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Two Higgs doublet model (2HDM)
AFBWTEHRT 4 [T. D. Lee, PRDS, 1226 (1973)]
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Two Higgs doublet model

&R 7T > %Il (softly broken Z, sym.)
V =1i3[®1* + 13| ®a|” — {13(D]®3) + h.c.}

1 1 1
+ 5)\1|(I)1|4 + §>\2|(I)2|4 + )\3|(I)1|2|(1)2|2 + )\4|(I)];(1)2|2 + {§>\5((I)];(1)2)2 + h.c.}

®XHT—15
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Two Higgs doublet model

&R 7T > %Il (softly broken Z, sym.)
V =p|01 2 + 3|0 — ()0l 02) + hc)

1 1
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Two Higgs doublet model

&R 7T > %Il (softly broken Z, sym.)
V =p|01 2 + 3|0 — ()0l 02) + hc)

1 1
+ 5)\1|(I)1|4 + §A2|@2|4 + A3|®1 %[ ®2]? + M\ |B] Do |? + {@@1@2)2 + h.c.}

Stationary condition
/8‘/ - A345 = )\3 + A4 + Re()\m
A 1
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8h2 0 b 2
. 2\ __
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\ ; )
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Two Higgs doublet model

FCNC: Flavor Changing Neutral Current

Z, sym. : To avoid FCNC at tree level.
\7%) l | *E E'ﬁ;}zﬁ [élashow and Weinberg, PRD15, 1958 (1977)] J

—Ly 3 fr{Yi(v1 + ¢7) + ¥olootoé} fr + hec.

L) 7zl IFY f DEETHIALTFNCA BEIRIITHE X 2,

@Lﬁ’(‘% XA 7

(I)l (I)g QL LL UR dR €R
Type-1 + | = |+ |+ | = | = | -
Type-II || + | — + + | - | + | +

0. i: — —
7 PR T Type-X || + | — + + | = | = | +
Type-Y || + | — | + + | — | + | —

[Aoki, Kanemura, Tsumura and Yagyu, PRD80, 015017 (2009)]
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Two Higgs doublet model

Higgs basis
4 [Davidson and Haber, PRD72, 035004 (2005) )\

¢ _ cos 3 sinf o v
(Qb;) N ( —sinf cosf ) (q);) tan 3 = o

N +
¢1 = (L(U Jﬁl’l + iGO))’ b2 = (i(h]’:ﬂr ihé))
L\ = -

BEEITA. ME = 02V JOhoh) |, - 13) [_\/125 GeV |

M2, M2, M2, RY M?R = diag mHl,mHQ,mHS)
M? = | M2, M3, M:3, hi Ri1 Ri2 Ris\ (H:
Mi, M3, M3, hy | = | Ra1 Raa Ras | | Ho
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M3a, M3s o< Im (N
1g: Mg o T (As) 1, h%: CPeven, h% : CP odd

Im(A5) # 0 = CP-even, -odd "VE & %,
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Two Higgs doublet model
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® FTHITAHYTY T [Kanemura, Tsumura, Yagyu, Yokoya, PRD90, 075001 (2014)]
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Sensitivity: [K. Fujii, et al., arXiv: 1710.07621]
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Sensitivity: [K. Fujii, et al., arXiv: 1710.07621]
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ILC250 (2abl) Kz:0.38%

ﬁﬂ$‘z% == [K. Fujii, et al., Kp: 1.8% 8ab!
- } INFE AN arXiv: 1710.07621] p_- 1.9%
T Ky: 0.2%
—— A ~ l Kb,‘[: 1%
¢ EDMZEER A > D HIER Im|[\s] #g] e :
21 1
(Type X (R21_0)> N\ v
1.00¢ 1.00 Ky=0.995
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0.99° (R,,<0) sm| |
f 0.95+
> L 118 | —
A4 I - “— 1= 2
0.97" Allowed 1|7 osof
[ by EDM o h A 155
0.96 Q. Q (1 [ [« 1 Bl B
L [ [ [ [ c ] E — .
095: B ‘B‘ - =1 o085 Type-X
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Im As 0.801 Allowed by EDM.
P -3 —2 ' ® :Im [45]=0.0 ||
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—2 -3 I Y A | S S S S VR
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[Cheung, Lee, Senaha and Tseng, JHEP 06, 149 (2014)]
[Keus, King, Moretti and Yagyu, JHEP 04, 048 (2016)]
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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

Multi-Higgs
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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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R,; <0
& 1R DB
ILC250 +ILCH00

i fit f fit
g(hbb) 1.8 0.60 Té‘
g(hee) 2.4 1.2 0
glhgg) 2.2 0.97 E‘:
g(hWW) 1.8 0.40 =
glhrt) 1.9 0.80 g
ghZzZ) 0.38 0.30
g(hvyy) 1.1 1.0
glhp) 5.6 5.1
g(hv2) 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%)

[BR, 7T, FF, in%, 9&1%53%6
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ﬁﬂbﬁ :%l:' 7E|3< I KV.: 0.2%

Sensitivity: 1%
€ EDMZEER D © D HIR

1.00¢

- Type-X ]
0.99 g (R,;=<0) ]

0.98- .
> L
4 I -«— — ]
0.97: Allowed ]
by EDM

0.96-

tan =1
tan =2

tan § =3
“tan

IoHDM (Hl = bE)

0.955 b
0.01 0.05 0.10

Im )\5
[Cheung, Lee, Senaha and Tseng, JHEP 06, 149 (2014)]

o
a1
o

Type-X

0.80
® ~0(1071 2HE 3 (CIZ e |
Im(}i‘S) > 0(0'01) 0.?%.0I I112 | I'|.4I | I116‘ | I1i8l | I2f0 | I2i2I

[A. G. Cohen, D. Kaplan and A. Nelson, Doypm(Hy = t71h)
Annu. Rev. Nucl. Part. Sci. 43, 27 (1993)] Tsqth =t 1t)

[BR, 7T, FN, IngF, AR 53%7
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2HDM with softly broken Z, @ AT

/

X G+ . Ht Z} Zl

— . , — . 2 — 2

& (%(fu +hy + zGO)) b2 (%(h’2 + zhg)) W, H,

* 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%_a
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)
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2HDM with softly broken Z, @ AT

R=R+ AR
AM?, AR, — 0 (Im(Xs5) — 0)

_[Mz = M? + AM?

diag(m3,, ,mp,, mi,) = R' MR
= RTM2R+ A(RTM?R)

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

2018/9/11 ILC ED&ETE 2018

29



2HDM with softly broken Z, @ AT

« Mass dimensional parameters Mm, M A

2018/9/11

300 sin(8—a)=1 |
% 250 "M Hy ]
O, ° i
22 T ]
é 200 2 —
| —:tanB =2 "’%q\ |
| ---:tan B =5 .

150 -+ rtan f =10
001 005 0.10 050 1

Im()\5)

ILC ED&TE 2018

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

30



2HDM with softly broken Z, @ AT

@ Ratio of decay rate

LCoupm(h — ff) ()2 4 ()?

Ry = Rll
Ri,+ R51 + Ry =1

Tsm(h — ff)
=(R7, + R3,&7 + 2R11 R &) + (R3.67)
=y + (1 — k1)EF + 26y Ro1 &y
= kp+ (1= k)& (Rap — 0)
ffu, é.d é-e (Im()\fj) i%éj][l

Type-I || +cot8 | +cotB | +cotf "
Type-II || +cotB | —tanf8 | —tanf — ‘R31‘ pl
Type-X || +cot3 | +cot3 | —tanp NENER
Type-Y || +cot | —tanf | +cot \_ — ‘R21 A
2018/9/4 Multi-Higgs 31




REES

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

Tupm(H; = bb)

0.6 0.8 1.0 1.2 1.4 1.6 1.8 20

Loppm(Hy = 171%)
FSM(h - T_T+)

IonpM (H1 - bB)

0.2 04 0.6 0.8 1 0 1.2 14
Loupm(Hy = t71%)

[gqCth - t—tt)

hbb-htt

B, &7, 47, in ¥, ARH]
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Foupm (Hy = €©)

1

1.3

Isp(h = c©)
o

4

110

Ioapm (Hy = €©)

2018/9/11

0.6

0.8 1.0
Loupm(Hy = t7t%)
FSM (h b T_T+)

,— :Im[4¢]=0.0
i +,--- Im[,151=01
1 & 1 Im[A5]=0.2
0.6 A, Im[ 51=0.3 -
114 ‘0.6‘ ‘028‘ | ‘1‘.0‘ | ‘1‘2 ‘1.4‘ | ‘1.6‘ | 1.8‘ | ‘2.‘0
Lupm(Hy = t71%)
ITgm(h - t=tt)
[BR, &F, M, inEr, AFRH]
hcc-htt
33
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T T

T

®,—:1
+ -1 1

¢ - :Im[A]=0.2
A --:Im[A;]=0.3

m[1]=0.0 |
m[A5]=0.1 |

Tyupm (Hy — fF)

1.0

0.96 0.97 0.98
Ky

2018/9/11

1.0 T T T T T T T T

" | @,— :Im[4:]=0.0
+ ,--: Im[A5]=0.1
&, :Im[1]=0.2
A --:Im[A;]=0.3

Tyupom (Hy - fF)

0.98 0.99 1.00
Ky

(B, &7, 3, in8, ARE]

Type-I
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1.25

1.00 ™

1.20 0.95

FZHDM(Hi = fT)

FZHDM(Hi = ff)

1.10

1.056

T

0.80_— gg

<
: 0zs
0.975 0.980 0.985 0.990 0.995 /f'.OOO 0.975 0.980 0.985 0.990 0.995 1.000

KV SM ]{V
[FR, &F, M, mE, ARA]
Type-I
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-

[oupM (Hl = bE)
rSM (h - bE)

1.4+

® ., — :Im[A:]=0.0
+ ---: Im[A5]=0.1
¢ :Im[A;]=0.2
A -2 Im[1:]=0.3

-
-----
-
-

Conpm (H1 - bb
FSM (h - bE)

® — :Im[4;]=0.0
+ ,---: Im[15]=0.1
L ® . :Im[A]=0.2 |,
0.6- A --:1Im[15]=0.3 |

1

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

2018/9/11

1.8 2.0 0.2

Type-X
ILC En4ATE 2018

0.4 0.6 0.8

Doupm (Hy = T717)

I[sqCh -» ttt)
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MRS R

1.25

® : Im [1:]=0.0
W:Im[A]=0.4

1.20

Type-X

IoHDpM (H1 = bE)
Ism(h - bb)

1.05}

1.00

Loupm (H1 = bB)

0.80

0.2 0.4 0.6

Dppm (Hy » 171)

Tsm(h —» t=1+)

2018/9/11

0.8

Type-X

® : Im [4;]=0.0
W Im[A.]=0.4

I | L I 1 I

Type-X
ILC EDATE 2018

0.75—

1.2

1.4 1.6 1.8 2.0 2.2

Doppm(Hy > 1717)
Tsm(h = tTtt)
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DT ANDCPOIE DR

htt coupling: Ly = g’]_'(COS ¢CP + 17y5 sln ?,Dcp)Th

h— 777~ = hToh v

h*: some decay product

- (polarimeter)

[From D. Jeans'’s slide(ACWS2016)]

dN/(dcos8Tdcosf~dpTdop™) (1 + cos 8 cos@7)— sinf™ sin 6~ cos(A¢ — 2¢cp).

ILC250, 2ab~ ! : Ay p=4.3°

[Jeans and Wilson, PRD98, 013007 (2018)]
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ﬁZ! 1("%1 == ILC250, 2ab™1 : Ahp=4.3°
= } I:l ' I [Jeans and Wilson, PRD98, 013007 (2018)]

®h-oTTDHEDSN (ImAs, ¥cp) = (0.0,0°),
_ ot (0.2, —26°) for R,,<0,
Ky = 0995; tanﬁ =5 Tl [tam/)cp = C?/Caf (04_’ _300) for R21_0

| @:1Im[A:]=0.0 '
W:Im[A.]=0.4
1.20k
—~ _ Type-X .
Iﬁ |’3‘1.15 |£
T2 i 1
— T —
Els Z
2| £1.10 2
anjl o o
= 3
Type-X
1.05
0.80-
! | . ® :Im [4;]=0.0
1.00 _ _ W :Im[15]=0.4
1 1 I | 1 1 1 | I I L | 1 1 /./ 0-75 i 1 1 1 i 1 1 I | I I L 1 | | I { 1 | | |
0.2 0.4 0.6 08 [gp]| 10 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Lppm (Hy = t71%) oM (Hy = 1)
2018/9/11 Isyth-»t=1%) ILC EDAETE 2018 Tsm(h = t=T+)

[BKR, &F, %ﬁ i BF, 7\1%53]



