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Higgs sector  m-rzscev

Higgs boson was discovered last year !
Data indicate that it is a SM-like Higgs boson (A).

What is the shape of the Higgs sector”?

No principle for minimal Higgs with one doublet

All extended Higgs sectors can predict the SM-like Higgs boson

Many new physics models predict specific

extended Higgs sectors

Hierarchy, Neutrino Masses, Dark Matter,
Baryon Asymmetry, ---

Higgs sector is a window of new physics !




Extended Higgs models

What kind of extended Higgs sectors are possible”?
Simplest models are

1. Higgs Singlet Model o+s (B-L Higes, ..) |
2. 2Higes Doublet Model ®+@ (SUSY, EW Baryogenesis, )
3. Higgs Triplet Model o+A (Typell seesaw, )

All these extended Higgs models can contain the 126 GeV
SM-like Higgs boson A, and satisfy current LEP/LHC data.

Therefore, we may be able to test these models by measuring
the deviation in A—coupling constants from the SM predictions

hyy, hWW, hZZ, htt, hbb, htt, hhh, ....

Future precision measurements of h
couplings at LHC, HL-LHGC, ILC, -----




Test of Extended Higgs

Extended Higgs sectors can be tested by direct
searches of extra Higgs bosons

H A H, H”,~

Indirect search Deviation in coupling constants of the A
. due to heavy Higgs bosons (or NP particles)
Physics of A

Direct search

There are two possibilities to change couplings of A
Radiative corrections

Mixing among scalar fields
v X . . Ve s
s Deviation due to the -~ X
EX) 2HDM g < loop contributions of n_ (/ \
/@ So additional new particles. N !

h, cos a-h, sina

We can discriminate an extended Higgs model by precisely measuring the
pattern of deviations in the A boson couplings.



Determination of A couplings

€ |_HC data for signal strength slightly deviates from SM predictions.

EX) h->vy 0.8(*0.3) (CMS) 1.6 (*0.3) (ATLAS)
h->WW#*, 0.75(£0.2) (CMS) 0.95(%0.2) (ATLAS) g(hAA)/g(hAA) -1 LHC/HLC/ILC/ILCTeV

@ Clear deviations may appear at future =M. Peskin. 2012
measurements at LHC, and especially at ILC. 7 | ' |
o . . . 1 fl
[ ILC 250-1000GeV | e
hZZ, hWW : O(1)% or better N
hhh : 0(10)% Wt ey T v

Technical design report of ILC (2013)
Markus, Remi,

‘ HL—LHC & ILC Tilman, Michael,and
Ay vy :about 5%MHL-LHC&LCS00)  Dirkzerwas(2013)

® In order to compare to such precision measurements,
we must evaluate the theory predictions at the one-loop level.
This is essentially important!




INn this talk

* \We here consider the Higgs triplet
model (O+A), and study radiative

corrections to the f~couplings in this
model.

« Why the Higgs triplet model?
— Neutrino mass can be explained

— Theoretical interest for 1-loop calculation
of such an exotic model with o #1.



Higgs triplet model (HTM)
AT At ¢°=\/%(¢+v¢+ix)

+ —_—
V2
o = ¢0 + A= A+ ® 2 1/2
¢ A = 1
. Cheng, Li (1980), Mohapatra,
€ Neutrino mass | Type-ll seesaw Senjanovic(1981)
(P) (P)
L, = hi; Lt imeAL? + he .. o7
v L 2L ' . hY 3 g
. . Mii = L D
Majorana neutrino masses are v Mg_ T A
generated via the LNV parameter [L . VL) h." ; (VL
+0.0017 V, @ doublet VEV
® The rho parameter Pexp = 1.0008 5007 v, : triplet VEV

; - 2zy 24y,22246GeV
0 is not equal to unity at tree. V=V TVa
mWZ . U¢2+21]A2

We need toset v, /vy K1 p= T S R * 1




Higgs potential
V(D.A) = m2dTd + M2 Tr(ATA) + [,astl}Tfrga"'clﬁ + h.c:.}

ol “ B 2 ol e ale ol whe
+ (DD + [Tr{,ﬁ'&)] + B3TrI[(ATA)] + (D D) Tr(ATA) + 5D AAT .
€ Mass eigenstates
¢\ [cosa —sina\(h ¢\ [cosB —sinB\[f G~ x\ [cosp’ —sinB"\[G"
5) \sine cosa H) (A+ ) a ( sinB  cosf )(H+ )’ (n) B ( sin’ cosp’ )( A )’

Mass eigenstates: h, Il_/i_i_, /_/i_, A, /_ll

SM-like Higgs boson triplet-like Higgs bosons
€ Mass hierarchy  rajation

A
Va2 & v¢,2 ‘ among | m,. 2—m,2~m,2—m;? = _:5 Ve 2
masses

Three patterns for mass 4 A
spectrum for the triplet- AH| | Casel H* | | Casell A | Caselll
like Higgs bosons. ™ ™

AS > O AS < O H++I H+! Ai H

H++
AH A =O

Am =mpy+ — Mijghtest 5

Am =My = Myxe Am = mye —my Am =0



Current Bound from LHC

mH™ - mH”
Decay of H++ depends on v,

L 2 Va <1 MeV

WW+

Case |l

Mainly decay into dilepton H**

- [ Va
H* — 'l HY— W'W' e
LHC excluded:
IT) s <400 Ge\/ 1eV 0.1-1 MeV 10 GeV
®v,>1 MeV m

—
un
I

Mainly decay into diboson H* — W/'W*

LHC excluded:
my.. < 30 GeV

INn this case, we can consider the ‘

light A, which can be tested e e
H—

atILC etc. Kanemura, Yagyu, Yokoya (2013)

Cross section [fb]

L
| 2




What do we calculate”

h-couplings { ﬁ
— hyy (1-loop induced, new loop contributions) T

10% at LHC 5% LHC3000+ILC500

— hWW, hZZ (Nature of Higgs mechanism) L
10% at LHC 1% or better at ILC500

— hhh (Structure of the Higgs potential) . O
rather difficult at LHC 0(10)% at ILC1000

> How do we calculate these coupling constants
iNn the HTM?

« The renormalization in HTM is different from the one in the SM
because the relation o=1 does not hold in HTM.

« So we must construct a new renormalization scheme in the HTM.

« Then we calculate these coupling constants in the HTM



Rellzz(p)l oy =

Rellww (p2)|p2:m12/v

Renormalization
» The model with SM  0,,..=7

Lagrangian parameters
Physical parameters
Renormalization conditions

On-shell condition

Physical parameters
Renormalization conditions

9,9,V
my, , m,,sin, , G, a,,

=0, om3 = Rell )} (m3),

=0, 6mW = ReH1 (mW)

O e _

Kem

» The model with HTM 0,77

Lagrangian parameters ¢

9,95V, Vy
my, , m,,sin@,, , G, a,,

T. Blank, W. Hollik (1998), S.
Kanemura, K. Yagyu (2012),
P. H. Chankowski, S. Pokorski,
J. Wagner, (2007); M. -C.
Chen, S. Dawson, C. B.
Jackson (2008).

— —ieyli
2 _
p =
d 1PE2y) 25y nlmm)
Cdpr Y P Jlg=0 cw o mg
2
My
~ my2cos* #1
7 W

2 ¢ 2
sin*Oy # 1 —— m) -
mz Sw
5 S5y
cosOy,” = Tw : ‘
w mz?% (1 + cosB’?)

¥ -9 -~ 3
Cyw ﬁmz ﬁmw
2 2 2
Sw \ mz My,
= —ocy
D om2, ~ omy, ~ 2spcpr 5
2(1 + 2 ) m> m> (1+ 2 )
mz(1 + ¢z Z W i

B’ is a mixing
angle among
CP-odd scalar
field.

OB is
determined
in the next slide



Renormalization in Higgs potential

(a: Mixing angle among CP- even Higgs bosons,
> Higgs potential f: Mixing angle among charged Higgs bosons)
Parameters ¢+« v, @, B, B, Mysrr Mys My, My, My,

> Counter-terms
Tadpole: 6T, 6T,

Wave function renormalization : 6z,, 62,,, 62,, 62;,, 62,.,, 6Z;,, 62,,.., 6C,,,
5CAGOI 5CH+G+

> Renormalization conditions

6T, == 68T,[m,?| =T, +T,"""[m,?| + 6T, =0

21 — ,
s e Tyglmg?] =0 lyg[p?] = - +-- %ot o
om,, <p<p[ ® ] PP
2ein2 v 1 (om? Y 552
Sv =r- Renormalizations in the gauge sector, p2=" S 0w » C - —[ - Cem | W
M2 4 2 ny, @em S
Sa ==+ My,[my?] = 0,y,[my%]1= 0, No mixing on-shell
6B = Mac[ma?] = 0,M4z[ms%]=0,  No mixing on-shell
1 + 52 7 I
| 2 AU
5B -+ of = \/_ﬁéﬁ'., - tanf = . tanp’ = o
> s b



Results of one-loop calculations

hyy, hWW, hZZ, hhh



hyy

? A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka (2012).
> Rat|0 Of the event rate for //767/ 7 A. G. Akeroyd, S. Moretti (2012).

o(gg = hutm X BR(h — yy)urMm
o(gg — Msm X BR(h — yy)sm

R

YY

Results at LHC
R, = 05-11CMS
Ryyexo - 13 - 19 (ATLAS) 50

2 | |
= 40
t W H+ + ;\NA. H n ’/:p,v.‘.\, o
L(h = 7y) i = "<[:+ 4, +oe o e g 30
20
)th++H—— =~ —A4U 10

R, , dependson A, A
A== —(Ag + 7)” 0

Not excluded

-2

A

A =0
Casel Mp..=300GeV, v,=1MeV
! | ‘ | j | ! \ \
l Excluded -
:- Am = m/—/+_m/—/++ by EWPD i
= o -
= 1.3 L1 110 Y09 o8 R =06 |
. N T T | |
-1 0 1 2

M. Aoki, S. Kanemura, M. Kil?uchi, K. Yagyu (2013)

L8]

R, , can be enhanced or reduced depending on the

sigN of A pppy .




hWW

> Deviations for AW from the SM predictions

ReMMV — ReMMVV (SM)

Agryy = —
Jrvy ReMVV (SM)
70
e\ 2 60
| a2 (R ae? | (ts)?
AghWW =T 2 2 + 2 + 2
32mc | 6emy++ 6Mpy+ 6my emy
+1 2(cw*=sw?) (mH++‘mH+)2+(mH+‘mA)ZI %40
an? sy p2 iz <}
E 30

Not excluded

01% -0.1% [0-3%4

C | Az =0

asel ||, =300GeV, v,=1MeV
EiE e e e B

- Excluded _ -

. Am =my.—my..
by EWPD AL——_"

i

Agyorw
-2 %

M. Aoki, S. Kanemura, M. Kikuchi, K. Yagyu (2013)

Deviations for AWV from the SM predictions can be several %.




hWW

> Deviations for AW from the SM predictions
Not excluded

ReM MV — ReMMVV(SM) A =0
Agnyv = VLAY, Casel
eM;™ " (SM) Mi..=300GeV, vA 1MeV
70 B e g |
. ol Excluded Am = m .
T [ W (7)) | Gt (A4+/15)2] by E — |
Inww = T 5002 lompaa? T bmp,? 6m 2 6my 2 50 { -
+1 2(cw?=sw?) [(Mp g —mpy)? + (mp+—ma)?] 2> 40; ]
42 3sy? p2 v? o B +0+./, i
E 30 j Afhww= i
. 2 %
If we take into account the CMS data I o e %1 -
for R, , pink regions are excluded. \"M1 MU K i
Ol\ I W I I W | l | | |
Agnyy can be 1%. 2 ! A 2 3 4 >
4

M. Aoki, S. Kanemura, M. Kikuchi, K. Yagyu (2013)

\ 4

Deviation is detectable at ILC !



hzZ

> Deviations for hZZ from the SM predictions
Not excluded

As =0
My.,.=300GeV, v=1MeV

ReMMV — ReMMVV (SM)
ReMM™V (SM)

Agryv =

1e)2
Ag - 2 [ % (/14+7) (Ag+2s)? (/14+/15)2]
hww 3272 [6mysy?2  6mps? 6m,> 6my?

1 2(cw’=sw?) l(mH++_mH+)2+(mH+_mA)zl
42 35y V2 V2
1%

=2% _|

-0.5%%

0.3 %

If we take into account results of
R, , a pink region is excluded.

Agryv can be 1%.

\ 4

M. Aoki, S. Kanemura, M. Kikuchi, K. Yagyu (2013)

Deviations are detectable at ILC !



hhh

> Deviations for hhh from the SM predictions
Not excluded

N . - , 1. >0
@ . e . >
\ \ - - Casel] s00ea, vasiMey

Rel'pnp — Hel‘ﬁﬂ
SM

&thh —

3 3 3 3
-V 2(/1.'7r++hr——h +AH+H—h _l_‘MhAA +4/1nHH)

2 2 2 2
Myt My my My

3 153
W, (143) et | Gt

Muss? Myt amy

4

v
48my,2m?

Deviations in hhh coupling from the
SM prediction can be -10 %~ +150%

|f we take into acoount resu]ts Of M. Aoki, S. Kanemura, M. Kikuchi, K. Yagyu (2013)
R, ,,» piNk region is excluded.

ATy, can be 50%. ‘ Deviations are detectable at ILC !



Correlations of the deviation

Contributions to 7, , is opposite to one of A/, .

70 ] I [ T I T T
60 | I Excludled i Excluded
by EWPD - by EWPD
50 2|
Case-l =
) - .1 (1.0 j0.9 lo.8 5 A rhhh
£ Ryy=0.6| -]
Am=my,, —my,., R - 0% 25
10 yy - 0%
0 I | ! l il | | |
) -1 0 1 2 3 % - 0 I 2
mlightest:SOOGev’ \% A:1 MeV A A,
Rye  Blppn AGhww 89hzz A3 R Blwnn BGhww 8Gpzz
-0(1)% 0.1% -50% 1%
+20% +50%

There is a correlation in deviationsin Ay v and Hhhh.
By detecting this, we can discriminate the model from the others.



Summary

 \We calculate radiative corrections to the /—coupling
constants in the Higgs triplet model to compare
future precision Mmeasurements.

 Results:

In the region where LHC (CMS) datal(l (h—» »)) allows,
« deviations for HhWWW (h/”) can be about -0.19% to -1%.
« deviations for /A4 can be about -5% to +50 %.

 Conclusion:.

Deviations for these coupling constants can be large enough
to be detected at ILC.

By detecting the pattern of deviations in coupling constants,
we can discriminate the HTM from the other models.



Thank you for your attention !



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

‘° R giad s
:W Z |b g .7 .1: c'..tinv_

LHC : 1/s=14 TeV, L=300fb "1 in LHC

HLC : 1/s=250 GeV, L=250fb~1 in ILC

ILC : v/s=500 GeV, L=500fb~1 in ILC
ILCTeV :4/s=1000 GeV, L=1000fb "1 in ILC




Up® K Vy°

V% = vg% + 2v)°

1

Mpgs? = M? 4 G Ayt As)0?

my? = my® = M? o+ (Ag+ds)v?

3 3 3 3
v Misti—-n"  Auti-n | 4naa” Aran
Athh = 48 7. 9 2 + 2 + 2 + 2
To"Mp™\ Myt My+ my Mmy
Ag\>
ISA S s IO e o e
48mp2m2 | myps?  mpy? 2my’ 2mpy?
. 7’
e -~ -7
) Ve / N
Coupling parameters of ---- —-—— )
the loop diagrams are RN AN
different from the one of I N ./ S o
v y

the tree diagram.
So, deviations by loop
correction can be large.

Annn = =MV ~
hhh 1 A4 +H—— = =AU

1
Ahb+H- = — </14 + E%) v

1
Anaa = Apgep—= 5 (A4 + A5)v



Global symmetries

This potential respects additional global symmetries in some limits.
Vitiggs = m*®1® + M2Tr(ATA) +(p" irsAT® + h.c]
+ A (BTR)? + N [Tr(ATA)? + AsTr(ATA)?
+ a@te)rr(ata) Qe aate

@ When the p term is absent, there is the global U(1) symmetry in the potential.
This symmetry conserves the lepton number.

‘ Mass formula appear in this limit.

@ When both the p term and the A5 term are zero, an additional global SU(2) symmetry
appears.
This is the symmetry which rotate the doublet field and the triplet field with different

angle. . . . .
l In this case, all triplet-like Higgs bosons are degenerate in mass.

2 _ 2 _ .y 2 _ 2
Mpy++” =Mpy = My” =My



Renormalization in EW

» Parameters; my, my, sinfy, Gg, Ao

T em 2

V2my2sinfy, 2

2my
mz2(1+cos2Br)

> Relation; Gp = , C0S%8y, =
> Input parameters ; my, My, Qgm, SiNOy,
= B’ (mixing angle among the CP-odd scalar field)

> Parameter shift; my? - my? + dmy?
mz2 - mz% + 6my?,
Aem = Aem + Oem,

sin?0y, — sin?0y, + 6sin?0,,

» Renormalization conditions ;

Rellyy[m3,]=0, — 5mW2 Rell,,[mi]=0 — szz,
ryeer 2 . e\'\\
r# lg" =0,/ =pr=m,] = Lewy ) —~ ¥
Uﬂf\f
— 6aem; +/



Renormalization in Higgs potential

. . (a: Mixing angle among CP- even Higgs bosons,
» Higgs potential B: Mixing angle among charged Higgs bosons)
. Parameters *** v, o, B, B, My, My My, My, M

> Counter-terms

Tadpole: 6T, 6T,

Wave function renormalization: 62, , 62,,, 62,, 6Z.,, 62,,,, 6Z.,, 62,,., 6C,,,,
6Cs60, 0Ch:6+

[ J [ ] [ ] [ ] 2
> Renormalization conditions  11,,[p?] = -~ - +-. g +-- G-
Smy? =t pp|me?] =0, vz_mwzsinzé’w
- nzaem ! o) -0
sv o1 (omy, Sem OS5
Sv == Renormalizations in the gauge sector, » or_ [( - Oem , Tw
v 2 my, (em Sw
Sa ==+ My,[my?] = 0,y,[my%]1= 0, No mixing on-shell
6B = Muc[ma?] = 0,M45[mg2)1= 0,  No mixing on-shell
1+ 52 v Vs
56 - B — Loy, 4 wnp= T g =2

Ve Vo

V2



h A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka (2012);
A. G. Akeroyd, S. Moretti (2012);
o(gg — hutm X BR(h — yy)utm
o(gg — h)sm X BR(h — yy)sm

t W H+ H*
Yava¥ 2 \'\_‘ ! . N
MAVAVAVLV

WAAA

> Ratio of the event rate for h—7» » |Ry

R,.dependon A,  Awttn— =My

A NN
Appry- =~ —(Aa +?5)v L(h = 77)mrn

/15 =0 A5 <0
Casel Mp.=300GeV, v,=1MeV Casell Ma=300GeV, v,=1MeV
70 T 70 r | e e
60 : f A = /77/_/+ _m/_,,++ EXC]Ude : 60 Excluded by vacuum instabili A m = m/—/+ —/m ‘A i
50 B ‘ d by : Excluded by EWPO
50 EWPD | |
= 40/ 113 11 |10 Yoo los R =06 -
O L |
g 30 |
2 il 1.1
20 | 1.0
10 |
; | | | |
0.2 -1 0 | 1 ) 3 -|1 0 |

A
Results at LHC 4 M. Aoki, S. Kanemura, M. Kikuchi, K. Yagyu (2013) 4



hWW

. . 1 2
» Deviations for WWW from the v l 14’ +('14+75) 4 Gatls)’ +(,14+,15)2]
i~ Goww = =57 lomues? | 6mps? 6m,2 6my?
SM predictions
Roﬂ”ﬁ"ﬁ —RL‘JUFH:{SH:] + 1 2(CWZ_SWZ) (‘m:‘-n'++_'n‘£H+)2 + (mH+_mA)ZI
OV = =T 5w 4n?  3sy? v v2
A =0 A: <0
Casel Casell
My.,.=300GeV, v =1MeV Mx=300GeV, v,=1MeV
70 EX|]|d By iew A B s e 70 T
o . t())yu e Am = M —Mpe 60 Exclnded by vacwum instability /| /) = My—ma A
L ) | | |
501 EWPD f ' = 501 Excluded by EWPO
> IS
L 40 — 401
E 30 e 1 & 30
2% ) B
20 0.5P6 -1 % — 20
01% -0.1% [0-3A 1 . -
10 — 10
| | R | | -
L R R 1 2 3 4 5 07
A, Ay

|\/|. AOKL S Kanemura, |\/| Kiruui I, I\, 1TABYU \£\U | O/

Deviations for hWW from the SM predictions can be several %.



hZZ

> Deviations for hWW from the
SM predictions

ReM VYV — ReM!VV (SM)
ReMIV (SM)

Aghyy =

Agrpww = — 3772

) 2
2| 22 (D) (+a9? | (Ru+as)?
2 2 + 2 + 2
6mpy 4+ 6mpy+ 6my emy

1 2(ewP-sw)

+

42 3sy?

(M4 4 —Mp4) + (Mpy—m4)?
v2 v2

My..=300GeV, v =1MeV

Casell | | ma=300GeV, v,=1MeV

B E = F
Am=nmy.— -
rT1|—|++ :

Agm -

1% |=2% -

-0.5%% l
03°

| \ \ | |

1 2 3 4 5
A,

\ | \ | \ | | \
Excluded by EWPO
vaduum instability

Excluded region from the LHC (CMS) data (h—vy v)

Agnyy Can be 1%

mmm) Deviations are detectable at ILC !



"O: = ——{’ + ———@j/ + ———, ALy = v AH++H——h3 AH+H—h3 4AhAA3 4/1hHH3
- ‘ . C T T gt 2\ my,, ' My ' my* ' my*
=M 3
ATy = el rn Sﬁr"“‘ AR A i NN e
Rel'ppi Casmpin? [mpey? 0 om0 oyt amy?
As =0 As <0
Casel |\, -300Gev, v,-1MeV Casell | [ —300Gev. v.-1Mev

-1 0 1 2 3 4 5
4 M. Aoki, S. Kanemura, M. Kikuchi, K. Yagyu (2013) 7&

ATy, can be 50%. ‘ Deviations are detectable atILC!




