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Why extended Higgs sectors?

At LHC, h(125) was found, and its mass, quantum numbers and
coupling constants have been measured, and the data are being
improved at Run 2.

h(125) is SM-like, and no new particle has been found up to now.

— hvv Higgs mechanism o pany e Fretmineny = A S

— hFF Origin of mass of matter - A
— Hgg, hyy Dim-6 operator 2 E=

— hhh Higgs potential (Dynamics of EWSB) «y

SM might be enough, but -
there are some anomalies
(h->pur, diboson, diphoton, g-2, ....) [<50] Ky
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Why extended Higgs sectors

We know some established BSM phenomena
— Neutrino Oscillation
— Dark Matter
— Baryogenesis

We wish to understand these phenomena by extension of the SM

Also, we do not know the origin of EWSB behind the Higgs sector
(what is the origin of V(®)?)

— SUSY

— DSB

— pNGB in composite models

— Classical Scale Invariance with the CW mechanism



Why extended Higgs sectors?

We might be able to solve the problems at TeV scale by
introducing extend Higgs sectors

— Type-2 Seesaw, Radiative seesaw models

— Electroweak Baryogenesis (CPV, strongly 15'OPT)

— Higgs portal dark matter scenarios

Apart from concrete scenario for BSM, we can think about
the possibility of extended Higgs sectors and try to narrow
down by experiments



Extended Higgs models

Multiplet Structure (2" simplest Higgs models)

D, +Singlet, (NMSSM, B-L Higgs, ...)
@, +Doublet (2HDM), (MSSM, EW Baryogenesis Radiative Neutrino mass...)
D, +Triplet, (Type Il seesaw, LR models....)

Additional Symmetry
Global (such as Custodial symmetry)
Discrete or Continuous?
Exact, Softly broken or Spontaneously broken?

Interaction
Weakly coupled or Strongly Coupled ?
Decoupling or Non-decoupling?

Experimentally narrowing down the shape of the Higgs sector
gives an important hint to New Physics BSM



Electroweak rho parameter
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2 Higgs Doublet Model (soft-broken Z,)
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Two SM-like situation

A A

A A
A: Cutoff Decoupling regime
M: Mass scale M —
irrelevant
alignment regime
to VEV mi,H,Hi ~ M2 + >\ir02 g g
sin(B-a) ~ 1
M
gu ~ My, h gu ~my, |
2 2
(V) (V)
6 6
»Ceff — »CSM + WO( ) ['eff — LnonSl\/I + FO( )
Effective Theory is the SM Effective Theory is an extended Higgs sector

Non-decoupling effects ¢



Models with triplets

Minimal Triplet model with one triplet field Q=l;+Y
X with (1, Y)=(1, 0) or (1,1) Pzl > v ,Vv,<<V
. vfp +4v% ) ) )
Real triplet p=-"= V= () +4v),
Y
I AN V2 2vi
complex trlpIEtA B < % %; ) a vg:wi V= (ngc +20),
V2

Georgi-Machacek Model (1/2, 1/2)+(1,0)+(1,1)

Georgi, Machacek (1985); Chanowitz, Golden (1985)

vacuum alignment v,=v,=v,

0= ¢+ ++
S

(f;“* Ht X X 5-p|et HSii’ HSt
¢ = R A= x= & x* 3-plet H;*(H, CP-odd
¢ ¢ 0 1-plet H,°
vosR SM-like Higgs boson h[ CP-even

SU(2), xSU(2); xU(1),  p=1 at tree



How these extended Higgs sectors
can be tested at LHC

[1] Indirect test via coupling deviation of h(125)
S, T, U m,, hZzZ, hWW, hyy, hgg, hZy, htt, hbb,
htt, hcc, hhh, ...
In each non-SM model, they can deviate from SM values in a
specific pattern, by which we may be able to fingerprint models

[2] Direct evidence of additional scalars at LHC
— H, A, H+, H++, ...
— Charged Higgs as a probe of exotic Higgs sector
H+W-Z vertex
LFV Decays of H*, H** in neutrino mass models

[3]1 The hhh coupling is sensitive to extended Higgs sectors in alignment
regime. The prediction on the hhh coupling can be completely
different from the SM



ATLAS-CONF-2015-044

5tb~ at+/s = 7 TeV and 20 fb~ ' at /5 = 8 TeV

Run 1 ATLAS and CMS Preliminary == ATLAS
. .. LHC Run 1 -
Best fit values for combination CMS
_ _ - ATLAS+CMS
of ATLAS and CMS 1o
K- —_—r
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h-couplings with a specific pattern




hVV coupling in the ¢-X models
(X: second scalar)

Doublet-Singlet Model (1/2,1/2) + (0,0)

Ky = COS (Y

2HDM (1/2,1/2) + (1/2,1/2)

= Mixing angle a (¢ and X)
= tanf: Ratio of VEV between ¢ and X

tanB=vy/(n vy)

where n is a factor

< K, <1

l

ky = sin Fcosa — cos fsina = sin(f — «)

Doublet-Triplet Model (G-M Model) (1/2,1/2) +(1,1) + (1,0) ]

Ky = sin fcosa — Qﬁcosﬁsina

Doublet-Septet Model (1/2,1/2) + (3, 2)

Ky = sin 3 cosa — 4 cos 3 sin o

L Ky >1is
possible




K, and the scale of the second Higgs
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If k, is found to be less than 1, the upper bound on the

mass of the second Higgs is obtained
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2HDM with softly broken Z,
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Fingerprinting the 2HDM (tree level)

Ky = ghVV(zHDM)_ sin(B _ 0()
IhvV(SM)
x=cos(B-a)  SM-like: |x| <<1

ky=1-(1/2)x2+ ... =

When a Fermion couples to @'

K =1+cotBx+ ...
and if it couples to @,

Ki=1-tanB x+ ... © 12
Model pm|lt blc t gy| 10
2HDM-I O IR R O I
2HDM-II (SUSY) Ol OO F
2HDM-X (Lepton-specific) | T | 1+ | |1 | L 0.8+
2HDM-Y (Flipped) 4L e 4 ’

141

06!

2.0 —

SK, K. Tsumura, K. Yagyu, H. Yokoya 2014
ILC Higgs White Paper 2013

cos(b-a)s0

hbb vs htt

ky2=0.90, tanb =1

2 14 18

Ke
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K and Ky, in exotic Higgs models
with p=1 at tree

tan 3 Kf Ky
Doublet-Singlet Model [|— COS COS &
Type-1 THDM V0 / Vet cosa/ sin 3 = sin(ff — a) + cot Bcos(B — a)|sin(f — )
GM Model vo/(2V20,,,)|cosa/ sin B sin 3 cos o — 2£8 cos Bsina
Doublet-Septet Model [[vg/(4v,y) |cosa/sin 3 sin B cosa — 4 cos B sina

>

K is universal for all K, can be > 1

fermions



Fingerptinting the model (Exotics)

SK, K. Tsumura, K. Yagyu, H. Yokoya 2013
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— ATLAS and CMS
- LHC Run 1

Current data

— Preliminary .
L [CJATLAS R
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— + Best fit ---95% CL [CJATLAS:CMS
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Ky

Facility LHC HL-LHC
V5 (GeV) 14000 14,000
[ Ldt (fb~') 300/expt  3000/expt
Ko 5—7%  2—5%
Kg 6 — 8% 3— 5%
Kw 4 - 6% 2 - 5%
Kz 4 —6% 2 — 4%
Ke 6 — 8% 2 — 5%
Kd 10 — 13% 4—7%
Ku 14 -15% 7-10%

Snowmass White Paper



NLO(EW) corrections

SK, Kikuchi, Yagyu, 2015

Comparison of

1. 2HDM-I

2. Doublet-Singlet Model (HSM)
3. Inert Doublet Model (IDM)

Scan of inner parameters

(mass, mixing angles)

under the theoretical conditions of

Perturbative unitarity

Vacuum stability

Wrong vacuum condition Cheng-Dawson-Levis 2014 —

o

These models may be distinguished,
as long as a deviation in k, is
established

Ak [%

Ellipse, +10 at LHC3000 and ILC500

Ax, [%]

20 T T T T T T T T T
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1 IDM



S. K.

H-COUP s

A full set of Fortran Code for evaluating one-loop corrected
h(125) couplings in various 2" simplest Higgs models

Doublet-Singlet model .
SK, Kikuchi, Yagyu, 1511.06211, NPB to appear All couplings of h(125)

Two Higgs doublet models hyy, hyZ, hZZ, hWW,
(1,1, X,Y)

SK, Kikuchi, Yagyu, NPB896, 80 (2015) h tt' hb b’ h L,

SK, Kikuchi, Yagyu, PLB731, 27 (2014) hhh

Doublet-Triplet model lization d
Aoki, SK, Kikuchi, Yagyu, PRD87,015012(2013) Renormalization done

Inert Doublet/Singlet model in the modified
SK, Kikuchi, Sakurai, in preparation on-shell scheme

H-COUP (ver.1) is to be
in public in mid 2016




Doubly charged scalars (evidence of
extended Higgs beyond 2HDM)

N ooy, -80GeV
H** appear in models with triplet or higher representations 102\ HTM = ;
A motivation is the type-ll seesaw mechanism for neutrino N Mg Mg H0GEV
10; e PR
mass e TN
C E ...'.N.\\
bﬁ L ++ __\:\ 3
Doubly charged singlet k** also appear : HH only, . ‘\\
in various models for Loop induced neutrino mass 0L
: " : | Kfactor=1.25 1 u1
In the triplet model, H** decay to same sign 0%}00 300 400 500 600 700 800 900 1000
dilepton (v, <10 GeV) or diboson (v,> 10 GeV) Mg, (GeV)
A. Akeroyd, M. Aoki, 2005
Current data 3

Dilepton 1 ww

m,,,> 551 GeV (e, e, 100%, 95%CL) ATLAS, JHEP1503,041(2015)
> 438 GeV (pz1g 100%, 95%CL)

Diboson :

m,,,> 90 GeV (uu, 100% 95%CL) E /‘

*r* 4
AM=540 MeV ]
My*=300 GeV ]

10 107 107° 107°
vA(GeV)

P.F. Perez, T. Han, G. Huang, T. Li, K. Wang, 2008



Models with doublu charged Higgs

. . AL ATt
It would be related to neutrino physics A — V2
Higgs Triplet Model (Type 2 Seesaw)

ﬁy = h;:,f]' IL(?TQALJL + h.c..

A** decays to LH dilepton <¢>~\ u //<¢>
. \f’ Type-ll
Doubly charged singlet (Zee-Babu model) ¥4 seesaw
>—='—<
TV - = e Vi } Vi
Lo = -LY, iy LK - (G Y, Gk gk Kk 4 He 0 M g
k++ decays to RH dilepton . i RN .
I’ : K++ \\
If dilepton decay is dominant, the mass of H** (k**) V[ L : ' VL
is limited by LHC m,,,> 450-550 GeV

ik Ie L
qlpo Iq;o

In Run Il, ®++ may be discovered by di-lepton modes, then? Zee-Babu



@ from which model?

Can we distinguish Singlet-like and triplet like @**?

Chirality of dilepton is different between
Triplet H* > I* |* (HTM)

Singlet k** - I.* I;* (Zee-Babu model) ool N
00 02 04 06 08 1.0
> ntv, (branching 10%) 2= Mo/ My

T T T | T T T | T T T I T T T T T T ]

. . 5000 oo H*H— [T+ ]

Produced pion from RH (LH) tau is hard (soft) PP HTH ST L; -

5 9
7”»}[i:t = A[“

_ M2, = (B, + Ey)? — |+ 5 400F
} 300

< {

7E_k / i . +
q >/</)\},\/‘,/H+Jr ( o { 56 reductio . :
y N 200}

BG reduction .
\ / C ~ ’ .
_____ M?2, —» Information about 100F )
{ N i R . - ,
T NS B 7 polarization i
l \~ 7.{. I ’
I s 1 1 1 I 1 1 1 I 1 1 1 l 1 1
\ ! B %

1 | 1 1 1
______ ’ _ S 02 04 06 08 1
= —, D = 2D, z=(M_/m, .Y

T

o(H"H") ~ O(1) fb for m,,,=500 GeV H. Sugiyama, K. Tsumura, H. Yokoya, 2012

Testable? N =300fb!x1fb x Br(H*->Ft*) x B(H—>/I) xB(t*>mnt*v) ~ 2-3!
1/6 1/2 1/10



D. [ [ 2
istribution after event selection Initial # of sample of /frt = 30,000

By using more decay modes of taus, we may be able to distinguish H **and H;

L A LA LA B LU 1000 " T T
200-_pp—>H“H'—>I*t’I't‘ E L ppoH'H STl T ] RN pp—H'H Il T -
. - - H 7] 8001 LT ]
AN - : a0
150 _ ~Lo ! —= - 600 . W,
T I.‘J\T| - i 600
.l q\\ ’ - o
100+ - — B L
:I ’ \k 400- 4m—
'l ’ — - B :
[ | d TR N B L
50_] , "\L ] 200~ 200
[ 4 1\'\ = B =
1 lll 1 lll llll 1 lll IL\N — i 1 1 1 1 1 1 iy iy 1 1
% 02 02 06 08 1 % %02 04 06 08 1
z=(M Jm, . z=(M/m,..)

FIG. 5: Invariant-mass distributions of ¢m, (left), £j, (middle) and ¢4, (right) in the pp - HT*TH~~ —
¢t1rt¢~ 71~ process followed by one leptonic and one hadronic decays of 7’s after the requirement of the
proper momentum reconstruction by using the collinear approximation method. Dashed (Solid) histograms
are for H¥* (H%™). Smooth lines in the left and right panels are theoretical expectations by using Eqs. (4)

and Egs. (5), respectively, with some normalization.

H. Sugiyama, K. Tsumura, H. Yokoya, 2012



{ Event Selection }

/

e and o :
pr>15GeV  |n| < 2.5

7 jet (two methods) :

pr >25GeV || <25 R=04

(i) % jet from T decay :

A jet which has only 1 charged hadron
whose energy is more than 0.95 of the jet energy

ii) General jet from 7 decay :

A jet which has 1 or 3 charged hadrons in R = 0.15
in which more than 0.95 of the jet energy is included

J

H. Sugiyama, K. Tsumura, H. Yokoya, 2012 s/16



Diboson decay °.

In the HTM, if v, >>10* GeV H™ > W*W* is

dominant. hi< g?v,
The v, is limited by the p parameter
(v, < a few GeV)

H* > W'W* - IFlrvv

Current bound at LHC 8TeV, 20.3 fb! m <87GeV
(H*=> W*W*S urutvy) 1412.7603

Fiducial cross section [fb]

40

5]
o

10

N
o

O“.“.\Ill“..»‘u.“
50 60 70 80 90 100

10 E ww* E
AM=540 MeV 1

M;*=300 GeV |

10° 10° 107 107
vA(GeV)

_—
,uiut channel
LHC 8 TeV 1

Fig. 1. The fiducial cross section for the u*u* channel at the LHC 8 TeV collision as a function of m g+
The green dashed horizontal line shows the 95% CL upper limit from the ATLAS data of the integrated lumi-
nosity to be 20.3 fb~! [1]. The red shaded band shows the NLO prediction with 5% uncertainty. Details can be

found 1n Table 1.



H*WZ vertex
Ls=gzmwFH +W”'Z“ L e

F|2= 2 VAT,(T, + 1) — Y2o? —
%%

free

Fi? - 4v2v$ 2v2v;'; ' Jv'i | ‘
cos? Oy (v3-+--'lv';; )2 | cos? By (v”—+—2vi )2 | cos? By (v? ‘Hvi) q
Real Triplet Composite Georgi-Machacek
(Y=0) Triplet Model
| (Y=1) | (1/2,1/2)+(1,0)+(1,1)
Small because of p parameter \ p=1, so V,~ 50 GeV is possible
restricts v, v, << a few GeV — cause large coupling

2HDM: |F|? =0 at tree, but appears at one-loop level and can be
significant according to breakdown of custodial symmetry

for the particlesintheloop  y+\w-7 js a probe of exotic Higgs sectors



The hhh coupling

It was considered to be challenging to measure the hhh coupling at LHC.
At the ILC, we can expect that it is measured with 0O(10)% accuracy.

In the scenario of electroweak baryogenesis, the requirement of strongly
15t OPT leads to a large deviation in triple Higgs coupling

In the case of renormalizable extended Higgs sectors, the large deviations
are caused either

Tree level mixing effect (H-S mixing) or

Quantum correction (Non-decoupling loop effect)

Can we measure A, ., in such scenarios at LHC?

00000000 < — — — —  00000000) , -

h 7 s

K
TR0 —— — = — —  TOW0W \
SN UV



Junplng Tian
measurement of Higgs self-coupling @ LHC

t/b A

(a)

. LHC Runl: pp—>hh @ ATLAS

_h 9 OOOBO000,

t/bo A

- - -——————— h
~ O ———————— h

h 9 QQQQQQOQ A

(b)

95% C.L. upper limit: o/ osm < 70 (48)

Analysis vybb vyyWWwW* bbrt bbbb  Combined
Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47 arXiv:-1509.0467
Observed 2.2 11 1.6 0.62 0.69
Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

Snowmass Higgs working group: dAunn /A ~ 50% @ 14 TeV, 3000 fb-!

(arXiv: 1310.8361)
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a _1 =
= - ATLAS Vs =8TeV,20.3 fb .
'i 10 - —e— Observed = pTTEOXP |
= E ------------------ Expected ~  -:--e- WWyy exp E
o0 B I t1cexpected —— bbyyexp °
ix‘ = + 20 expected — — bbbbexp _|
T E -
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5 o _
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111 I 11 1 | L1 1 1 I 1 1 1 I L1 11 I L1 11 | L1 1 1 l 11 1 1 I 1]

300 400 500 600 700 800 900 1000
m,, [GeV]

Figure 6: The observed and expected 95% CL upper limits on o(g99 — H) X BR(H — hh) at /s = 8 TeV as
functions of the heavy Higgs boson mass my, combining resonant searches in hh— yybb, bbbb, bbrt and yyWW*
final states. The expected limits from individual analyses are also shown. The combination assumes SM values
for the decay branching ratios of the lighter Higgs boson h. The green and yellow bands represent +10- and +20
uncertainty ranges of the expected combined limits. The improvement above my = 500 GeV is due to the sensitivity

of the hh— bbbb analysis. The more finely spaced mass points of the combination reflect the better mass resolutions
of the hh — yybb and hh— bbbb analyses than those of the hh— bbrt and hh— yyWW?* analyses.



.luriiping Tian

prospects of Higgs self-coupling @ linear colliders

JH

= 10 E EEEs s EEn g

= et¥e—ZHH

-

XS] et+e—ywHH-+

SR I S TR R BT,

O 1TE : : 4

§ : A(H)—195-Ge

= L o0 ATl P(e.e*) £ (-0.8,+0.3

S 4o ke N L )|
102

: prospects from full simulation studies:

ILC

500 1000

. M\ynn/AanH 500 GeV +1TeV
Snowmass 46% 13%
H20 29% 10%

(ref. H20 arXiv: 1506.07870)
J. Tian, LC-REP-2013-003

C. Diirig @ ALCW15

1500 2000 2500 3000

(s [GeV]
1.4 TeV +3 TeV
21% 10%

(arXiv: 1307.5288)
M. Kurata, LC-REP-2014-025
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The hhh coupling in extended Higgs
models

To understand the essence of EWSB, we must know the
self-coupling in addition to the mass independently

1 1 1
212 3 4
VHiggs — 577?/;11]?/ + 3_'>\hh,h,h/ + Z/\hhhhh

_1>2$fNCfNSf
6472

2
Effective potential . (y) = _Ho 0° + %«f + Z (

4 )
me(0)* |1
> m¢ () {11

Renormalization jy- . 92V, PV i . |
ia —e - O +e — 771’/21,7 ; 7 )\hhh l A
Conditions 20 |, 007 | _, 003 | _, h O h \ ,\
 d
SM Case SMioop _ 3mh Nem;
/\hhh 1 — 201200 2 T
v 3mevemsy

Non-decoupling effect 32



Case of extended Higgs sectors

h
* Consider when the lightest h is SM-like | A |
[sin(B—0)=1] O - A
* At tree, the hhh coupling takes the e Rh
same form as in the SM 3m, ?/2 ®=H, A H -
* At 1-loop, non-decoupling effect

4 SK, Kivoura, Okada, Senaha, Yuan, 2003
oc m,* appears (If M<v)

..................

V') =4350GeV =M M

150 ¢

9 4 2\ 3 4
OJHDM Imy " mg, . M m; 5
hhh = —— | ===l ..
vhh v 127%2m? m3 m2vims || s 100

%)

m,=120GeV

>

|2 2
\Ng =2m,

‘hhh

sin'( oa-P)=1

Extra scalar Top loop = 50 | ;
2 2 2 S

mg = M=+ XNiv"  o0p

3

<

(= H, A, H) 0

...................

0 500 1000 1500 2000

= M (GeV) S B

o . Non-decoupling Decoupling
Similar enhancement can happen all extended Higgs sectors ot regime

| Correction can be huge ~ 100%




Strongly 15t OPT

High Temperature Expansion (just for sketch)

Vet (9, T) ~ D(T* = T§))p* — ETy" +

Condition of
Strongly 15t OPT

Yo 2F

C

> 1

M

4

ol

However, the SM cannot realize the strongly 15t OPT

B~

2

3 3. ... mp,
6myy, + 3my, + -

Tc

2
3mTum 7

For m, =125 GeV

We need a mechanism to enlarge E to realize strongly 15t OPT



Strongly 15t OPT and the hhh coupling

High Temperature Expansion (just for sketch)

A
Vet (9, T) ~ D(T2 — Tg)g02 — ET@B + ITQOZL L.

Condition of Yo _ 2E o1 5 5 5
Strongly 15t OPT Te >‘Tc me ~ M —+ )\ﬂ)

The condition can be satisfied by thermal loop effects of
additional scalar bosons ® (O =H, A, H*, H* ...)

Yo 1 3 3 3 M 2 3M
~ omy, + 3mo, + m 1l — — 1+
Te ~ 3moms { W 4 z@: N ( ma 2m32 >1

In this case, large quantum effects also appear in the hhh coupling

9\ 3
3m3 m; mg M :
A - | 3 f + (I) : SM
hhh 2 2922 s Z 127202 m, m é, g Ahhh




Strong 15t OPT and the hhh coupling

Strongly 15t OPT (®c/Tc>1)

< Non-decoupling quantum effect

< large deviation in hhh at loop

450
400
350

Electroweak Baryogenesis can be tested
by measuring the hhh coupling !
Grojean et al (effective theory)

It is considered that at LHC
challenging to measure A,,,

ILC (1 TeV) can measure A,,, by O(10) %
K. Fujii et al., arXiv:1506.05992 [hep-ex]

300
250

(GeV]

e 200
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S.K., Y. Okada, E. Senaha (2005)

sin(f—a)=tan =1 "]

2HDM my, = 125 GeV |
m(p:mH:mA:mHi
I 1 1 ] 1 1 1

20 40 60 &80 100 120 140
M [GeV]

Singlet, Inert Doublet
Triplet, GM models, ... 36




Case of a singlet extension

Vo = —p5 H'H + A\ (HTH)?

. A .
tupgsHTHS - ;"SH‘HSZ

2 /
3 ms o Mg .3 AS 4
+1s 5 5 + 1

HHS and HHSS terms change the property of EW phase transition
to of strongly 1%t order

At the same time, it also enhance the hhh coupling



Additional singlet also causes 1st OPT at tree

by mixing between ® and S
Higgs singlet model (and NMSSM) :

h\ [cosa —sina) (Hy 0.95
s/ \sina cosa Hy
—m/d<a<Tm/4 0.9
. JH,VV
Ky = —gyr— = COSQ K 085
Ihvv '
g
Kp = JI;;/I” = cosa 0.8
Ihvv '
L= 0y = 0.75

K, A, and the mass of H are correlated

The scenario can be tested by
mesuring K and the hhh coupling

ANH, H, H,

eSS .- -

..50%
| Ve - =]
T_C' > Qsph(TC)
e }_QO% =
| | | | |
160 180 200 220 240
mH2 [GE’V]

K. Fuyuto and E. Senaha, 2014

What if quantum correction is taken into account?




Theoretical conditions for constraining the parameter spaces

Vacuum
Stability

Unitarity

Avoiding
wrong
vacuum

AM>00 A>0, VA A+ A3+ MIN(O,)\4 + X5, Ay — /\5) > ()

1 ~
vE = — (301 + A2) £ v/O(\ — \2)% + 4(2hs + /\4)2]

32 : )
. k= % :(/\1 F22) £/ (0 — A2)? + 4/\?1: ,
|l'1'?:| < § 41’9%::32% (/\1+)\2)i\/()\1—)\2)2+4/\§_ :
xy = 1; (A3 + 2X\4 £ 3)s),

1

+

rm = A3t A .

5 = Top N2 EM), Eigen channel

rE = 12 (A3 £ Xs). in the Higgs singlet model
EW vacuum ("U,‘US) — (’UEW,-.O)

Other extrema

(Wrong vacuum) (’U,.‘.’l".lS') (l'+ *T+) ( ) (O Il) (O,;Eg), (Oaivg)

VnO'I'()l"'EWﬁ, O) =0

0> Vnor('v:l:a 117:|:)_-. 0> VnO"'(Oa 171,2,3)
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Quantum correction can drastically change A,,, coupling
in extended Higgs models.

500

Ag=0.1,-25<} <25, -1 00GeV < Mg < 100GeV

I I

Singlet ]

Wrong Vacuum

Unitarity

Vacuum Stability

1000 10000

m [GeV

Singlet model without Z,

Tree level analysis is not really sufficient
for the analysis including A,

AKh [o/o]

-200

SK, Kikuchi, Yagyu, preliminary

tanp=1 Myu=My=My  cos(a—P) <0
T T Ll L T L | ! T L] LJ T T T
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Vacuum Stability
A A L el i I

100
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Singlet with unbroken Z,

Singlet with spontaneous broken Z,
Inert Doublet

Triplet Model

GM model



Correlation between A, and k,

SK, Kikuchi, Yagyu, preliminary

hg=0.1,-25 <A, <25, -100GeV < g < 100GeV

tanp =1 My=m,=m,, cos(a—p) <0
I I 500 T T

! ! | | !

500

| \ I '
Unitarity & Wrong Vacuum

wrong vacuum

Unitarity

Ax, [%]
AKh [o/o]

-100 [ Vacuum Stability _

Vacyum Stabillity

200 L . L . L . L

-8 -6 -4 2 0 10 8 -6 4 0
AKZ [O/o] AKZ [o/o]
f‘hVV (]‘2 1 'l.’2 9
Aky = — 1 —— — ——— S A\j¢5 ~ Ak,
SM 2 6m2, @3 f
. 2 167 6my;
fhhh a? [ 4v? 1 v 4 9 3
Ak, = ——— — 1~ — [ — A3 — 3 — +3a“(25 —4v3 A
Tl P,Sl% 2 m,% ®5 * 1672 m%{n‘z% 3 +3a7%(25 fﬂ) ®5

Even if | Ak, | is smaller than 5 %, Ak, can be400-500%.



AKh [o/o]
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SM
Enhancement due to pp%HH" 35 fb
large A, ., deviations? pp—>HHjj(VBF) 2 fb

| T T T T 3
HH production at 14 TeV LHC at (N)LO in QCD 1
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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R. Flederix, et. al, PLB732, 142 (2014).



G(N )LO[fb]

SM
Enhancement due to Pp>HH 35fb > 110fb
large A, deviations? PP->HHjj(VBF) 2fb > 22fb

| T T T T 3
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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Conclusion

Various extended Higgs sectors are possible

Testing them at LHC
— Fingerprinting extended Higgs sectors
— Direct search of additional scalars

— Importance of study with (EW, scalar) quantum
corrections to the Higgs potential



= g
Higgs singlet model
V(®,S5) = m3|®° + MO + jigs|P2S + Ape®*S? + 1S+ miS% + nsS® + A\sS?,

r — ' R . S=3s g,
I ( -:.1-((,) + v + 1G0) ) 5+ Us
V4 :

® Mass eigenstates
J h H

§ COSx  — SIN H _ .
o ]\ sina  cosa h SM-like Higgs boson  Extra Higgs boson

A
9 9 t
my = 2Av° + O (.—)

M2 . ‘.“.’2 > 1'2)
miy = M* + Aggt* + O ‘;-,, M? = 2m? +12Asv% + 6vsus
® Parameters(8)
v =246 GeV m, = 126 GeV My a us Aps As Vs
® Scaling factors of h,,. couplings at tree level
Ky = Ky = cosa.

s
3 <U 9 , _
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vV

Georgi-Machacek model

O VT A5 — (zrES (0)ER=8E () +R=BEH ) field | T | Y
o |13
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Model with septet field
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Large momentum dependences on
hhh for the case of SM

>

2 P |
SMloop - 3mh (1 NCII).[ N )

hhh v 37r2'02m,2l

10  m=178 GeV

~ 57
Effective potential method 8 .
0t
~~-12% (m,=120GeV) 3
Diagrammatic method (q2-dependence) ;': -5 120

W' — hh e
100 300 500 700 900
Vg’ (GeV)

FIG. 1 (color online). The one-loop contribution of the top

quark to the effective hhh coupling as a function of y/g*, where
g* is the momentum of the off-shell 2 boson in h* — hh.

AT (g?) is defined by T'y,(g2) — TU<€ in the SM.



250 - ' ' ' ' ! ' l ; . - l ' ]
- M=0 (Max. nondecoupling Case) ]
200 | m=120GeV, sin’(a—B)=1 :
: My=450GeV ]
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FIG. 4 (color online). The momentum dependence of

(AATHDM /)SM ) j5 shown, where /g2 is the invariant mass of
h* in h* — hh, for each value of mge (= my = my = my=)
when m;, = 120 GeV, sin(ae — B) = —1, and M = 0.



