4
1.20
— Type-X .
8115 .
T 41':‘ 0
Els =
= = =
% 5110 2
F— oy
i Type-X
1.05
0.80+
i ® : Im [A]=0.0
1,00} _ B Im[4;]=0.4
0.2 0.4 0.6 08 [gp| 10 o 12 14 18 18 20 22
1-|2HDM (Hl - T_T+) FZHDM (Hl - T_T+)
Lsm(h - tt*) Ism(Gh = t—1t)

Type-X
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Angular distribution of h — 77

Yukawa coupling: ‘Ch'T’T = g’T‘(COS ¢CP + Z"}/5 S1n ?,Dcp)Th

h— 777~ = hToh v

h*: some decay product

h- (polarimeter)

[From D. Jeans'’s slide(ACWS2016)]

dN/(dcos8Tdcos8 dopTdp™) x(1 + cos 8" cos87)— sinf7 sin 6~ cos(A¢p — 2¢cp).

ILC250, 2ab~ ! : Ay p=4.3°

[Jeans and Wilson, PRD98, 013007 (2018)]
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Resu It [M. Aoki, K. Hashino, D. Kaneko, ILC250, 2ab~1: AYp=4.3°
S. Kanemura, MK, arXiv: 1808.08770] [Jeans and Wilson, PRD98, 013007 (2018)]

. . . (Im/15,lpcp) — (OO; OO);
@ Angular distribution of h = 77 (0.4, —26°) for R, <0,
[ tanicp = C7 /€3

For ky = 0.995,tan 8 =5, (0.4, —30°) for R,,=0.

125
® : Im [1:]=0.0
W Im[A,]=0.4
1.20f
—~ _ Type-X .
'S (115 g
T '15_’ I T
El= I
Z| £1.10 3
5= S
— —
7 Type-X
1.05
0.80F
_ . - ® :Im [1,]=0.0
1.00/ E _ W:Im[A;]=0.4
| 1 1 | I 1 1 | I L L | I I /. 0-?5 i 1 | | 1 1 | I | | f 1 1 I | I L 1 | I | |
0.2 0.4 0.6 08 [gy| 10 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Toupm (Hy - 171%) Doupm(Hy = 1)
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