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Motivation

e The structure of Higgs sector remains unknown, whereas
the Higgs boson was discovered.

- Negative mass term in the SM Voy = —p2|@* + 2| @]
- Number of Higgs fields, its representation &+ X+ ...

- Symmetries of the Higgs potential

e There are many possibility of extended Higgs sectors.

- Singlet Extension of the SM (HSM) D+ S
- Two Higgs doublet models (THDMs) @, + @,

e Relation between BSM phenomena and extended Higgs sectors

- Testing extended Higgs sectors is essential for exploring NP.
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Our approach o

Our approaches to the determination of the shape of the Higgs
sector is following:

Precise measurements
HL-LHC, ILC, CLIC

Precise calculations

O+ X+...

FCC-ee, CEPC, etc.

X ¥

Observables for the Higgs boson :
Cross section, branching ratio, coupling, etc
Determination of the shape of the Higgs sector

—> We studied on radiative corrections to branching ratios
in 6 different extended Higgs models.



Setup o

We treat 6 simple extended Higgs models.

The potential has shift invariance - < S§>=0

 Higgs singlet models (HSM) (S o Sy ]

V(P S) — "r‘n.‘;i,|<T)|2 + ,\](T)|4 + /i (T)|2S - /\@S|<T)|2S'2 + 1S5+ )‘71%-5'2 + 1959 + Ag 5%

2
Physical state: h, H Free parameter: My, COSA, M., Ug, /15

» Two Higgs doublet models (THDMs) [softly broken Zz symmetry ]
- 4types of Yukawa int.

. 9 9 9 p) 90 =t \
V =m0y |2 4+ m3|Dy|? — m3(®! P, + hoc.)

I ] I - ]
+ 5@ 14 542 Gol® 4+ \3| Q2| o|? + Ag| @I Da]? + 5| (bIdy)? + lc.

-+
Physical state: h,H,A,H Free parameter : My, My, Myx, Sg_,» fﬁ, Mz( = mg/(SﬁCﬁ))

 Inert doublet model (IDM) [exact Z2 symmetry ]
— Dark matte candidate

Viom = Vrupum (mf—>0, <®,>—-0)

+ .
Physical state : h,H,A,H~ Free parameter: My, My, My, Ay T,



HSM :

THDMs :

IDM

Higgs couplings

Ky = K¢ = COSQ

Ry =
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Ky = sin(f — ()z)’ ki =sin(f —a) 4+ & cos(f — a)
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Ex.) THDM Type I, I, X, and Y
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Kg—l [ % |
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Model discrimination by couplings
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Type-I1

Type-1I
Type-X
Type-Y

Each extended Higgs model can give different pattern of deviations
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Nondecoupling effects

In the alignment limit, the heavy Higgs masses can be commonly expressed as:

" 2m;  (HSM)
m(%) = M2 + /ﬂtiv2 (® =H,A, HY) M? =< m32/SﬁCﬂ (THDMSs)
_ 4 (IDM)

2 .
D -

There are two cases for large i
(1) M2 1> —> mg~M’
Loop contributions of @ decouple, obeying decoupling theorem.

. 1 1 1+
Ky — 1~ — —
X 167% 6 = mg,

(2) M? <« /11-1/2 — mc% ~ /livz
Nondecoupling effects can be obtained.

I 1 mg
-1~ - —+...
X 16n26§4v2
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Nondecoupling effects

In the alignment limit, the heavy Higgs masses can be commonly expressed as:

" 2m;  (HSM)
m(%) = M2 + /ﬂtiv2 (® =H,A, HY) M? =< m32/SﬁCﬂ (THDMSs)
_ 4 (IDM)

2 .
D -

There are two cases for large i
(1) M2 1> —> mg~M’
Loop contributions of @ decouple, obeying decoupling theorem.

. 1 1 1+
Ky — 1~ — —
X 167% 6 = mg,

(2) M? < Av? —» mg =~ Av?
Nondecoupling effects can be obtained.
1 1 mg, | Inthe case of THDMs, maximally
16722 6 Z 2 ¢ ~ 2.5%forhW
® ) ~5% forhff

— 1 ~

Kx

- comparable with sensitivity of future experiments
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Couplings — branching ratios

While the experimental data of Higgs couplings are not directly compared with
predictions of models, the branching ratios can be done:

e Higgs couplings

Exp. data | €—> .@ —>
Wilson
coefficients
e Branching ratios

Directly compared
-

Open questions:

e how is decoupling property of additional Higgs bosons for BRs?
e What is pattern of deviations from the SM for BRs for each model?

» We show size of additional Higgs boson loop cont. for BRs.

» We discuss if 6 extended Higgs models are discriminated with precise
measurements of Higgs BRs.
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H_COUP - Kentarou Mawatari’ s talk
[Thu. 16:40 in Track1/Track?2 ]
In order to calculate Higgs branching rations including higher order
corrections, we have developed H-COUP program.

H COUP [Kanemura, Kikuchi, KS, Yagyu, CPC 233 (2018) 134]
[Kanemura, Kikuchi, KS, Mawatari, Yagyu, 1910.12769]

Fortran program to evaluate loop-corrected Higgs observables
in the improved on-shell scheme.

+ Higgs Singlet model V' hff, hVV, hhh vertex functions (v1.0) ,
+ Two Higgs doublet models  BR(: — £f), BR(: — VV) 20
Type L, II, X, Y BR(h — 7). BR(h — Zy). BR(h — gg)

+ Inert doublet model V' total width of A

Predictions for each model are evaluated in the same scheme
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One-loop calculation of Higgs decay rates

1/ 1
hoffe <E <+ + @<

h— VV*:
hVV vertex'correction Self—é'ﬁergy correction V}‘fvertex correction
Pl P4
[p—_— —— f
Z f
hff vertex correction Wave function Box diagram correction
Higgs vertices and self -energy are New ingredients of ver. 2.0

computed by H-COUP ver.1.0.

Decay rates for h—ff h—VV*, h—>gg, h—>vZ, h—7 v are calculated at NLO EW and
NNLO QCD in H-COUP.



[HSM, IDM |

BR(h—XX)
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Higgs branching ratios at the 1-loop

Ky - Scaling factor
ANP

[(h — XX)LO(1 + Ag) P M)
/ /'{l“h(l N AEWQCD %) -

~ BR(h —» XX)M
Typical values of deviation from the SM is about 0.5%.
But, total decay rates deviate with few %.

BR(h —» XX) - Loop contributions of

additional Higgs bosons

[Kanemura, Kikuchi, Mawatari ,KS, Yagyu ]

o Type-l; sin(fi-a)=0.99, cos(fi-ct)=0 , Type-ll; sin(f-c2)=0.99, cos(f-a)=0 o Type-X; sin{f-«)=0.99, cos(p-u)>0 o0 Type-Y; sin(p-a)=0.99, cos(p-«)>0
10— 10 ——— 1 N — )

W e o (I NI T N i N
107 9 1015 - P _ 10" w0 '
— — — :::—x:\ 7 B — — e ::_3;— — — ]
: < — 5 ] % m— ]
B ¥ | / | xT % \'\ /
-2 -2 \ / L, 2 .2 \ ¢
10 510 “. .; £10 510 \‘ ’.,'
73} o 5] | |
107 10 \ 103 1073
104 104 \ 104 10°
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 B g 10 2 3 4 5 8 7 8 9 10 2 2 4 5 B8 7 B 9 10
tanp tanf tanp tanp

Cause of deviations from SM: @ Mixing, loop effect of additional Higgs
@ Correlation of each mode



Higgs branching ratios at the 'I-Ioopw]7

In order to look size of additional Higgs loop contributions, we evaluated
deviations from the SM for the branching ratios.

[Kanemura, Kikuchi, Mawatari ,KS, Yagyu]

Typical graph : 5 Type-Il, sin(B-a)=1.0, tanf=1.5 Deviations from SM :
o f * | pp o BRE=XOw
r— I | Yy = —
h -1 \IE’I—-I- / 4 \//\\\ ************************************ A% = (0GeV )? . BR(h — XX)SM
\
- \f e == A0?=(400GeV)
| AV = mg — M?
1
1672 6

Mg (=My==my=m,) [GeV]

Mg 2>V I Additional Higgs loop contributions decouple.

Mg ~ V - Non-decoupling effect can be appeared at few %.
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Discrimination of the models

We discuss whether 6 different models are discriminated
by precise measurements of Higgs branching ratios.

HL-LHC ILC

{3="4 IeV, 3000 b per expenmznt

- lo 20
| Total ATLAS and CMS
— Elit'es:i'ni'mal HL-LHC Frojection Brr 13% 26%
= fheowy Jnccrtanty (%) BZZ 6.7% 13.4%
Tot St Exp TF
B'f’-’ = 26 1.0 15 © BwWwW 1.9%
RZZ - 29 12 15 22 Bttt 1.4% 2.8%
BYWI= 20 1112 25 Beb  0.89% 1.78%
B™ E. 29 14 10 22 Buu 279 549%
B:'b — 3.4 1.5 13 40
B" =— 8.2 7.4 15 30 ] i .
. ‘ | We consider situations that BWW are
peEe——— 7™ measured with few % accuracy at the ILC.

Expected relative uncertainty

—->We studied three cases:
D: Ay =0%4% @: Apyy=5%+4% O Buyy=-5%4%
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Case D: Apyy =0%4% ap. - BRO= XXy,
BR(: — XX)g,

[Kanemura, Kikuchi, Mawatari ,KS, Yagyu ]
 Plot of color:

. . -+ o
Predictions of each model 20 A“szo-l“',O/"’ | —
 Brightness of color : ] ] — 1|
Value of mo 10 |- . IDM
- (m, = 63GeV)
e . — 5} S
Lighter colors: mg < 600GeV < . f“‘w.
—_ 4‘ s '.q.‘“ .:‘.Q.J-
- Darker colors: mg > 600GeV :fé O CTypeX | 4
Pl D gl A T
Lower bound from b — sy = 5 ; HachN
i f Type-Y
HL-LHC(2 0): 15
[ATLAS, CMS,1902.00134] | : : : : _
. | [ 1 1 L
ILC(20): 200 15 10 5 0 5 10 15 20

[T. Barlow et al. 1710.07621]

Ap, [%]
If |Au_| 25%, 4 types of THDMs can be separated.



Case @ : Auyy=5%t4%

[Kanemura, Kikuchi, Mawatari ,KS, Yagyu]

Aupp, [%]

20

15

10

5

1
6))

-10
-15

-20_

o

A%'LVV‘WTS‘OiﬁO‘O/ON ‘ { ‘ { ‘ { ‘ {

HL-LHC(2 0):
[ATLAS, CMS,1902.00134]

ILC(2 0):

[T. Barlow et al. 1710.07621]

Case @ : Auyy =

16/17

[Kanemura, Kikuchi, Mawatari ,KS, Yagyu]

Apgy, [%]

-20

5+4%

Apay=—5.024.0%
20— ——
_____ Type-Y
10%- . i Type-ll
%"3}'&“ .
g " T @ Typel
'ﬁ ‘E}’;:'&l ‘*m%* ot
O FTypex s L
) ]

P

|

| |

|

-20

-15

-10

-5 0 5
Ay [7]

e In both case, HSM and IDM are already excluded.

10

15 20

e In case®@ all models predictions are completely separated.

* In case®, if mo>600 GeV, we can distinguish all models
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Summary

e H-COUP2.0 can evaluate Higgs branching ratios at NLO EW
and NNLO QCD in various extended Higgs models.

Few % deviations due to loop effect of additional Higgs bosons can be
obtained in context of branching ratios.

 We investigated the deviations from the SM in the 3 cases:
Constralnt for A,uWW D|scr|m|nat|ons of models

O 4% B P055|ble ( |f |A/,t,n| > 5 %

@ _ MWW 5+4%,

@ VﬂW . 5"'4% o P055|ble ( |f mq>>6OO GeV)

P055|ble

—1In any case, there are situations all models can be discriminated.

ILC is needed, in order to compare with precise measurements,
accurate calculations also necessary.
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current measurements (Higgs couplings)

inv
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Current measurements are consistent with predictions of
the SM within O(10)% uncertainty .

35.91b7 (13 TeV)

CMS ® Observed
== ¢y interval
+ 20 interval
KW _.,..
IKTI ———
Kb —— ————
*E—
i, | :
1 I L1 1 1 1 L1 1 l L1 11 l L1 11
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Measurements accuracy of the Higgs couplings (prospect)

[ arXiv:1901.09829]

Model Dependent Fit (I'5,,=0 & no anom. hZZ/hWW coupl.)

B HL-LHC ©ILC260
B HL-LHC @ILC250 @ ILC500

HL -LHC: 0(1) %
18 BB N . ; ; = ILC: @(1)N@(0_1)%

Precision of Higgs boson couplings [%]

0 L Ll L1 L il
Z W b = g ¢ v we t/2 210
— N
Considerably improved Challenging at LHC

e Sensitivity of most of couplings are improved by the ILC.

* In oder to compare with such precise measurements, we should
evaluate theoretical predictionsgwith radiative corrections.



Deviations -.-5i=5--

Apxx = Bgw — > BRU(h = ff)Agw — Y BR(h = VV*)Agy
f 1%

21



Two Higgs doublet model(THDM)

ll'%
o : ®; = ' with 7 =1,2
Higgs potential (\b(l‘i+lli+i:i))
V =m?|®|* + m3|®y|* — 7723(@1@2 + h.c.)
| | 1
+ 5/\1|(I)1|4 + 5)\2|‘I’2|4 + Ag|@1[?|Dof* + Aa| @] Pof* + 5)‘5[(‘1’1‘1’2)2 +h.c.|

* Mass eigenstates

hq H 21 2 urfL | w™
= R« : = R(/ : = R([
(o) = (0)- (2) =m0 (3)- () = ()

Physical state:h, H, A, H*

* Physical parameters

2
V,Mp, My, My, My, a, f, M

30
22



Higgs singlet model(HSM)
. Higgs potentia 1( )
75 v+ ¢ +iGY)

‘/*((I). S) — }71,%|(I)|2 + )\|(I)|4 4 'U(I)S'l(I)FS 1 )‘(I>.S'|(I)|QSQ 1 t‘qS 4+ ,,71%'52 +,U‘b'53 4+ /\554

* Mass eigenstates
= R(«) with R(a) =

Physical state :h, H

* Physical parameters

2
V, My, My, , &, Mg, AS' Hods

23 29



constraint for THDMs (Higgs signal strength )

[ATLAS, JHEP1511(2015)206]

2HOM Type | ATLAS 2HOM Type I ATLAS mm ATLAS mna ATLAS
— Obs. 95% CL — Ots. 5% QL » Be?lov,as4rny’ - fBe? YoV, 4547 0"
fse , 4547 " B=7ToV, 45470 A )
_:_::;a 6.::::.:::::’ -i-::;a Fu8Tov, 203" Gettov, 030" ""- :.“::na a8 YoV, 2030
— - SM — - M — -
= 10 g, T 10D 1 T 10T
: s : R
BRK 2RI
9. 0.0.9.9, r19.9. 0.9,
2 9. 9. 0. 0.9 PO
9.0.0.0.9, 9.0.9.
PRRRKK 255
1 OO <) BOO
2.90.9.0.9, -
X X XX O §
|%%6%% a
o Pe%e20% %
o L0003 03
. BRKKKK 02 , ;
XN O < @
£ KRR
107 08-06-04.02 0 02 040608 1 10 08-06-04-02 10708080402 0 02 0.4 06 08 § 107708-06-04-02 0 0.2 040608 1
cos(f-a) cos(fi-) cos(fi-)
(a) Typel (b) Type 11 (¢) Lepton-specific (d) Flipped

Cpq = 0.1 s5_4 = 0.99
Co-q = 0.2>55_o = 0.98
Cﬂ_a =03-> Sﬁ—d = 0.95 24



Constraint from flavor experiments

A. Arbey, F. Mahmoudi,O. Stal T. Stefaniak arXiv:1706.07414v1

THDM Type | - Flavour constraints THDM Type Il - Flavour constraints

tan B

600 800 1000

[N T N TR NN TR N TR NN T NN NN NN SN NN BN NN |

200 400 600 800 1000 200 400

M, (GeV) M, (GeV)
THDM Type IlI- Flavour constraints THDM Type V- Flavour constraints

R R N S N W R N
200 400
M, (GeV) 25 M, (GeV)

1 1 1 1 l 1 1 1 1 1 l 1 1 1 1 1
600 800 1000 200 400

1 1 1 1 I 1 1 1
600 800 1000




Status of direct search of extra Higgs

® constraint for THDMs (LHC Run |, Summary plots by CMS ) [CMS PAS HIG-16-007]

CMS Preliminary <511 (7 TeV) + < 19.7 v (8 TeV) CMS Preliminary <51 1™ (7 TeV) + < 19.7 v (8 TeV)
2HDMTypel.oos(B»a)=0.1,mA=m,=n\‘¢1OOGeV 2HDMTypell,cos(p-a)=0.1,mA=n\,=n\,+1OOGeV
a1 1 —
§ g: [TEEEE] Coserved sxchumon05% L. |4 g ;ﬁ ' ] Observed exclusion 95% CL
3 | | Hs WWIZZ (arXiv:1504.00008) | .
5t ] AMn = 04G-14.09) 5 ey
al ] A-2i-e uoarieoaczeen) i 4 ] A-sZH-+tT (anXiv:1603.02991)
[ As2H-sibb (arXiv:1603.02091) [ A-sZH-mb (anv:1603.02991
3 NoOr-poarturbative 10gion 3 Nm-pemn.vem ,
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ =
NN !
i
i
: ]
| 1 .
| | 1 —> Basically, for Type Il tanf < 2,
| 1 =8, )
0 a0 300 200 0 My < 380 GeV are excluded.
m,, [GeV] m,, [GeV]

® Future prospect of excluded regions [ Kanemura, Tsumura, Yagyu, Yokoya, PRD90(2014)075001]

Type-IITHDM  m,=m,,cos(f —a) =0
L L L L L L L L L L R

g H A T . LHC 3000 0"
o LHC 300 1"
T

mA[GeV]
285858888

g o b
HA~T
A - In the future exp.
[ SIS b excluded regions are spread.

2 4 6 8 1012 14 16 18 20 22 24 26 28 30
2Qanf



Definition of form factors for hVV and hff

,U vV
Ly . ) ~" p] ,)'7 3 LVDO 1)]/)1)2(7
rr s =T, g + 17 07, etP
hVV — ARy S LR VA Y 5 il pyy 5
: ms v m{/

IA‘hff :_hf5¢'¢'+yi hif +pil lztt + 2 F;v,f,z;
+ﬁlys_%+ﬁzysf_b#+ﬁlﬁ2_% + p1paysLiss:

hVV: 7 form factors

hff: 3 form factors

27



| sinoc | (upper limit)

Constraint of direct search (HSM)

[T. Robens, T. Stefaniak, Eur. Phys. J. C(2016) 76,268]

091

0.8
0.7
0.6
0.5

0.4
0.3}
0.2 |
0.1 b

1 —

S

———

e

v

/

Table 1 List of LHC Higgs search channels that are applied by
HiggsBounds in the high-mass region, yielding the upper limit on
| sin | shown in Figs. 1 and 2

Tl

Ve

/

——— LHC searches in EPJC 75 (2015) 104 }-
updated results :

800

900

28

1000

Range of my [GeV] Search channel Reference
130-145 H—Z7—-4l [94] (CMS)
145-158 H—-VV (V=W,2) [66] (CMS)
158-163 SM comb. [95] (CMS)
163-170 H—-WW [96] (CMS)
170-176 SM comb. [95] (CMS)
176-211 H—-VV (V=W,2) [66] (CMS)
211-225 H—-Z7Z—4l [94] (CMS)
225445 H—VV (V=W,2) [66] (CMS)
445-776 H—-Z7Z7Z [70] (ATLAS)
776-1000 H—VV (V=W,2) [66] (CMS)




Status of direct search of extra Higgs (Future)

e Future prospect of excluded regions

m, [GeV]

1000

a00

Type-II THDM
] 1 | B | | [ T I 71 I | I | l 1 | ] ] ‘ ]
L LHC 3000 b - §

_ LHC 300 M

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
tanfp

[ Kanemura, Tsumura, Yagyu, Yokoya, PRD90(2014)075001]

g T

- b TOOOTOO000)
H. A t > H,A<
b 4 T

— In the future exp.
excluded regions are spread.
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Parameter scan

THDMs:

095 <sin(f—a)< 1, 1.5tanf < 10
Mg = My = My = My=, 300 < mg < 1000GeV, 0 < M < myq,

HSM:

0.95 <cosa < 1,
300 < my < 5000GeV, 0 <M < mg, pu, = 0,4, =0.1

IDM:

m, = 63GeV, 100 < my( = my.) < 1000GeV, 0 < M < mg, i, ~ my, A, = 0.1

Constraints: perturbative unitarity, vacuum stabllity, S and T parameters,
values for A u (WW)



Scan plot without constraint of
A u(WW

20 smahirmeA H" Sin(ﬂ-|<>t)>0|.95
gii AT ,

. ’.'.‘
Liye + U AN
= v i SRR SR 4
*.'.' ) ’ -..'.: .
P &

15

10

5 . . |
20 -15 10 -5 0 5 10 15 20
AMTT [O/O] .




Scan plot without constraint of
A uw(WW)

My=m=my+, sin(}-a>0.98)
20— T

-10

-15

_ | 1
0045 10 5 0 5 10 15 20

Au.,n [o/o]
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Branching ratios (THDMs

Type-|, cos(B-a)<0
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Other correlations

Auww=0.':)t4.0%
20 1
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A WwgEVS Mo

Apy [%]

0.5

0.5

 Type-l; sin(p-a)=1, tanp=1.5

Wos0 ——
W=(200GeV)? — — -

---——---"-"--——

10°
Mg (=my=m,=m, ;) [GeV]

Type-X; sin{B-a)=1, tanf=1.5

W= —— |
X Wo=(200GeV)? — — - |

10°
Mg (=My=my=m.) [GeV]

Type-ll; sin(B-a)=1, lanf=1.5

| Wos0 ——
W=(200GeV)? — — |

10°

Mg (=M =m, =m ;) [GeV]

Type-Y, sinif-a)=1, tanf=1.5
[' Wl ——
WP=(200GeV)° — — - |

N
WA *
.
% )
10°

Mg (=My=m =My [GeV]
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A WFvs mo
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Other correlations
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Correlation of the decay rates
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Total decay rate
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Gauge dependence on the counter terms

(g% = + uh H

Nielsen identity : [N. K. Nielsen, NPB101 (1975) 173, Y. Yamada, PRD64(2001)036008]

0¢1;5(q%) = (q* —mf)Ai (g + (¢* — m)A;(q?)

A;(g?), Aj(g*): sum of loop function
ex.2) 8 (the counter term of the mixing angle 8 )

1
6B = —m [HAGO (mA) + nAGO (0)]
Appling to the Nielsen identity

d¢(8B) = [(m% — 0)Ag(0) + (0 —m3)A,(0)]

2m2
B 9:(68) #0

With the same argument, we can also find d;(6a) # 0



Pinch technique

| demonstrate that é, dependence for I1,.(g?) are removed.

Mself =

pinch
Mvert =

Mpmch 3

box

Mpmch 3

wave
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A, GY

- — -

\_/

b — - -
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u
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41

. |Gy TG
@




Pinch technique

Toy process : uil = uil ML, ML, MET, ., : Pinch term
n.nl | 17 | | | |

Msel ‘l \k A {
1 \“ﬁ}"% ‘
d — Mg ;] ‘ ‘f\'\%z_ ------

y \ | G i-, . . ‘\ ”

- -7 *  Pinching ~-- A

Mer W Y

ver Original diagram Pinch term

/ Wff coupling

Myg  YPky = o —mq) — (Pa — ff —mq)

\

MET] Derivative coupling or W boson propagator [gve) =0

| | We obtained the gauge invariant I1;, 4 ,
addirng the pinch terms



