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Introduction

» A new particle has been found at around 126 GeV at the LHC.
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.Hadron Collider Physics Symposium, Nov. 2012
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The combined significance is about 7o at 126 GeV.




Introduction

» Signal strength (o,,./05y) in each channel

obs
Hadron Collider Physics Symposium, Nov. 2012
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It is most likely the SM Higgs boson,
4/30 | but it does not necessarily mean that SM is correct!




Introduction

Physics Beyond the SM
[ Neutrino masses ] [ Dark matter ] [ Baryon asymmetry]

; Introduce

" Extended Higgs Sectors A
Singlets,
Minimal Higgs Sector -Doublets,
1 doublet: ® "Triplets, ...

\_ J

f

~
Experiment . : :
PE ents 126 GeV B Extra Higgs, B Higgs Coupling
g EW precision obs. B Boson H A, ..? Measurents? ,
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Introduction

Physics Beyond the SM
[ Neutrino masses ] [ Dark matter ] Baryon asymmetry

f Determine

Higgs as a Probe of New Physics !!

‘ Compare

4 . A
Experiments

126 GeV
g EW precision obs. W Boson P
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Higgs sector with exotic fields

% In this talk, we focus on the Higgs sector with exotic scalar fields.

/Higgs sectors with exotic fields ) Exotic Higgs field
— jsospin larger than 1/2
) and having a non-zero VEV.

(
Normal extension
<$> <p> <> <P> >
ML ‘\ \ /

Doublets and v
Singlets A A \ 0, )"~ <P
\\ / / }i\ —— L
h | 4 vL 2 E Y.

i .
Cheng, Li (1980); Schechter, Valle Babu, Nandi and
(1980); Magg, Wetterich, (1980) Tavartkiladze (2009)

% Models with exotic scalar fields

Type-ll seesaw model [a comp. triplet]

*Georgi-Machacek (GM) model [a comp. and a real triplets]
o> <> ™

. S ] -
*Model by Babu, Nandi and Tavartkiladze [a quadruplet] P —2—;4‘ ¢ X i
- Radiative seesaw models > ”\\1/; 1S . 'j >
. . VL L R LR L L
- Model by Kanemura and Sugiyama [a comp. triplet] VW Z<q'>f «;» "
Chen, Geng,

- Model by Chen, Geng and Tsai [a quintuplet] Kanemura,
6/30 Sugiyama (2012) Tsai (2012)
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Higgs sector with exotic fields

% There are striking features in Higgs sectors w/ exotic fields.

= Electroweak rho parameter
* The H*W*Z vertex

* The hZZ/hWW vertex
= Multi-charged Higgs bosons
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Higgs sector with exotic fields

% There are striking features in Higgs sectors w/ exotic
fields.

* The H*W*Z vertex +0.0003
=1.0004
+ The hZZ/hWW vertex (Pes 10,0004

3 . 5 Y; : hypercharge

Dy = — My _ 2 v T (T’i-lz'lz)_yi ] T; : isospin

ree — 2 —

m7 cos* Ow > 2Y 7 v; v; : VEV
Model with p,,.. = 1 Model without p,,, = 1
A Higgs field satisfying with the relation: - Usually, exotic Higgs sectors predict
ho # 1 at the tree level except for
T=3%-14+/1+12Y2 '
2( T T ) some special cases.




Higgs sector with exotic fields

% There are striking features in Higgs sectors w/ exotic
fields.

w Grifols, Mendez (1980);
. Peyranere, Haber, Irulegui (1991);
Electroweak rho parameter Mendez, Pomarol (1991);
Kanemura (2000)
+ The hZz/hWW vertex ‘

Effective HWZ vertex: Log = gzmw FHT™W ~Z* + h.c.
K Y; : hypercharge

2 ° 1 T, SPIT
FI? = 205, VAT +1) — Y22 — | |7

Model with multi-doublet structure Model with exotic fields

— |F|?is zero at the tree level. — |F|?is non-zero at the tree level.
The H*W"Z is induced at 1-loop level.

In general, |F|2and p are independent quantities. Measuring H*W*Z vertex can

I be a useful tool to the p to test triplet Higgs models.




Higgs sector with exotic fields

% There are striking features in Higgs sectors w/ exotic
fields.

= Electroweak rho parameter

* The hZZ/hWW vertex

% Measuring the HWZ vertex at the collider experiments

LHC ILc

Asakawa, Kanemura, Kanemura,

Kanzaki (2007) KY, Yanase (2011)
|F|~2 >0.036is required to reach S/Root(B)=2 |F|~2 > 0.001 is required to reach S/Root(B)=2
with Root(s) = 14 TeV, Int. luminosity = 600 fb-1, with Root(s) = 300 GeV, Int. luminosity = 1000 fb-1
mH+ = 200 GeV. mH+ = 150 GeV.
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Higgs sector with exotic fields

% There are striking features in Higgs sectors w/ exotic

fields. y
* Electroweak rho parameter =M xe
€ h ghvv = 0gpyvy hVV
* The H*W*Z vertex y
The deviation in the hVV coupling:
C = L2l )Y R ChzZ = ). 2Y; viBn ;ij;;hube
— 1 2,,2 i - IUE
hRWW UsM \/ZJ Y? Yj v; - VEV
vy = 2 207 [Ti(Ti + 1) = Y;?] = (246 GeV)? Ry, : Mixing angle among CP-even Higgs bosons
Logan (2006)
Model with multi-doublet structure Model with exotic fields
— ¢,y IS smaller than 1 — ¢,y €an be larger than 1

This is because the Clebsh-Gordan coefficient 2[T(T+1)-Y~2]v and
11/30 the factor 4Y22v from exotic fields are larger than those from the doublet.



Higgs sector with exotic fields

o, B and B’ are mixing angles for CP-even, singly-charged and CP —odd Higgs bosons.
Kanemura, Kikuchi, KY

0.5

— == Y;=30GeV

Sovw T Sazz /

Model tan 3 tan /3’ ChWW ChZZ ( 201 3)
&1 + ¢2 (THDM) Voo [Vsy | Vgo/Vs, sin(f — ) sin(f — a) (TI Y)
: (1/2,1/2
o+ x (cHTM) V2vuy fvs | 2vy/vs |cosBeosa+ 2sinBsina | cos B cosa + 2sin f'sina d) ( / ! / )
4+ ¢ (tHTM) 20/ 3 9 sin B si X (L1)
o+ & (r / 2ug fv - cos Jcosa + 2sm Fsina COS (¢ .
i & (1,0)
&+ x + £ (GM model) 2\/51';\/1!0 2V2up [vg|cos Beosa + i‘;@ sin B sina|cos 3 cosa + 243@ sin /3 sin « ¢7: (3’ 2)
o+ o7 v, fvg | dvg, fvg | cosBeosa+4sinfBsina | cosScosa + 4sinSsina
GM model Model with the septet Higgs field
2 ' ' ' ' ' 4 I | T | I | | | I
i Cutt i v, =50 GeV .
_\ Caww = Chzz
1.5




Higgs sector with exotic fields

% There are striking features in Higgs sectors w/ exotic
fields.

= Electroweak rho parameter

* The H*W*Z vertex
* The hZZ/hWW vertex

] .MPHH%‘H‘?@FSSMH@E |?3°§-99'§he EM charge of component scalar fields can be
expressed as: @ = [pA=TY, ..., ', d*, O, b7, ) ..., =TT,

e Discovery of multi-charged Higgs bosons is direct evidence for

the exotic Higgs sectors. s AN 4
e Multi-charged Higgs bosons can affect the h_ - g vS
h—vyy decay via the loop effect. Sx
In addition to h—yy, measuring the h— Zy S IANY (2)

mode is also important to know the isospin of the multi-charged Higgs bosons.

13/30 Carena, Wagner, Low (2012), Chiang, KY (2012)



Cheng, Li (1980);

The Higes Triplet Model (HTM)  vieaq weterich, (1960

Magg, Wetterich, (1980);

Mohapatra, Senjanovic, (1981).

he Hi et field A i added " SU(2)I U(1)y U(1)L
The Higgs triplet field A is added to the SM. o 5 1/2 0
"Important new interaction terms: A 3 1 -2

Lepton number breaking parameter <(|)> ,<¢>
- , \\\s H 1’,’
— hL.. TC ] T o .
LHTM—hszL'ALL+@(I)‘A b4 ... IA
A
——
*Neutrino mass matrix Vi hij VLj
0\ 2
(m ) . ﬂ<¢ ) — hiiv M, : Mass of triplet scalar boson.
v/ T Mg — "MITAy  Triplet Higgs VEV

*Electroweak rho parameter

The HTM can be

oA v2 tested at colliders !!
14/30 2%




Higgs potential

* The Higgs potential

V =m?2®T® + M?Tr(ATA) + (u®TiTp, AT® + h.c.)
A1 (B1P)2 + Aa[Tr(ATA)]2 + AsTr[(ATA)2]

+24(PTR)Tr(ATA) + A5 PTAATSH

= 7 physical scalar states.

o=
NG bosons

ATE =@ Doubly-charged Higgs
0

cosf —sinf
sinf cosd

J=ni)- () @B (¥)-m(@

( ¢
50
CP-even Higgs
* Mass formulae (vA/vd << 1)

Singly-charged Higgs

Triplet-like
2 ., VP 2 s v 2 2 2
mH++2MA—E)\5’mH+’:MA—Z)\5, mA’:mH:MA
SM-like M2 = v M
mi ~ 2A1'U2 A \/EUA

Mass?

)\5’1)2
4

)\5’02

4
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CP-odd Higgs
Case | (A5 >0)

Mass2 4
AH

A

X_

A -

L

tan2a ~

tan3 =

2 S

[715((p+l}(1) +IX)]

ATT
AT

V2

1
A’ = —2(6+vA+in)

’U_A2’U(21)(A4 -|— )\5) - 4Mi

V2va

H+

H++

2\ — M3

tanl@, — %_A

Ve

Case Il (A5<0)

H+

H+

AH




Constraint from EW precision data

* Renormalization in models with p,,.. # 1 is different from
that in models with p,... = 1.

 We need four (not three such as a
to describe the EW parameters.

em» G @and mz) input parameters

Blanck, Hollik (1997); Chankowski, Pokorski, Wagner (2007);
Kanemura, KY (2012) Chen, Dawson, Jackson (2008)
(Scheme I h g Scheme Il h
Inputs: | o, G, mzand sin@,_; O, Gp, mz and B’
e
V4 0 0
Reno. + -0 ’i_O_G_ R A
condition: —
p =0
e
- at p2=m,? at p2=m,?
eno. )
Scale: L Electroweak ) L Decoupling parameter )
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Constraint from EW precision data

* Renormalization in models with p,,.. # 1 is different from
that in models with p,... = 1.

 We need four (not three such as a
to describe the EW parameters.

em» G @and mz) input parameters

Blanck, Hollik (1997); Chankowski, Pokorski, Wagner (2007);
Kanemura, KY (2012) Chen, Dawson, Jackson (2008)
(Scheme I h g Scheme Il h
Inputs: | o, G, mzand sin@,_; O, Gp, mz and B’
e
V4 0 0
Reno. + -0 ’i_O_G_ R A
condition: —
p =0
e
- at p2=m,? at p2=m,?
eno. )
Scale: L Electroweak ) L Decoupling parameter )

16/30



1-loop corrected W mass

Am = My, - I'“Iightest

Kanemura, Kikuchi, KY, PRD87 (2012)

80.7 —
B v,=1 MeV
80.6— ]
| ——— v,=5Ge
805 "t \'A=10 GeV B
>
) B R
9’ 804"""" (-(lfl(lf- = -’-’-.- .= ”;‘—
VA - 1 |V|eV 'H— " _— ""'.'-" S mmm x mmm w Smms m—_u - |
; — = : — .« . SM
= 8035 e _
/_ Casell ., - ) |
VA - 5 Gev - « * . +
80.2 L - et Casel ]
v,=10GeV —>f" """ " " |
50-15 20 40 60
Am [GeV]

100

Case ll

For large triplet VEV case, large mass difference is favored.
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Mass

H+

H+
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Testing the Higgs Triplet Model at colliders

, A
* Direct way

- Discovery of extra Higgs bosons, @
126 GeV -~
e.g., H*, HE, ..

- Testing the mass spectrum among the
triplet like Higgs bosons.

A
* Indirect way
-Precise measurement for the Higgs couplings
Ex. hyy, hWW, hZZ, hhh M
126 GeV - @
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Decay of the triplet-like Higgs bosons

The decay of A-like Higgs bosons can be classified into 3 modes.

1. Decay via hij 2. Decay viav, 3. Decayvia g
Vv

| /f' v w
A ----- A -----: A -x-P A ----- £
h.. v Va \ AN
j | A f Vv 8w

Decay of H**

Decay modes of 1 and 2 are related to
each other by the relation:

Case |l

(my):; = hijva

H* — |I*I* H**— W*W? Decay of the triplet like scalar bosons
strongly depend on v, and Am (= m,,,- m,

+)-

1eV 0.1-1 MeV 10 GeV
19/30



Dilepton decay scenario

mH** - mH*

»Signal: Same-sign dilepton

Casell oy <
O ' O ‘
'ty T ¥ W ¥

H** — |*I* | i q' 0

mH++ >~ 400 GeV by the LHC data

leV 0.1-1 MeV 10 GeV

»By measuring the pattern of leptonic decay, we can direct test the neutrino mass matrix.
" <¢>.\ u %> Akeroyd, Aoki, Sugiyama, 2008
i ssssss

BR| H** --—-- < o< |h,|> <P 1 hijva
.+ !
j !

Vi h. Vi

=

»LHC phenomenology
-4 lepton, 3 lepton signature Perez, Han, Huang, Li, 2008 ; Akeroyd, Chiang, Gaur, 2010, ...

-Using tau polarization Sugiyama, Tsumura, Yokoya (2012)
Discrimination of chiral structure of the Yukawa coupling

-Same sign tetra-lepton signature  Chun, Sharma (2012)
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Diboson decay scenario

mH* - mH* *Signal: Same-sign dilepton + Jets + Missing
w "
Case Il
W+
- .

Vi .
++ — +

1eV 0.1-1 MeV 10 GeV 50 discovery potential of H++
100

N

~—. —_— R

lm T - T L llIIIIIIIIIIIII)YIIIIIIIH T T |-' T T T T T T T T T T T T T T TTTTTTTTITTTITITTIoTT
n n
L . R i L s i
n = 1 GeV NoFj / Js =1
- ;V va eV NoTjettag /‘ b VS l4='cV vy = 1 GeV No Fjet tag T
n * n
n
I : S | I o
. . P
Chiang, Nomura, : y y . /
u . ¢ = /‘
n n *
Tsumura, PRD85 (2012) ~ : e AR : 7 1
n
) . / ,/ e - vy = 55GeV No Fjet tag //
z = e = - -
2 DL L] llllll/lllllllll’"lllllllll-illl'!liqlllll lllllllIlllll'ﬁ'llill......',_
é i /' /' T é B o/ ,/ -
= L . —“ . . § - o/ PRg u
C| / - v = 55 GeV with Fjet tag E - 7 g
ol s —" — - 7’
- L} 7’
L J’ i L - / - 4
rad g ’f
I : ,/ ,—"—
,' =/ === v, =55GeV with Fjet tag
J E pe—-—
B vs = 55GeV No Fiet tag 8 TeV T i ,?’./ ’
A 14 TeV
a .
/
l l’l 1 1 L e l 1 7 1 1 L1
200 300 400 500 600 700 800 200 300 400 500 600 700 800

21/ 30 mps= (GeV) mpy:+ (GeV)



1eV 0.1-1 MeV
v, =102 GeV
A
H™ _1 140 Gev
H" — 130 Gev
H A — 119GeV
h —1 114 GeV

22/30

Event number

mH* - mH*

150

Case ll

Case |

10GeV  Transverse mass distribution

100—

w
(=]
I

— 1 T 1 T 1 T 1 T T T 7T 1
pp — H H — X X bbH
m~ =140 GeV
m_- =130 GeV
m =119 GeV
v, =0.01 GeV

| mH++

20 40 60 80 100 120
M, (X X bb) [GeV]

Cascade decay scenario

»Signal: Same-sign dilepton + Jets + Missing

Aoki, Kanemura, KY, PRD85 (2012)

8.0 fb (14 TeV)
2.8 fb (7 TeV)

2 2 ~ 2 _ 2
mH++ 'mH+ mH+ mH

We may test the characteristic mass spectrum of A-like Higgs bosons




Mass reconstruction at ILC

Root(s) . 4 mH+ = 200 GeV, mH =170 GeV,
- y Root(s) = 500 GeV, 100 fb!
Ff_/ M/+ 10—+ -
’ ~ E min ;
N c~20fb > Ei ]
©
v, Z \ = [ i
. \ - DijetEnergyE; £ 1E E
.e . > [ .
Dijet Invariant mass M, = r N
> = [ :
N PN |
H+ — 4 E‘;};ax+E‘ljl;111 0.10 10 30
max min 2 max ppmin I
m2. ~ 5|1 _ (Ejj —Ej; ) _ 2VSEjES; - | ’
H® = 4 BB B > 105 | .
8 o
max .o _ Z F I M..max
q>) 1 I —
83 I -
5 l -
H** can be measured by looking at the * -
excess of the SS dilepton + jets + missing event. !
0 30 40
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Testing the Higgs Triplet Model at colliders

, A
* Direct way

- Discovery of extra Higgs bosons, @
126 GeV -~
e.g., H*, HE, ..

- Testing the mass spectrum among the
triplet like Higgs bosons.

A
* Indirect way
-Precise measurement for the Higgs couplings
Ex. hyy, hWW, hZZ, hhh M
126 GeV - @
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Higgs coupling measurements

Peskin, arXiv: 1207.2516

g(hAA)/g(hAA)| -1 LHC/ILC1/ILC/ILCTeV

Iy
02 -
= ¢

LHC: 14 TeV, 300 fb?,
o1 Iyl | 7

ILC1: 250 GeV, 250 fb!,

o —

ILC: 500 GeV, 500 fb:,
Q1 | ’

ILCTeV: 1 TeV, 1000 fb
02 +

L

Higgs boson couplings can be measured accurately at future colliders.
25/30



Arhrib, et al. JHEP1204; Kanemura, KY, PRDS85;

H |ggs — d I p h Oto n Akeroyd, Moretti PRD86; Chun, Lee, Sharma JHEP1211

H+(\/\/‘Y HH Y Y

+ h Vot

+' J” TR
HY N\ANY HN AN Y

SM contribution Trlplet like Higgs loop é&ntrlbutlon
AWAT+ HT— =— (444 +4Jb /2)v MH+H-- ~ —AgV

% Sign of A, is quite important! If A, <0 — Constructive (Destructive) contribution.
Signal strength (o,,./0g)) is 1.56% 0.43 (CMS) and 1.9+0.5 (ATLAS). Kanemura, Kikuchi,
Casel, M hest =300 GeV, v, =1 MeV Case I, My hest = 300 GeV, v, =1 MeV KY (2012)
A L L L L L T I / | /
60rt = 60— qu—m{ =
I T r 19— h h =7y
sl 1 L R, = (f/(f/ )H)TI\ X EEE ;HTM‘
> T 1 5 T 0(99 = h)sm X 77)SM
?.» 40 1.3 11 110 foo |08 R, =06] - ;z, 40 -
ST ] S7F y
g 30r= - g 301 -
20 _ , e g _
- - 0.8 -
10— — R_ﬁ= (7
0- \I | ] 1 | ] | i ] | ] ! | ] | ] |
-2 -1 0 1 2 3 1 0 1 2 3
26/30 A A,



Renormalized hZZ

Kanemura, Kikuchi,
KY, PRD87 (2012)

Iy~ 2mi, 1 1 (Nyrtg—-n , Mtm-n , Maan | Mmn JQWﬁvl_ 1 A (A +22)? (A4+A02+(A4+AQ2
o 3212\ 6m3, 6m?, . 3m% - 3mi v 32r2 \ 6m?,. . 6m?, 12m? 12m?,
N 1 % — sk, (Fs(mpes,mys)  Fs(mps,ma) N L?(c%‘, — %) [ (myes —mps)? . (mys —my)?
i 8, 2 2 i 38, > )
Case l, ln]igl“est =300 GeV, v . 1 MeV Case I, mlightest =300 GeV, v - 1 MeV
U e e i T | . P i 70 ! G T e
‘\\_/ = Excluded by EWPO -
60 = i 60 —
L 8 a ¥ va uminstf)ility
HTM _ _SM
50— = 50 Agnzz = 9nzz S;Ighzz
r— = — — g
> > hZ7Z
L 40 — O 40 -
2 272 . 9 -
& 30 =-2% — £ 30 h +0.1 % —
< 7 < -0.1 % 7
20 — 20 :
| 0.1 % 39
o5 0f -1%
10 \ — 10
I | I | I 1 |
% 3 4 5 O- 0 1 2 3
}‘4

‘AghZZ is predicted -0.3

% ~ -2 % when Ryy is +30% ~ -40%
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Renormalized hWW & 5s ors)

Iy~ 2m3, ! Nir++ - A%+H—h%_AiAh Afrin JQWﬁvl_ 1 M +(kr+%52 A+ Xs)* | (a+2s)°
) 3212\ 6m3, 6m?, . 3m% - 3mi T 32r2 \ 6m?,. . 6m?, 12m? 12m?,
N 1k, — st (Fs(mpes,mys) N Fs(mpy+,my) . L?(c%‘,— — %) [ (myes —mps)? . (my+ —my)?
Ar2 s, 02 v2 dr? 3sk, v2 v2
Case I, My e = 300 GeV, v A 1 Mel Case Il My st — 300 GeV, v e 1 Med
5 53 T AR B U s, v s o s s g s b B Lo B0

o Excluded by vacuum instability o

- 60

= - gHIM _ SN
— — - 1
> 1 Zap 2l
o - — 30H ]
= “Zuww = z £0.1%
< 20 7 N ' =

0.5po -1 % — 20 1 A
i i . -0.5%
, -0.1% 0
_ 10 -0.1%
i  Joao
M | \I [ ol L L1 | 1 f] | |
2 3 - 5 -2 -1 0 | 2 3
A, Ay

‘ Ag,ww is predicted -0.3 % ~ -2 % when Ryy is +30% ~ -40%

28/30



Kanemura, Kikuchi,

Renormalized hhh coupling «v, saos7 (2012

Thrr ~ _3my, 1Y Ap+ir—n  Agru-h . Paan . Dgwn
hhh = ——— 13722 3 T Tt —5 T —5 T
v 48memy, My M. mé5 My
3m? vl A3 Ae+22)°  (M+25)3 (A +2s)3
Sl e v yeus e 2 T o2 o2 T
U a87T<Mm h m H++ m H+ ._771_ A Zm H
Casel, bt — 300 GeV, v A= 1 MeV o Case I, Myohtest — 300 GeV, v i 1MeV

Am [GeV]
& & 8 3

(]
o

[
o

04

 ©
]

u|~\lﬁ\\|lll|l|l

hhh coupling can deviate about -10% ~ +150 %,
when Ryy is +30% ~ -40%.
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Summary

*Probing exotic Higgs sectors:
There are several characteristic natures in exotic Higgs sectors,
e.g., rho parameter, H*W*Z vertex, hVV vertex mH* - mH*
and multi-charged scalar bosons.

» Direct way of testing the HTM :
-Decay of H++ can be classified into 4 regions

in the vA — Am plane. V,
If small vA and large mH++ - mH+ is realized, H+ — IFI* H*—W*W*
we need ILC to identify H++.

» Indirect way of testing the HTM : 1ev 0.1-1MeV  10GeVv
-Precise measurements of the Higgs couplings
-Precise calculations of the deviation in the Higgs couplings from the SM prediction.
Ex) Triplet Higgs masses = 300 GeV case

~+30 % ~+150 %
[ A
~-0.3 % ~
SM value ’ Ay~ 45

v

~-10 %
30/30 ~00 %
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Radiative corrections to the EW parameters

Hollik, Fortsch, Phys. (1990)

% One-loop corrections to the W boson mass can be calculated via Ar:

_F — — 92 —_ TOem
V2 8mi, (1—Ar) me W( —Ar)
Muon decay ¢
m/ Vertex correction
e + :

\ + Box correction
v

Ar = HVZ%W(O) + ovB
w

Aa,,, : shift of aem from 0 to mZ.

2 Ap : corrections to the rho parameter
—_ ‘w
— ACVem - S%V AP —I_ Arrem Ar....: The other terms

[ptree = 1]



g = rnH++Z - n“H+Z( = rnH+2 - mAZ)

Decoupling
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In Scheme Il, we can take the decoupling limit.



Theoretical bounds

*Wacuum stability bound (Bounded from below)  arhrib, et al., PRDS4, (2011)

Iim V (rv1’ rvz’ sse )y rvn) > 0
r>o°

A,=A;=A,

4)

A1(BT®)2 + Mo Tr(ATA)? + As Tr[(ATA)?]
+0(®10)Tr(ATA) + A\t AATD

)\1>07 AA>07

2vV2XMAA + A4 + MIN[O, )\5] >0
Lee, Quigg, Thacker, PRD16, (1977)
*Unitarity bound Aoki, Kanemura, PRD77, (2008); Arhrib, et al., PRD84, (2011)

901: : 3 J; - Longitudinal modes of weak gauge bosons and physical Higgs bosons
®

Kp3p4la’l @)l <3 or1

Eigenvalues _| 4, = %(2)\4 + 3X5),

of the matrix

| x3 = 3(2X4 — As)

—x1 = 31 + TAa + \/(3)\1 —7Aa)? + %(”\4 + X5)2,

|x.| < 8mor16m




Theoretical bounds
Case forA. =0(Am=0)

g
‘ | | | | | | | |
4| Vacuum instability | [ a

Excluded by unitarity (8m) _

Negative values of A4 are constrained by the vacuum stability.



Theoretical bounds
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When A4 < 0, negative values of A5 (Case of mH++> mH+>mA)
is highly constrained by the vacuum stability bound.



Custodial Symmetry

*The kinetic term can be written by the 2x2 matrix form of the Higgs doublet:

- Ox* —
E:((qu)):(_gbgb— (ZO )

~

1 B 5 /
Lrin = §Tr[(DME)T(D“2)} DY =0,%+ @'gT Y — i%BMZTg

“When g’ is zero, ,
L., is invariant under the SU(2),xSU(2), transformation: 2 — UrXUp

- After the EWSB: ¥ — (%) = % ( ; ? )

this symmetry is reduced to SU(2), =SU(2); =SU(2),, (custodial symmetry).

Rho parameter: p =m,?/m,%cos’0,, =1 {pexp =1.0008 50007 ]

Custodial symmetry in the kinetic term
maintains the electroweak rho parameter to be unity at the tree level.




Custodial Symmetry

*The kinetic term can be written by the 2x2 matrix form of the Higgs doublet:

- Ox* —
E:((qu)):(_gbgb— (ZO )

~

1 B 5 /
Lrin = §Tr[(DME)T(D“2)} DY =0,%+ @'gT Y — i%BMZTg

“When g’ is zero, ,
L., is invariant under the SU(2),xSU(2), transformation: 2 — UrXUp

V2\ o0 1
this symmetry is reduced to SU(2), =SU(2); =SU(2),, (custodial symmetry).

- After the EWSB: z%<z>:i<1 0)

Rho parameter: p =m,?/m,%cos’0,, =1 {pexp =1.0008 50007 ]

The data suggests that the Higgs sector should be custodial symmetric!




Production processes for H™

Main production process

++ H*’“
Drell-Yan q , H d /
- depends on the / /
gauge coupling g ) g
nZ o\ ) \
N 7 Ho )
Vector Boson Fusion q—> > q’
+
- depends on v, — Suppressed Vs W_)_ e
W+
q > > q'

W associate
- depends on v, — Suppressed
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