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Introduction

B Higgs boson was discovered ! = SM has been completed.

B But, we don’t know the Higgs field and the Higgs sector!

® Negative mass term
B Elemental scalar? or Composite scalar?
B # of scalar multiplets, their representations

® Each NP model has a characteristic Higgs sector

MSSM ®+0 ® : Doublet
B—L extended model ®+5 S : Singlet
Type II seesaw ®+A A : Triplet

B To clarify the structure of the Higgs sector is one of the most
important study of NP
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How to test extended Higgs sectors

We investigate the possibility of the extended Higgs sectors by
using collider experiments.

B Direct Searches of 2"d Higgs boson H*. H* . A.H. ...

B Indirect Searches
IS through coupling constants of 125 GeV Higgs boson!

hZZ, hWW, hyy, hgg, hyZ, hbb, hzz, htt, hhh, ...
X /X

h
C ] h
coso
X

X H, A H*, Z, T’

In order to compare with future precision data of Higgs boson

couplings measurements by O(1) % level,
we should investigate these couplings with higher order

corrections in several extended Higgs sectors 3




O ur p rOj eCts Project Authors:

S. Kanemura, M. Kikuchi, K.Yagyu

B We calculate a full set of 125 GeV Higgs boson couplings with
radiative corrections in the 7 models. (Without QCD corrections)

- HSM

Kanemura, MK, Yagyu, in preparation

e 4 tXrEeS of 2HDMs

Kanémura, MK, Yagyu, NPB 896,80(2015) x hzzZ, hWW, hbb, htt, htt, hcc,
Kanemura, MK, Yagyu, PLB731 (2014)27

. 1DM hyy, hyZ, hgg, hhh
Kanemura, MK, Sakurai, in preparation

« HTM

Aoki, Kanemura, MK, Yagyu; PRD87,015012(2013),
Kanemura, MK, Yagyu, in preparation

B We make the program code group of the calculation for the 1-
loop corrected Higgs boson couplings.

hzZzzZ, n\WW, hrv, hgg,

hvZ, hbb, hrr, htt, hhh,... | e E{ee;f;i‘f’e?nems

Determination of
the Higgs sector !!

Radiative corrections

B We had created numerical calculation code for h,,: couplings in
all 7 models. 4




Calculations of
One-loop corrected
Higgs boson couplings




MOdEI IiSt S : Singlet, ® : Doublet. A : Triplet

B Renormalizable theory
B Second simplest Higgs sectors

Theories with second simplest Higgs sectors are effective theories of
infinite extended Higgs models.

Scalar fields Symmetry
B Higgs Singlet Model (HSM) O+S
B 4 types of Two Higgs doublet model O+ D Softly broken Z2
(THDMS)
o, (U o, U u u
d e d e d e d e
Type I Type II Type X N TypeY
e.g. neutrino-philic ~ &-9- MSSM é.;?rl)itggiggisgggt)asaw (Flipped),
B Inert doublet model (IDM) O+ Exact Z2

® Higgs triplet model (HTM) d+A 6



h,,; couplings

B We calculate 1-loop corrected Higgs couplings by on-shell scheme

B QCD corrections are still not included in our calculations.

hzZZ, hWW, hbb, h1t, htt, hee, hyy, hyZ, hgg, hhh

e < ------ < _____ < _____ <

/ / / /
/ / / /
/ / / /
/ /
() = - ¢t - + -
\ \
\ \ \ \
\ A\ \ \
\ \ \ \

B Most of them will be measured by typically O(1) % at HL-LHC and
future lepton colliders such as ILC.
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Constraints

B We incorporate theoretical constraints to our program.

® Perturbative unitarity
B Vacuum stability
B The condition to avoid wrong vacuum (only HSM)

B We will add constraints from experiments

® Constraints from EW precision data
" my
m S TU




Discriminating models
by comparing
one-loop corrected couplings

and
future precision measurement




B We can investigate how large h couplings deviate
from the SM predictions at one-loop level.

Inner parameters
Mg , MIXing parameters, ...

h,,s couplings,
Ky, AKy

Ex.>> The pattern of deviations in Yukawa couplings in 4 types of 2HDMs

Deviations in scaling factor 30| 1loop level I

N R T2
_ Chxx[pi, 3, q°] - TypeY ’ 1 /3"
AKX = = ) 2 —1 20k i _
Chxxsmlpi, pz,9°] a [k /‘2
. - ~Type II
B Parameter range in 2HDM _ 1o )
300GeV < mo < 1000GeV, X ' sMm
0 < M?< (1000GeV)? o @ 5 4. 5 3]
(M, = Ma= M) < ol AR
" LHC3000 | 4 ) 4 _
® Constraints ILCS00 201 1_..--TYPe L .
« Perturbative unitarity - ) Type X "
» Vacuum stability T w— =530




® We can investigate how large h couplings deviate
from the SM predictions at one-loop level.

Inner parameters
Mg , MIXing parameters, ...

h,,s couplings,
Ky, AKy

Ex.>> Ak, VS Ak, in HSM 2HDM(Type I) IDM

Ak, [%]

Tree level 1 loop level
O omeeee— R 2OV fanp-
| 2HDM(tanp=1.5) | . (tanp=1.5)
tan3=2 tanp=2 ’
L _ 10_ ]
- tanf=3 . - -
OM < Oftanp=35 -
[ tanB=10 vo oL \
< -10
-HSM |
-20 20k LHC3000
1 1 | | _3 I 1 1 1 1 1 | 1 | 1
-15 %5 -10 -5 |LC500 O

Ak, [%)] 11



B We can investigate how large h couplings deviate
from the SM predictions at one-loop level.

Inner parameters
Mg , MIXing parameters, ...

h,,s couplings,
Ky, AKy

Ex.>> Ak, VS Ak, in HSM 2HDM(Type I) IDM

1 loop level

20 R ——
HSM - SHDM(tanB=1.5)
"tanp=2 ]
B Ak, and Ak, take a common form at the 10"

tree level.

Ak, = Ak,=(cosa-1)

E‘;'E 0_—tan[3 =5
\ 4 > !
< -10f
hZZ and hbb deviate to the directions with "
the rate 1 : 1 by the mixing effect. _20._HSM LHC3000
The small width of the line of 1 : 1 is made ] e
by the one-loop contributions. i |
U5 S0 5 1Lcs00 0

Ak, [%)] 19



B We can investigate how large h couplings deviate
from the SM predictions at one-loop level.

Inner parameters
Mg , MIXing parameters, ...

h,,s couplings,
Ky, AKy

Ex.>> Ak, VS Ak, in HSM 2HDM(Type I) IDM

0 1 loop level
2HDM(Type I) R e 2HDM(tanp=1.5)
“tanB=2 ’
B Ak, and Ak, are substantially modified lo_an _
by radiative corrections in the case for i ’

low tan B values.

E‘;'E 0_—tan[3 =5
B As the value of tan 8 become large, Vs
the Ak, and Ak, plane prediction < -10f
approximates the line of 1 : 1. o3y
2ok LHC3000
® Parameter regions for tang@ = 10, I e
cos(B —a) <0, mg > 300 GeV are 30

excluded by the perturbative unitarity 5 10 A | (7 5 ILC500 0
and vacuum stability. K, %] 13




B We can investigate how large h couplings deviate
from the SM predictions at one-loop level.

Inner parameters
Mg , MIXing parameters, ...

h,,s couplings,
Ky, AKy

Ex.>> Ak, VS Ak, in HSM 2HDM(Type I) IDM

IDM olllooplevel]
- 2HDM(tanB=1.5)
] ] "tanp=2 i
B Ak, and Ak, move with same ratio. 1™ ’
B The deviations in the couplings product _ ¢
via pure one loop corrections X Ortanp =2
| N
B Because of constraints from < -10f
perturbative unitarity, the deviations sy
can not be larger than about 2 %. 20k LHC3000
I I ! 1 ! ! ] L ! !
_3(-}15 -10 -5 1Lc500 O

Ak, [%)] 14



® We can investigate how large h couplings deviate
from the SM predictions at one-loop level.

Inner parameters
Mg , MIXing parameters, ...

h,,s couplings,
Ky, AKy

Ex.>> Ak, VS Ak, in HSM 2HDM(Type I) IDM

1 loop level
et

IDM

HSM 0

B There is no charged new particle.

tan B=2

— Deviations in hyy are made by =

mixing effects. &
..-10

Y

<

LHC3000 -

AD:

ILC500
0

15

® hZZ and hyydeviate to the directions -15}
with the rate 1 : 1 by the mixing effect.
220 b

25— — =
AK, [%]




® We can investigate how large h couplings deviate
from the SM predictions at one-loop level.

Inner parameters
Mg , MIXing parameters, ...

h,,s couplings,
Ky, AKy

Ex.>> Ak, VS Ak, in HSM 2HDM(Type I) IDM

1 loop level
et

S5

IDM

2HDM(Type I)

tan B=2

B Mixing effects and singly charged Higgs
bosons loop contributions modify the —
value of Ak,

5

(%

..-10

Y )
B Aky depends on the sign of cos(B — a) < -
v aep J ('B ) LHC3000 -

-15}

B There are allowed regions with Aky > 0, @ ]
which are caused by inversing the sign  -20 juid .
of the hH+H- coupling. H* ; : ILC500 -

h = 25 PR R R R A S S T S SR S
,,,,, ® -10 -5 0
o ?'L, AKZ [%] 16
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In most of parameter regions except the decoupling limit,

we can discriminate models by using the pattern of deviations in various

Higgs couplings, even if there is no discovery of new particles.

». 2HDM(tanp=1.5)

17



Summary

m A full set of fortran code for Higgs couplings in extended Higgs
sectors had been completed.

« HSM
. 4 types of 2HDMs x ZZZ/:V;WhhbbthnyT/ htt, hcc,
« IDM Yy, ny<Z, gg/
« HTM
hZzZ, hWW, hrv, hgg, . ..
hrZ. hbb hTTrl?::[t fgll’?h Precision Determination of
—————— | X measurements the Higgs sector !!

Radiative corrections

B Future work

B Other renormalization scheme (MS scheme)

Calculation of o, Br, ...

Incorporating QCD corrections

Calculation of extra Higgs boson couplings “hhH, hAA, HVV, Hff, hAH+, ...~
Other models

18
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Higgs singlet model

V(®,8) =m2|®|? + A®|* + p1gs|P|2S + A\gg|®|2S? + t5S + m2S? + s S + AgS%,

G'l'
b= ( (¢ +v+iG°) ) 5 =5+ us

® Mass eigenstates ]2 H
s\ [ cosa —sna H 3
6 ) \ sina cosa h, | SM-like Higgs boson Extra Higgs boson

. . fu’i
m; = 2\’ + O (,.—)

M? ) (M2 > o?)
9 Ve : v ~
my = M7+ A\ggv? + O (ﬂfp) M? = 2mé +12A5v¢ + 6vgug
® Parameters(8)
v =246 GeV m, = 126 GeV My A us Aps As Vs

® Scaling factors of h,,- couplings at tree level
Ry = Ry = COS

20 .
3 2 ] ]

Tn’h, 20




< Parameter range in HSM >
300GeV < mw< 1000GeV,

—-15 < dos< 15,

-15 < As< 15,

0.80 < cos a <1,

—2000GeV < us < 2000GeV.

< Parameter range in 2HDM >
300GeV < mu(= ma= mn:) < 1000GeV,
0 < MN2< (1000GeV)™2,

0.80 < sin(#—a) < 1.

< Parameter range in IDM>
300GeV < mu(= ma= mn:) < 1000GeV,
0 < ™2 < (1000GeV)"N2
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One-loop contributions

Approximate formulae (SM like limit) X << 1

Ak,=ky—1 (1-loop level) (2=H" A H) 2
. A IR
) 1, 11 m2, M2\*  Z--U -
My =—ga’ a5 2. (1 _mT) | i
mixin P=AILHE ’
g Loop mé ~ )\1)2 -+ M2
Loop effects —— 1

oc (M>>y) Decoupling! (n—0)

2 a2
5 M? ms
m(l) 1 — — -
m(b

oc mé, (M ~ v) Non-decoupling! (n—1)

1 2m2 7?12 ﬂ-’fﬁ 1 1.
Ak~ Agv + &1 — u t - — - : - i
Ky, KV + {d z 167?2{-: {d v2 ( ??11%!@: qui ) ’ ﬁgd Z

Ak, ~ Aky + &, .

. 3 I 11, mil z'mgm?
Ak, = Aky +&, 2, A“*A“‘f”“fmzs[ﬁu D
=AH,




2HDM(Type I) ' 10 Ak 1]
Z
['(h- )szagmmfl —1(1—M—2)+ NE(sin(f — a) + cot (B—a))l;+sin(f—a)l
w_128\/'§n3 3 . Q¢N; (sin(f — a) + cot 5 cos(f — a))l; + sin(f — a) Iy,
IDM
NGFagmm?l 1 ,Ll%
I'(h - yy) = 128770 _§<1_m§+>+Qthtlt+IW‘
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PARAMETRIC UNCERTAINTIES

Parametric Uncertainties
of hXX couplings

omp(10)  das(myz)  dm.(3) | hbb, hce, hgg [%]
current errors [10] 0.70 0.63 0.61 |0.77 0.89 0.78
+ PT | 0.69 0.40 0.34 |0.74 0.57 0.49
+ LS| 0.30 0.53 0.53 |0.38 0.74 0.65
+ LS?| 0.14 0.35 0.53 |0.20 0.65 0.43
+PT 4+ LS| 0.28 0.17 0.21 | 0.30 0.27 0.21
+ PT + LS? 0.12 0.14 0.20 |0.13 0.24 0.17
+ PT + LS* + ST | 0.09 0.08 0.20 | 0.10 0.22 0.09
ILC goal 0.30 0.70 0.60

Lepage, Mackenzie,

. Ath '
PT ; 4t order QCD perturbative theory Peskin [1401.0319]

LS, LS?; reduction of lattice spacing
ST, increasing the statistics of simulation
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2HDM, IDM

JHDMs -« Softly breken Z2 sym.

(Dl — 4+ (‘Dl PR V) D, u u u
b, > -0, d e d e d e d e
Type I Type I1 Type X N T\_/peY
e.g. neutrino-philic e.g. MSSM e(.lilﬁggiglt)isgggesaw (Fl'ppe‘j)e
- Mass eigenstates (D:H,A H*)
]1, H A H* Soft breaking

_ scale of Z2 sym.
« h(125) coupling constants (tree level)

ky = sin(B - a)
If f couples to @, Ke = Si_n(B—Cl) + cotp cos(p—a)
If f couples to @, Ke = sin(B—a) — tanp cos(B—a)

IDM - Additional scalar field @, is Z,-odd
. FEigenstates A, H A H* my*>=Av?+ HZZ

« h(125) coupling constants Ky =1
(tree level) 25




ELECTROWEAK PRECISION DATA

Higgs Singlet Model with a spontaneously broken Z2 sym

T. Robens and T. Stefaniak, Eur. Phys. J. C75, 104,(2015)
1""

— \\ boson mass

OC SR B S R S—— EWPO (S,T.U)
[ A S [ M perturbatIVIty

0.8 F
0.7 F
0.6 F
0.5F
0.4 F
0.3 F
0.2 F

| sinc.| (upper limit)

- . : . : : . . : ]
100 200 300 400 500 600 700 800 900 1000
m [GeV]
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CONSTRAINTS BY HIGGS SEARCH

Higgs Singlet Model with a spontaneously broken Z2 sym

T. Robens and T. Stefaniak, Eur. Phys. J. C75, 104,(2015)

vy
Y

(b) 1.0 : HiggsBc?{u.nds—li : 2.0

0.9 f-m _k_f%__ e > :
0.8 Pyl
0.7 pr— §><>'
0.6 PR~

0.5 [t
0.4 fi
0.3 st

(H — hh)=0

B
o0
e

e
O

o ,;\&?Vi,
o
X
UK

%

20000000000 ¢0

<
R

| sinat |

X

m LHC ex:::l. (95% C L.) _
i oS00 LEP excl (95% C.L.)
200 400 600 800 1000

m [GeV]
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AK |L?0|

P yy) = SO 1(1 Mz)wwt(' (8~ ) + cotp cos(B — )l +sin(B — a)
- g ——-— - SINIp — & COtp CoS\p — SInlp — &
4} HSM | t e THSM '
2|- Inert doublet model " Inert doublet model

- 2HDM(tanB=2)

AX [%]

tanp=3 (2HDM)

tanp=5 (2HDM)

I
&

- HSM - HSM
> Inert doublet model - Inert doublet model
- [ 2HDM

AK_ | % |




THDMs D, O,

In general, multi-doublet structures cause FCNCs.
To avoid FCNCs, ®, and @, should have different quantum

R S @ e W y
d e d e d e d e
ch — + (Dl Typel Type II Type X Type Y
cDZ — — CDZ e.g. neutrino-philic  €9- MSSM é.;?lgggigtpisgiggesaw (Flipped),
4 types of Yukawa interactions Barger, Hewett, Phillips(1990), Aoki,

Kanemura, Tsumura, Yagyu(2009),
] ] Logan, Su, Haber, ---.
® Softly broken Z, & CP invariance

.. ; 2
Ve = m=|dq |2 + m2|®s |2 — m2 (I)T by + h.c. 2 __M3
THDM 1P 5| ®o (P Do ) M SinBcosp

1 . 1 , ; : x 1
+ 5)\1‘(1)1‘4 + 5)\2‘(1)2|4 + )\3|(I)1‘2‘(I)2‘2 + )\4|(I)J{(I)g‘2 + 5)\5 ((I)J{(I)Q)Q + h.c.|.

Mass eigenstates: b H, A, H*
vZ

mcpz ~ /'llvz + MZ tanB = v—l V2 = V12+V22 ~ (246GeV)2

Soft breaking scale of Z2 sym.
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Renormalization

»  Kinetic term p=—TW __ —4
. . ’ mz2cos?6y,
« Parameters in Lagrangian -+ g, g, v

- Physical parameters -+ my, , my, sindy, , Ge, Qe . ms,
sin“ Oy =1 — —,
iy
- Counter-terms -+ 0my, 0my 0sy, 0Gg 0dg, , Mo
Gr =
; .- 2 a2
« Renormalized conditions V2, sin® By
2 _ 2 1Pl 2
Rellww(po)l 22 = 0, omy, = Rellyy, (my,),
2 _ 2 _ 1Pl 2
Rellzz(p~)| pr=mi = 0, om; = Rell,, (m7),

On-shell conditions

1Pl
= —7 2 5[1' I':?] a4 25'“_ I'_[}E H:”
ey em _ ]_IWI(F'”F?:[] _Z

- i ¥ 7
aem  dp? cwoom;

« Counter term of v

my/? sin‘8,, St
V2 = . —
na » — =

em v

bo| =

12 - ;o2
OMmiy Oy OSpy
3 T T T3
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Counter terms in V

Parameters; m, v m, a pus As As Vs 8

Tadpoles ;: T, T.
P ol 2 Filed mixing ;

Mass eigenstates ;h H G° G* 4 H-h 1

Paramater shift : m-—m + 0m

Field mixing ; HY 1+ 26Zy  6Cy, +da H
h —oa + 5(,—:’;1]_[ 1+ %5Zh h

Counter terms; om, ov 0my 04 Ous OAs OAs OVs
0T, oT;
0Z, 0Z, 0Zs, 0Zc
0C,, 0Cyy, 16
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Counter terms of Higgs couplings

] 22 om? dv  sina . . 1.

0T}y = —YL cosa ( QV _ g2 oCy +0Zy + OZh)
v my; v COS (v 2

o q m om dv  sin o , 1.

Ofiff = Y cosa ( ;T -+ OC;1+OZ?+OZh)
v my v COS (v 2

Ol = 0Appn + App (0C), + dar) + 5)\}1.%0211.-

where
3 2 3
N Ch - m;i c; )

3m? _ i
+ ( 21“‘1 SaC 4+ Apgv(sd — 2s002) + 352 capig + 12 gugsien | da + s2OA.,

OA = —(cavdAgs — Sadfts — 45aV50As). <= Combine due GAs OAe into GA

O/ is determined by the minimal subtraction condition.
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Check for Code

B We checked our numerical calculation code.

B Cancelation of divergence

B Decoupling behavior

B Comparing numerical values calculated by exact formulae
with those by approximate formulae

0

20} -
~ Aky=ky—1 (1-loop level)
o<  -40F _
> | Exact full formula
™ Approximate formula
a -60fF 2
- HSM ‘
B0 (o # 0) i
1950 oo

my, [GeV] 22



CURRENT DATA OF
SCALING FACTORS

19.7 b (8 TeV) + 5.1 fb" (7 TeV)
CMS #68% CL

m==Q5% CL

Iz = 0 go*0-14

-0.12

B +0.07
ky = 1.01 7

K.f _ 0 8?+D.14

— | —
.
0.13 '-'.'r"
oy, = 0.99701° ot
*
e o
— | —

-0.18

+0.23
=1.03 5%

M

— +0.11
K, = 0.897%1¢

K,Y 1-14"‘[’ 12

-0.13

BRogy < 0. 14— : | |

0 0.5 1 1.5 2 2.5
Parameter value

Eur. Phys. J. C (2015) 75:212
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Flavor experiments

F. Mahmoudi and O. Stal, (2010)

b—sy
D,—1v,
1[][]2(}03!]}4[[}50060[]?(]03[]3 1[](]2[][]3{](]4[}[]50[}“'?[]}8{]0
m (GeV) M, (GeV) —
LELELELEN BLELELILE UL BLELELEL UL AL R N R DS uvu
1 : \
] u:|_1D:_ —
g F

ool oty st ol AERE RN
100 200 300 400 500 600 700 800 1(](]2[)[]3{]040[]5{}&6()0?008{]0
m (GeV) M (GeV)
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B Determination of inner parameters by using
future precision data of h,,s couplings

- Inner parameters
In the future,

how much precise can we extract values of inner parameters
by using LHC3000 and ILC500 data ?

h,,s couplings,
Ky, AKy

0.3

SRR TR S
Ex.>>  LHC3000 ILc500 10 I TypeY | Typell

ARy =-2.0 +£2.0 +0.4% S .
Ak, =+5 +2.0 +1.9% ST — o ‘,? ........... —_—
ARy < 0 é °"'""'@”"'"”T"”'*'”""é”'""'@"'"'
- oo 1 SM -
" oil-- HSM, T— T T

. | : :

We survey parameter regions | IT[‘;f,Ie B .

by scanning inner parameters | HTM : TYDé X

X, tanB, myg, M | -(;.2 | -(;.1 | 0I | 05.1 | 0i2 03




B Determination of inner parameters by using
future precision data of h,,s couplings

» Inner parameters

-
et
KN

h,,s couplings,
Ky, AKy

[
<

_ Allowed regions by &
— using uncertainties at ]

L CBOOO ‘?..;. g | ) .
- LH & -

% R
— ’xg“ - u ' ‘.,‘

. fm gty oﬁ‘o
3
KLU e ¢
08 S B %.' :‘
X
ORT S At T
. * #
4 - ot {

tanf3
= whn (=2 -~ oo O
|

boe 7
o" *
.
wt * " w4t
—_ 4 + ¥
. 4"
b #+
+ LS a*
+ + + +
hege 2, Wl AT e 2T . +
i \ “ + $‘t ': g * ‘-&}'

.
- TS A

i a a, rEh :
%y R PRy R o TR TSN N

Ve AR i e S | | |

13 +

144 N

o it +
¥ woht P

L IENE 0 I
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X, tanP : mixing parameters
Mg, . masses of extra Higgs bosons M?
d . parameter meaning magnitude of loop corrections ¢ = 2




