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Introduction

Higgs boson which is predicted in the Standard Model(SM) was detected at the Large
Hadron Collider(LHC).

Phenomena beyond the SM have been reported. The CP violating effect

of the SM is too small.

[G. R. Farrar and M. E. Shaposhnikov,
e Baryon asymmetry of the Universe (BAU) Phys. Rev. D 50, 774 (1994)]

e Dark matter e Neutrino oscillations

On the other hand, the Higgs sector is still unknown.

e The number of the Higgs field ?

e The Higgs field is elementary or composed ?

e Dynamics of the electroweak symmetry breaking (EWSB) ?
Phenomena beyond the SM can be related to the extended Higgs sector.

— We can introduce new CP violating effects by extended Higgs sector.
3
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Motivation

We can measure the CP violating effects by following methods:
e Electric dipole moment (EDM)
e Features of new particles
e Angular distribution of decay products [Prof.Daniel Jeans’s talk on Monday]

However, EDM and new particles have not been detected yet.

In this talk, we discuss how to test the CP violating effects by precision measurements
of the SM-like Higgs boson couplings. T{ Higgs boson couplings will ]

be precisely measured.

We focus on two Higgs doublet model(2HDM) with CP violating effects and discuss the
deviation of the Higgs couplings from the SM between the CP conserving case and the

CP violating case. 6
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2HDM with CP violating effects

Tree-level potential of 2HDM with softly broken Z, symmetry o ( w}
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2HDM with CP violating effects

V2

< NGB and Charged H]ggs boson tanfB = — [S. Davidson and H. E. Haber, Phys. Rev. D 72, 035004 (2005)]
U1
QSI B cosf sinf P, . G+ . H+
bs)  \ —sinB cosf ®, oy = (%(v—l—h’l—kiGo))’ 2 = <%(h’2+ih’3))
R : Rej/3)
o ’ = 2 — 3
*  Mass matrix (h,’, h,’, h,”) (Ays = A+ A+ ReALM™ = 2025
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(In the CP conserving limit, ms, muy, ma and & parameters are the mass eigenvalues and mixing angle for CP-even states. )
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W, |=R
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% Independent parameters
v(=246GeV), my,=m,(125GeV), my=, iy, iy, tan, sin(3 — @), M?, ImAs

- diag(mél’mizz’m%g) (H, is the SM-like Higgs.)

(RTR=1)

Hi
T 2p _ 2
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The SM-like Higgs boson couplings
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We impose Z, symmetry on 2HDM in order to avoid T§§6-11 1 - I 1 — 1T [+
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1 H;: Higgs boson (125GeV) Lo=1/2
LD —. By (ga,MWjW_“ + iggMZ#Z“)Hl f : quark or charged lepton I“ _ N 1
V : W or Z boson &8
E?HDM — _SM g S+ P o ¢} = Ru + Raiéy | ” & ‘ €4 £
hif 9t f( ! 15 f)f 1 ¢t = (—=2If)Ra1&y Type-I || +cotB | +cotf | +cotp
Type-Il || +cotf | —tanfB | —tanf
g2H DM Type-X || +cotf | +cot | —tanp
Scaling factor for HVV @ sy = Ry — Ry Type-Y || +cotB | —tanf | +cot 3
hVV
: . T(h— ff)2upm
Ratio of decay rate H, — ff : = ~ (c%)? + ()2
YIS Do s T

We use the scaling factor and the ratio of decay rate for following numerical analysis.
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Numerical analysis

cos(B-a)=0
16—
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[ In preparation ]
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Numerical analysis

cos(B-a)=0

% Input parameters

v =246 GeV,
mp = 1256 GeV,

myg = 200 GeV, s
ma = 250 GeV T

(The numerical results don’t depend on %
Mand m_,.) 2
aN

< In the case of ImA, values(=0.2, 0.4),
we can treat tilde mass parameters
as mass eigenvalues.

ils lepe-Y:

02 Lo b b b 1 e R /
g2HDM F(h 5 f.f)2HDM o . 02 04 06 08 10 12 14 16
wy =TV _ N ~ (c})? + (c}) Uoppm (H1 — 77)
Ihvv ’ SM Csm(h — 77) [ In preparation ]
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Numerical analysis

cos(B-&)=0,Type-X

16— —
When there are CP violating effects in the : - }2 :11528'(2) !

Higgs potential, Higgs boson couplings are 150 e ,1::0:4
different from ones in CP conserving case. i
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Numerical analysis < 0.38 %

- 0,
. s RN 1
[ ®. —:ImA;=0.0 | Ke:2.4%
. ®.:ImA=02 |] / 1LC250 (2ab)
All sensitivity regions are on tanB=2 and . 1.5¢ A.-=:ImA;=0.4 |] (K. Fujii et al.,
k,=0.98 and ImA,=0 by experiments... .} ILC250 ] arXiv:1710.07621]

The ratios and the scaling factors are

favored CP conserving case. Pink, green and blue

are tanf=1, 2 and 3.
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2
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Numerical analysis < 0.38 %

cos(B-a)20,Type-X K2 1.9%
16— : ([.3-.). ype i Ky :1.8%
: ® —:ImA.=0.0 |] ket 2.4 %
If sensitivity region for hVV is on K, =0.96 by ¢®. - :ImA;=0.2 |] ILC250 (2ab1)

experiments, CP conserving 2HDM cannot 1.5

explain the ratios and the scaling factors. ILC250
14

A .-=:1mA:=0.4 [K. Fujii et al.,

arxiv:1710.07621]

==
=

In the CP violating case, the scaling

Pink, green and blue
are tanf=1, 2 and 3.

Conpm(Hy — bb)
Fg\{(h - bb)
7

. . ot . : Black and purple are
factors and the ratios can be explained. 120 /7 T | k,=0.96 and 0.98.
1.1
s In principle, we can test the CP violating
effects by precision measurements of 1.0t - S N ——
04 0.6 i 1.0

SM-like Higgs boson couplings. Tonpm(H, = 77) SM

Csm(h = 77) [ In preparation |
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Numerical analysis
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% CP violating effects which aren't excluded by EDM can be tested by precision measurements
of SM-like Higgs boson couplings. [ In preparation ]
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Summary

CP violating effects can be introduced into the
Higgs potential by extended Higgs sector.

We discuss how to test the CP violating effects by
precision measurements of SM-like Higgs boson
couplings.

In fact, the deviation of the Higgs boson couplings
depends on CP violating effects. We might be able to
measure the effects by the precision measurements
of the Higgs boson couplings.
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2HDM with CP violating effects

320 T T T TTTT] T T T T T
my =200GeV, my: =mua =250GeV ]
280 —
=" Mys
CEn - < If ImA.~0.2 and 0.4,
= | m i My, My i
i I B H» M4 isaboutm,, m ...
2 | Hh"'\'-\..\..\ |
160}~ =
n _ h H,
- TARR — A2 — A 2 2 2
120 I A I N I Z}Z =R Zz » R MR_Mdiag = diag(my, , my,, my,)
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The solid, dashed and dotted curves correspond to
tan B = 2, 5 and 10, respectively.

[V. Keus, S. F. King, S. Moretti and K. Yagyu, JHEP 1604, 048 (2016) ] 20



2HDM with CP violating effects
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(0.2, 0.9889 (<0.99%))
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Electric dipole moment r$)=58, p@E) =-E
TS =-S, TE)=E.
s

=—d|?|-lf—p|?|-§ B, E 65 B E ‘S

l ey = —uB —dE e =—uB+dE
Energy: S =uB+dE, &E_=uB-dE —» Av = MTE

% EDM
i ol

0:0 Constraints by EDM [ K. Cheung, J. S. Lee, E. Senaha and P. Y. Tseng, JHEP 1406, 149 (2014)]

m o o
Lo gy BV + 3 —5 3 (6] T+ iE] PysfH:)

f=ud,e i=1,2,3

2
+ T‘/_ [Viai(matsPr + mb, P YAH* +m £, 7PreH* + Hel,

IEf| <7x1073 (1), 2x1072(1), 3x1072(Xx), 6x103(Y)



EDM constraints

[ K. Cheung, J. S. Lee, E. Senaha and P. Y. Tseng, JHEP 1406, 149 (2014)]
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1.00

EDM constraints

[ K. Cheung, J. S. Lee, E. Senaha and P. Y. Tseng, JHEP 1406, 149 (2014)]
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P parameter [G. C. Joshi, M. Matsuda and M. Tanimoto, Phys. Lett. B 341, 53 (1994)]
3a 3 01

A 2 . 2
P~ 16m cos6, ,z’, m%—m%v )
“ ():(1 0 F(myy mia) = = Y OLF(mly, m] ))
1671"811120 mW 1i Hi» """ Hch 2 ol li Hj» ""HE) | »
itj ki
where
X+ X

Fxy)= =% —xf”ylog;, L(x, y) =F(x, m3) = F(x, m}) + F(y, m}) — F(y, m3) .
—Ap=0(10%)

¢ ~ O(102) to get sufficient baryon asymmetry

[A. G. Cohen, D. Kaplan, and A. Nelson, Annu. Rev. Nucl. Part. Sci. 43, 27 (1993)]
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SenSitiVity for K [S. Dawson et al., arXiv:1310.8361]

Facility LHC  HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
V5 (GeV) 14,000 14,000 250/500  250/500  250/500/1000  250/500/1000  350,/1400,/3000 240/350

[ Ldt (fh=1) 300/expt 3000/expt 2504500 115041600 250450041000 1150+1600+2500 5004150042000  10,000+2600
Ky 5—7% 2—-5% 8.3% 4.4% 3.8% 2.3% —/5.5/<5.5% 1.45%

K 6—-8%  3-5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
Kw 4-6%  2-5%  0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Kz 4-6%  2—-4%  0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

Ke 6—-8%  2-5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

Ka = Ky 10-13% 4-7%  0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

Ko = Ky 14-15% 7-10%  25% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%

ILC250 (2ab™)

k fit
9(hbb) 18
Z%Z%g)w ) fg [K. Fujii et al., arXiv:1710.07621]
g(htT) 1.9
9(hZ2) 0.38
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CMS Preliminary 3591 (13 TeV)
%10 IIIIIIIIIIII
S
2HDM Type |
— Observed 95% CL
----- Expected 95% CL
107!
08 06 04 02 0 02 04 06 08

cos(p-o)

al0
=

CMS Preliminary

CMS PAS HIG-17-031

359 b (13 TeV)
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CMS PAS HIG-17-031

CMS Preliminary 359" (13 TeV) CMS Preliminary 3597 (13 TeV)

2HDM Type lll
— Observed 95% CL

2HDM Type IV
— Observed 95% CL

1
10,8 06 04 02 0 02 04 06 08
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Numerical analysis
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Ism(h = 77) [ In preparation ] 29
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