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I. Introduction
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The SM-like Higgs boson was discovered at the LHC with a mass
of around 126 GeV.

The SM Higgs sector 1s very simple, but ...

Iso-singlets
SM Higgs boson (iso-doublet) + jso-doublets

higher isospin multiplet

Additional role to the Higgs sector :
Beyond the SM : neutrino masses, dark matter, baryon asymmetry; ....

In constructing the extended Higgs sector, the following two requirements
from the experimental data should be taken into account.

0.0017
Pexp = 1-0008+0 0007

p 1s very close to unity - - N
FCNC is suppressed p parameter ( at the tree level):
by = my 2 pATe(Tk +1) — Yilvger
ree T m2 cos? Oy > 2Y 207
N cr =1 (1/2) for a complex (real) representation y
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I. Introduction
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® The custodial symmetry ensures p=1 at the tree level.

G=SUQ2), xSU(2)p — SU(2), global SU(2) symmetry

SM (one-Higgs doublet model)
one-Higgs doublet + singlets

1ti Higes doubl
mult1 figgs doublet Mv %&L‘{ small VEV

~ gzz'gigﬁ jOull;iet '\"on SU(2)y, triplet L prees ] wE12GeV
-Higgs doublet + Y=2 SU(2).. triplet vis8 GeV

— p’rree =1

Georgi-Machacek model H.Georgi and M.Machacek NPB262 (1985)

tree
= P |
one Higgs doublet(®)+ Y=2 Higgs triplet (A) + Y=0 Higgs triplet (&)

Impose the custodial symmetry in the Higgs potential
The Higgs sector of the GM model can be described by the form of SU(2)LXSU(2)r multiplets;

. A0* £+ A+t (%% 0 0
c1>:<¢0_ d)Z) x=| A= ¢ At —> <P >= v/V2 0 , <x>=|[ 0 v, 0
- A 6 A 0 w/V2 0 0 vy
21)2A—|—4v§—|—v¢ . oA = /20
4} + 03 . * = ptree = | vy can be taken of order 100 GeV.
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I. Introduction

sk i ‘ ' . u‘%‘.'.“M_oxg!.,...._.ui-ulwv...‘qg-Mwh‘&%v“wwm
Higgs triplet model (HTM ) ( AL A+t )
A —

v +
SM with Y=2 Higgs triplet field (A) AY —U5

V2

% The tree-level p parameter deviates from unity.

2
2UA

1+ vi 2’0(%
Prrce = w2 152 Pexp > 1.0008 — wva < 8GeV
Y
% Extra Higgs bosons
Doubly-charged H**,  Singly-charged H?,
CP-odd neutral A, CP-even neutral H .
% Neutrino masses via Type II seesaw mechanism
. - <> <PO>
LY p— thZCZTQALi —|— h.C. \\\\ﬂ,,/',
MV — \/§th E‘AO
VL > }:Z — VL
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I. Introduction
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H** Neutrino
e.g.)
. H+—]*1*
LHC pp — HTTH™™ — 4107 07
pp — H™H™- — fj_fj_élzv
1L.C ete” o H"H — — K:rfjélzfl_
e e - H  — é,i_ﬁj_
- LFV

t—lll, p—eee at the tree level

vOf3[3

inverse VOf33 ¢

— H =W W~
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Limit on the mass of H++ (@ LHC

Assuming 100% same-sign leptonic decay of the H++

q q A

z°/{ <| W q’< l

mpy++ > 400 GeV
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Models with doubly-charged scalars and neutrino masses

-® Isospin singlet fields with Y=4 : S++

&
Zee, NPB264(1986) e AR
Zee-Babu model Babu, PLB203 (1988) ST s NS
et et el e :
SM + singlet scalars (S, S7°) vif ——= :e - :e' — i/
— X X
HL=2 X X
-2 Isospin doublet fields with Y=3 : ®y=3
o B ( q)‘|——|— ) L eXZa.zct <q;<1> ;¢1>
Y=3 ~ RN AR
- (')1 0 + ,/v\\
. d__ . ®y3= LL,VV v or
®dy-3 cannot decay into the SM particles. P2 0 il I e

2HDM + ®vy-3 M., S.Kanemura, K. Yagyu, PLB702 (2011) Py=3 | -2 —

&+ —>H*W* v | 1| -
: singlet Dirac fermion with Y=-1
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Evidence of the HT'M
* Relationship among the triplet-like Higgs masses

2 2 2 2
Myg++ =M+ =M+ —My/g

* Indirect signatures
Deviations from the SM in the Higgs couplings ( App, hZZ, hWW, hhh, hff)

h—pyp: The current experimental value of the signal strength for the diphoton mode
ts 1.5-2 at the LHC

Accuracy of the measured deviations in the Higgs couplings

LHC-14TeV| Lum= 300 fb"' AWW, hZZ, hyy — 10%, htt, hbb— 20%, her — 10%

ILC-1TeV
Lum=500 fb-1 hWW, hZZ — less than 1%, hppy — 5%, hbb, htt — 2-3%, htt— 5-10%

M_.E.Peskin, arXiv:1207.2516 [hep-ph]
— . . 0
Lum=2 ab-1  hhh is expected to be measured with about 20%. v i ar the Lews2012

Renormalization of the HTM
* Radiative correction to the mass relationship.

* The deviations from the SM in A—)pp decay rate, hZZ, hWW and hhh
couplings.
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I1. Higgs Triplet Model
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Relevant terms in the Lagrangian
( Loty = Liin + Ly — V (P, A) )
The isospin doublet field ® with Y=1 and the triplet field A with Y=2,
-
¢+ ] AT A‘F‘F . 0 1 .
O = . ., A= 2 with A” = —(§ +va + 4
[ 5 (0 + vy + i) AL -4 ROt At
2
v? =02 + 203 = (246 GeV)? m2, = gz(% +203), md = 4COZZ o (Vb + 40A)
f D
V=m?®®+ M*Tr(ATA) + [u®" i AT® + h.c.]
+ A (DT®)2 + g [Tr(ATA)] 2 L Tr(ATA)2 4 0 (@T0)Tr(ATA) + AT AATD )
Neutrino masses: /w?b , UM <00 o>
(M,)i; = V2hi 0 = hijM—i MA = Jon A;AO
The potential respects additional global symmetry. g

* p term 1is absent
— The potential respects the global U(1) symmetry which conserves the lepton number.

Two couplings (A4, A5) determine the 4 masses.
Mmy++, My+, MA, H 2 masses are independent.
14 Jan. 2013 M. Aoki @MPIK 9



I1. Higgs Triplet Model
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The mass matrices for the scalar bosons can be dlagonallzed by rotating

the scalar fields as following.

Doubly-charged: Singly-charged:
+4+ +4 ij: o COS B — sin B Gj:
H== = A7, (Ai>_<sinﬁ cos 3 )(Hi>’
CP-odd: CP-even:
X \ [ cosB —sinp’ GY ¢ \ [ cosa —sina h
n ) \ sinfB cosp’ A ) 0 /] \ siha cosa H
Muixing angles:
o \ﬁ?)A ) 2UA N 2’020\4 + )\5) — 4M2
tan 8 = vy tan 3 _E’ tan 2a = v 27}3)>\1—M2—2’02A()\2+)\3)'

e fand f’ are different.
e vi/v; <0.001 — B, B’ and a are near zero.

, Triplet-like Higgs bosons: H=, H*, A, H
Physical states:
SM-like Higgs boson: h

14 Jan. 2013 M. Aoki @MPIK 10



I1. Higgs Triplet Model
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Mass formulae:
2 2 2 As 2 _ A5, 2 ) _ Ugh
mH++:MA—UA)\3— v¢ 2 ~ MAx — Fug M :fv
2 /\ 2 2v ~ A2 _ A5 ,,2 A
2
_ A ~ 2
i3 (123) N
. -~ 2
mH—/\/l 1sm a+/\/122(:os a+M2§1n2a _]\4A2 M2, — 202,
m? = M3, cos? a + M2, sin* a — M3, sin2a  ~ 2A1v} M2, = M3+ 20% (hg + Aa).
/ 2va
. . 2 2 M3, = - = M3 +U¢UA()\4—|—)\5>.
Neglecting the term with VA /vy Y R

Relationships among the masses of the triplet-like Higgs bosons:
r N

2 2 _ 2 2 _ )\5 2
Mg++ — Mg+ = Mg+ — My | = ——U¢ y

4

\. J

In the limit of vA/v$—0, the mass parameters of the triplet-like Higgs bosons

are determined by two parameters. This can be regarded as the consequence
of the global U(l) symmetry in the Higgs potential.
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11. Higgs Triplet Model
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é ) [ )
Case I >0 Case I A< 0
A A
1 HA 1 g+t
— H—|— -4 H-i—
++
-+ H —+ H,A
\ Y, . J
Decay of H** | Am Decay of H* Am Decayof HorA | Am
W+ HIW*
\ AW+ AV bb
+|+ ' +\AJ+ 9
I*l W i v > “ Wz : ‘
1eV  0.1~IMeV 10GeV Vy, V,

eg) H(A)

— H*W=® o5 gHHw -Gy —0)

H - HTtw—®
H™ s/ torWTWw
A.G.Akeroyd, H.Sugiyama, PRD84(2011)

Cascade decays of the triplet-like scalar bosons become important.

14 Jan. 2013 M. Aoki @MPIK
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11. Higgs Triplet Model

WWM1.6%" bamann 13- 443 TR L
-2 Mass reconstruction at LHC

Case 11

e.g.)
( )

T

140 GeV +—H++
130 GeV H+

Jp

HO/4/b

’..““m&‘l 200 n

M.A., S.Kanemura, K. Yagyu, PRD85(2012)

e

HH S gtwt o5 gwtEw e s ppet ety

i,
’ H,Z' Ip

H ++< L ,+ /
wt L)
119 GeV -H,A : * z
B w- .
\WY j _ A Jy
. v, . q < I
jb b
mh=114 GeV o~8. 4ﬂo(LHC 14) 270fb
— W77 17 1 1 1 T C T 1 T 7 T T T 1 T T T 1
va=10 MeV pp — H'H - X'X'bbH pp — H'H — I vbbH | L HA-bBbA |I', S
g my~ =140 GeV B mp~ =140 GeV E m~ = 140 GeV M, (0D) : : ;
}é 100~ m_-=130 GeV - _g:‘j - my-=130 GeV g o =130 GeV b | i 1
S5 | me=119GeV 1 S0 mp=119GeV - EINE memllGey : ! E
= - =0.01 GeV = v, =0.01 GeV S FE  v,=001GeV 1! ]
The total 5L 1 5 F ¢ 1 B it i
= D L | D10'E i =
event number 50 : I E
° B ] B I i
is assumed to o - : T
0 . 80 100 120 140 Lo 1o b 10005620 60 80 100 120 140
be 1000. 0 20 40 60 _ 8 100 120 140 160 0 1 11 L1 | 0 20 40 60_ 8 100 120 140
:\“IT (X X+bb) [Ge\"] 0 20 40 \ 6?1_1)1)!;) : [IC(;Z\V']I_O 140 160 M [GeV]
IMH++ T IMH+ MH, MA

Masses are determined by the transverse mass distributions.
Mg = (Bt +pr)* = 2|E7|lpr|(1 — cos p)
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I1. Theoretical bounds
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T \
Vacuum stability bound Arhrib et al., PRD84 (2011)
V(4)>O The Higgs potential is bounded from below in any direction of

the large scalar fields region.

1
A1 >0, Ao+ MIN [)\3, 5)\3] >0, M+ MIN[O, )\5] -+ 2MIN[\/)\1()\2 -+ )\3), \/)\1 ()\2 + )\3/2)] > 0

Perturbative unitarity bound Lee, Quigg, Thacker PRD16(1977)

¢ : : : :
“ ‘>,-\</ | The matrix of the S-wave amplitude for the elastic scatterings of

two scalar boson states are satisfied |(p3¢4]a’|01¢92)] < 1 or 1/2.
Pi; the NG bosons and the physical Higgs bosons

e There are 35 possible scattering processes in the HT'M.
(15 neutral, 10 singly-charged, 7 doubly-charged, 2 triply-charged, 1 quadruply-charged)
* 12 eigenvalues can be regarded as independent eigenvalues.
Y1 =2A1, Y2 =2(A2+A3), ys =2\, MA, Kanemura, PRD77(2008)
UE = A+ Ao+ 20 + \/)\% “ 221 (Az + 223) + A2+ dhads 4+ 402 + A2, Arhrib et al., PRD84 (2011)

yE =3\ + 4o + 3Ag £ \/ OX2 — 6A1(4Ag + 3Ag) + 16AZ + 24X5)3 4+ 9AZ + 672 + 2)2,

1
5(2>\4 —A5), Y10 =2X2 — A3

;| < ¢, (¢ =16m or 8«

1
Y6 = A1, Y7 = A4+ As, 9825(2>\4+3>\5), Yo =

14 Jan. 2013 M. Aoki @MPIK 14



I1. Theoretical bounds
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vacuum stability and unitarity

e

— 2 2\ ~
V =m?®T® + M?Tr(ATA) + [udT i AT® + h.c.] A1 =mp*/(2v?) =0.13
+ A (@) + A, [Tr(AIA)IQ + A3Tr(ATA)? £ X (@TR)Tr(ATA) + X DTAATD A= A2=A3
A
™% A, =15 3
+— 40— ' T T ' ' ' AT
A gt i !
30 — |
- Excluded by unitarity (16m)
20 7 B
- Excluded by unitarity (16) |
10 n |
(<'n Or: (<'n —
10 _ =l _
20 | -10¢ |
A _ I _ Tl Excluded by vacuum instabilit =~ ~ -
+ 27 50 . Excluded by vacuum instability -20 B ’ ' B
-+ gt 40 ! ! T I I ST R R P I\ ~, 25 ! I ! I ! I ! I ~ ~
- 10 15 20 25 30 35 40 - 0 5 10 15 20 25
-+ H A }\ }¥4
A min ~ —1.3 = A5 = 0-33 ({=16m), 0-10 ((=8m)  Admin ~ —1.7 — A5 =0-20 ({=16m)
* A+ < 0 — negative values for A5 are strongly constrained.

14 Jan. 2013 M. Aoki @MPIK
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III. Renormalization of the HI'M

- Renormalization of the EW sector

- Renormalization of parameters in the Higgs potential

14 Jan. 2013 M. Aoki @MPIK 16



III. Renormalization of the E Wsector

e L T e e it L tanie L PP,

The renormalization prescription in models with ptree?fl 1s different from
that in models with puec=1.

* Ptree=1 model: SM, 2HDM ° ptree;é]- model: HITM
3 input parameters 4 input parameters are necessary to describe
Gr, mz, aem, the electroweak parameters, because
mw/mz=cw does not hold.
m2, s, = —_em ~ myy Blank, Hollik, NPB514 (1998)
f Grp ? SW _ m2Z Chankowski, Pokorski, Wagner (2007)

Chen, Dawson, Jackson (2008)
Kanemura, Yagyu, PRDS85 (2012)

TOlem 1
Renormalized W boson mass m%/v = /2 GFS%V 1— Ar

_Ptree=1 model 5 V/\

The quadratic mass dependence appears in Ap.

C o ® °
Ar = Aorey, — YQ/V Ap + ATpem Violation of the custodial symmetry
S
%%

/ W W \ ( IVV{//\/J/’H:-\\ W \ //’h\\\

2 2 2 \ MV dw b w v w

A 1 (mt —mb) (mH+ —mA) 1 my NAY WAV VAV IVAVAVA VAV
P = 2 2 + 2 — 5 Custodial sym. breaking Custodial sym. breaking
167 My miy miy, , ,

\ln the top-bottom sector y I\n the scalar sector

14 Jan. 2013 M. Aoki @MPIK 17




I11. Renormalzzatzon of the E Wsector

FEPRSTRIRE A B Tt S Aty o R 2 e 3 SV st e A 8 TR v 0 I
\Ptree#l mOdel
Scheme I GFr, mz, aem, $iw

Sw?is defined as the ratio of the coefficients of the vector part and the axial

vector part in the eeZ vertex.

" 1Pidiagra

Scheme 1

Additional condition:
The mixing angle is not changed from the
tree level prediction.

ApScheme I _ A\ 1 ApScheme I No Ap — The renormalization of §w2 absorbs

rem the violation of the custodial symmetry.

Scheme 11 GF, mz, Aem, /)) g f3’ is obtained by the condition of the Higgs potential.

Additional condition: Scheme 2

No mixing between A and GY. - Q £ Ae@- % | pra=0,ma=0

_2 °
ApScheme Il _ Ao SW A 4 Ay Scheme T The quadratic mass dependences due to the

rem

Sty custodial symmetry breaking appear through Ap.

2
The mixing angle is not the independent parameter, but it is determined by ¢, = — 2y .
. _ . ms (1 + cﬁ,)
The Cw? in the pwee=1 model can be reproduced by taking [3°—0.

14 Jan. 2013 M. Aoki @MPIK 18



III. Renormalization of the E Wsector
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Scheme I h,=0,8, =023146

————— Miightests &y Ady SW

804 -
S - | M — Mgy = My —mg

~.' 80.35 SM —
% £ =- (300 GeV)”

O -(100 GeV)’ -

B 0

< 803 Scheme 1 (100 GeV)’ } —

(300 GeV)”
80.25
| | | | | |
400 800 1200 1600 2000
lightetst [GGV] 1 . QUAV 2m? — 4m2,, 5, 9
a = 7 arcsin [m ()\4 - 3 ) + O(va /v )]

* mw is asymptotically close to those in the case of {=0 in the large mi;ghtesc limit.
However, the value is not consistent with the SM prediction.
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III. Renormalization of the E Wsector
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Scheme 11

i S il

Mlightests ¢s Ady 1

80.7
20 6 55m?q++ —m§1+ :miﬁ— — m5
80.5
% 804
O
2 80.3 SM € =.200GeVY: )
= -(100 GeV)”
80.2 0 ]
Scheme 11 (100 GeV)’ M
80.1 (200 GeV) =
400 800 1200 1600 2000
mlightest [GGV]

* mw is asymptotically close to those in the case of {=0 in the large mijghtes: limit.
The value 1s consistent with the SM prediction.

14 Jan. 2013 M. Aoki @MPIK 20



III. Renormalization of the E Wsector

VSIS B A St AT Promar S AT 44745 5 I LT SR v e 2 SN et e b A R v o it
SCheme II )\4 =0, My est = 300 GeV Mok Am }\4 VA
80.7 T ightesty, A1M, A4,
- —— v,=1MeV Am — Mg+ — mlightest
806 ——- v, =5GeV , N r N
----- v, =10 GeV Casel Case Il
; 80.5 ' "
> _A_ H)A A H—I——I—
O, 804z = S 4 T “
= - = T e e e 4 7 A
= —===”’ SM + 2
80.3 n \_ J . J
Case II |
802 ..+t RUEEEE <+ + The cross marked points show the upper
0 T - I . . .
i | |Case | | lIimit of Am from the theoretical bounds.
I
80.19 20 40 60 80 100 CaseIl: Am 340 GeV for A4=0
Am [GeV]

* The dependence of A4 on mW is quite small. But theoretical constraints depends on A4.

The Am is constrained by the constrains by the mW and theoretical bounds.

Casel: Am 3 50 GeV, 40-60 GeV, 85-100 GeV
Casell: Am 530 GeV, 30-30 GeV, 70-85 GeV

1MeV -1GeV 5GeV 10GeV vA
14 Jan. 2013 M. Aoki @MPIK 21




111. Renormalization of VHiges _

WWM’"“M" e gt WD e S —

-2 Parameters in the Higgs potential

2 2 2 2 2
v, «, 59 67 My, My, Mp, Mg+, M4+

The shift of the parameters : Reno. of EW parameters ) 5y

TadPOleS Tq) — O —|— 5Tq>, TA — O —|— 5TA, Vanishing 1-point function O =& +w--=0 57—@/ 57—4
VEV, mixing angles U — U +0v, « - a+da, = S+08, B — B +68
mi%m?p—l—(Smi, o =~h,H A H" and HTT

Masses

The wave functions and the mixing parameters

H** — (1 + ;5ZH++> H*,
G+ L 1+ 16Zg+ 08+ 06CaH G+
H* —0B8+6Cen 1+ 267+ H* )’
G N 1+ %52@0 08" +06Cqa GY
A 88" +0Cga 1+ 3674 A )7

h\ . ( 1+30Z, da+Chm h
H —da+6Cry 14107y H )

14 Jan. 2013 M. Aoki @MPIK 22



11I. Renormalization of VHiges _
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The counter terms of the H++ mass & its wave function renormalzzéttzon factor
OMyri+, 0L H++
Renormalized H++ two point function at the one-loop level :

2 2 \/§ 0T'A 1PI

= (p* — m%11 )0 Z g+ — My + + Oyt - (p°)

’]
85 (Y

ﬁH++ H—— P
On-shell condition

L. - d ¢ b
Q P2=m.H++2- O ~5 _,Q,._ — O

dp*

P —IMH++
Ug++pg—- [m%[++] =0, /H++H—— [m%I—F—I—] =
\/i(sTA /
5m%{++ = 05 A HgJ}JrH——(m%{nur)a 0L p++ = — §E+H——(m?{++)

The counter-terms related to the CP-odd scalar states §m?, 6Z¢0, 674, 6Cqa, 68’

On-shell condition ¢ aalmd] =0, M4[m4] =0, M.s[0] =0,

. . . . ¢’ R N
No-mixing condition -~ 0720, maT 0 1ug0]=0, Mag[mi]=0.
The five counter-terms are obtained.

All counter-terms are determined by the renormalization conditions.
One-loop calculations for the other observables are now predictable.
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IV. Results
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® Mass relationship 2o
We study the radiative correction to R = —5= o

® Indirect way
We discuss the SM-like Higgs boson couplings, iy, hZZ, hWW and hhh at

the one-loop level in the favored parameter regions by the unitarity bound,
the vacuum stability bound and by the measured W boson mass discussed
In previous sections.
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IV. Radiative correction to R

m.meue%" ”m'xﬂ!“-l--"”vwvﬂo“‘ S hande 2PN A
2 2 9 4
m — m )\
H H 3 v v
A5

One-loop quantity of R: 2 4
RP = Rype + AR —4(1-23) %A Lo (YA
As | 02 v

2 2
Mg, — My,
2 2
77/LHi _ (mA)tree

AR : One-loop correction to R in the limait of (valv)’—0.

Ryvee : (R)tree —

2 2 2

In the limit vA/v—0, m?4 is not

an independent parameter.
m2 — m2
Hy H

AR = —1

mir, — (M3 )pole

Predicted pole mass for A :
OTA

(m?él)pole = (m?él)tree — K T 5mA HlPI[(mi&)tree]
in the limit of valo=>0. o~ (m})iree + TUHA (M )tree] + 23 g [m3r] — T r—— (M ]

B H}—}D—E—FH——[mH-l--i—] QHEEH [mH+]‘|‘H1PI[( A)tree]

2 2
Mg — My

° ° ° ° 2 2 2
This 1is given by three input parameters, m7,. ., m%,., mj .
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IV. Radiative correction to R

WMMMM'MM~ e gt WD e S A

Case ]
0.1 . | . | 0.2
m, =125GeV,a =0
0.051 — 0.15
i -1
0 0.1
o ol |
<1-0.05 g 0.05
-50 I
0.1+ — 0
0.15+ mH++ - mH+ =-100 GCV _0.05__
0-200 1%0 2(|)0 2%0 300 0100
1]]}{++ ((Eff\/)

S = il

Case Il
I | | mH|++ - mIH+ = +|100 GeV .
i +50 |
+1

I mh=125GeV,oc=O

| |
200 250

m, (GeV)

|
150

The contribution of AR to R is sizable, especially when the mass
difference between the triplet fields is large.

AR : ilO% for |muy++—mmp+| ~
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WWW,WM;,-nmma;gg...k...,-o;-y.z; L . ey oy
A.Arhrib, et al. JHEP04(2012)

> S.Kanemura, K. Yagyu, PRD85(2012)
h%YY in HI'M A.Akeroyd, S.Moretti, PRD86(2012)
hoo 4 ¢ AN Y HY (AN Y s Va2 0 4
g W _h_ ! _h _ _/\’ VT _h_ _/\’ f HH
W t A | o
Y AN Y HY NANY HYY AN Y
SM contribution Triplet-like Higgs loop contribution

AnH+H. ~-0(2A4+A3)12  AnHt+H- ~-0A4

* When the sign of the coupling Au++H-.1 1s positive (negative), then the H++ loop
contribution has the same (opposite) sign of the W loop contribution.
A <0 —The decay rate is enhanced.

* h—yy is not sensitive to the magnitude of A5. So, the mass difference among

the triplet-like Higgs boson (Case I or Case II) 1s not so important as long as we
keep a fixed value of mH++.
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IV. h—pp

YOO B 4 Gy g A STt A A Tty S IV S AL I s e N s '~‘4*-“"&~w~,,mw
R = o(99—h)arm XBR(A—=yy)uTM| _ ¢ x BR(A = 77)urm
Y —  o(9g9—h)sm XBR(h—~vyv)swM s3 X BR(h = 77)sm
CaseI,m, .. =300GeV,v,=1MeV Casell,m, . =300GeV,v, =1MeV
70 | | | | | | | | i 70 i | 1 | | | | |
60 L . 60 —  Excluded by vacuum instability .
| - e Excluded by EYPO |
_ S0 N (tHe measured ghw data) |
> ! Y .
O 40113 1.1 ]1.0 09 08 =0.6] —
O " .
= 301 — N
e _ NI i
20— — N
10— — RYY - (V
g | . | | | ' |
02 -1 0 1 2 3 -1 0 .\ 1 2 3
A, 4

* Rpp can be greater than 1 for negative value of A4.
* Ryp ~1.3 when Ay~—1.7, Ryp ~0.6 when A,~3 in both Case I and Case II.
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IV. hZZ

SOOI T By G7t G P s SIS 53 5= O S LR G s P stk MR NNCR o e e T

A ReM“% — ReM{“%(SM)
9hzz =
ReMP“4Z (SM)
Casel, M est = 300 GeV,v N 1 MeV Case II, My test = 300 GeV, v N 1 MeV
s s s aai=asa 5 60 s B,
P ] Excluded by EWPO
60 — o + @
L | um instability
1 % AthZ ]
- =-2% — o
-0.5\% B o I
o1 % 0.3 %
01% 7 —_ 0.1 %
| | C\l | ] | ‘| L
-1 0 1 2 3 4 5 0
A, A,

* For the smaller Am, the magnitude of the negative correction is larger for
positive larger value of As.

e Am = 30 GeV, Agnzz 20 appears.

e Agnzz 1s predicted to be at most a few %.
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IV. hWW

it Lot PRRPSSIPRII=SE s e R

A ReM{"" — ReM{"™W" (SM)
JhWw =
Re MWW (SM)
Case 1, Mybtest = 300 GeV,v, =1 MeV Case 11, M est = 300 GeV,v, =1MeV
| 70

T

Excluded by vacuum instability

* The behavior of Agnww 1s similar to that of Agnzz.
But the correction can be positive for smaller values of Am.
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T 50 Excluded by EWPO
] % 40
) O,
Aghww = N e 30
. <
-2 %
O.SF% 1 % . 20
-0.1 % 0.1 % |03 % l
o ] 10
\ | | \ | \ \ Y | .
2 -1 0 1 2 3 4 5 5
A, A,
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IV. hhh

HPORSTEEE A A P G ot SO DAS 885 S LT SR e SN ot e b 82 BN R 1 0 1t IO R IR

Finally, we show the numerical results for the deviation of the Higgs trilinear
coupling from the SM prediction.

0*V g 1

The renormalized hhh coupling I'nin: 8—@3| p=v = 5 Unnn

thh(p%,pg, q ) zr}fi + 0l npn + Fllzlij}L (p1 p27 6_12) q = p1+ P2

< Y
vAlv—0

2
—3m;

tree : [tree _
hhh ) They are reduced to the same

Counter-term : . .
expressions in the SM.

v
© 30 9 3m? }
5thh > — mh — —%5Zh " ov.

v 2 v2

— the same as the SM.
The triplet-like Higgs boson loop —They can be remained even in this limit.

I : The t loop, the gauge boson loop

L J
3mj | v Nrerm—n , Mea-n , PNaan | Pl
Uppn = — 1_482 2( 2 T m2 + 5 T 2 T
Ty, M+ + M+ My Mg
S g O Ap | (Qat T (atAs)® | (atAs)? ¥
v My, | Mg+ M+ A "

The triplet-like Higgs boson loop contribution gives a positive (negative) correction

compared to the SM prediction when A4 >0 (A4<0) and A5 =0.
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IV. hhh

PR R IR B L Tt G P S AT S8ty = I ST T e 8 TN s 'M“-“"u“,»....mw
hhh = Re[SM
€L Luh

Case I, My et = 300 GeV,v, =1 MeV Case II, L E—— 300 GeV,v, =1MeV

150 %—
100 Yo |
50 % —

4

* In both cases, the positive (negative) values of Al'nun are predicted in the case
with a positive (negative) A4.

e The deviation from the SM prediction can be significant.

Excluded by EWPO

Strong correlation in R, and AI'nnn can be found.

R,y > 1 (R, <1), AT'nuntakes negative (positive) value.
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V. Summary

PISIETEIRE S B L Tt KT P GG TS S ety 5= OV ST AL IR e w SN st ek A e BN, e ,
We discussed the one-loop renormalization in the HTM.

 Characteristic mass relation ) )
R= Mg, — Mgy

2 2
— The ratio R can be modlﬁed around 10%.

Mg, — 1My

*h=py
* Renormalized SM-like Higgs couplings hZZ, hWW and hhh

Magnitudes of the deviations in these quantities from the SM predictions have been
evaluated in the parameter regions where the unitarity and vacuum stability bounds
are satisfied and the predicted W boson mass 1s consistent with the data.

Strong correlations among deviations in the Higgs boson couplings.

" hyyp  hZZ, h'WW hhh A
R,, Agnvv ALwpn
~1.3 ~=0.1% ~—2%
~ 0.6 ~-10% ~ +150%
. J

The HTM may be tested by measuring these couplings accurately at the future
collider experiments, even when additional particles are not directly discovered.
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