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@ The Original EWvg Model

© Electroweak Precision Constraints

© A Minimal Extension of the EWvg model
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The breakthrough idea: v € SU(2) doublets. For one family,

o Lepton: /L:(Z'I:),eR /A/’:(e’/,\'f,),eﬁ”
R

Q k: _ ur d M _ u;\?/i M dM
o Quark: g, d, , UR, dr dr gv ) ar
R

o We call SU(2)y (W = Weak Interactions).
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The breakthrough idea: v € SU(2) doublets. For one family,

o Lepton: /L:(Z'L‘),eR IA/’Z(:E)Jy
R

. ur M U;\?/’ M M
@ Quark: gL = d, ,UR, dR dr = di/_\y sulydp
o We call SU(2)y (W = Weak Interactions).
o The gauge group Gew,, = SU(2)w x U(1l)y
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The Model

The breakthrough idea: v € SU(2) doublets. For one family,

o Lepton: /L:(:i>,eR WZ(Z&)’G[VI

. ur M UA’/’ M M
@ Quark: g = d ,UR, dr qr = b supsdp
e We call SU(2)yw (W = Weak Interactions).
e The gauge group Gew,, = SU(2)w x U(1)y

e Majorana mass comes from the bilinear /A”’Taz IM > vk oyvg
(1+3,Y/2= 1)
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The Original EWvp Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

The Model

The breakthrough idea: vz € SU(2) doublets. For one family,

o Lepton: /LZ(:Z>,GR /,Q/’=<I;/\'§)7ell_w
R

. ur M ug! M M
@ Quark: g, = d , UR, dr dr = d}gﬂ supdp
o We call SU(2)w (W = Weak Interactions).
e The gauge group Gew,, = SUQ2)w x U(1)y

@ Majorana mass comes from the bilinear /A”’T Iop) /,’;\,” E) u,g 02 VR
(1+3,Y/2=-1)
@ The suitable choice is a triplet Higgs (3, Y/2 = +1)
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4] <X°>=vM:>MR:ngM

@ Z width constraint ( 3 light neutrinos)
= Mg > Mz/2 ~ 46 GeV = vy ~ O(AEW)
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4] <X0>=VM:>MR=gMVM

@ Z width constraint ( 3 light neutrinos)
= Mg > Mz/2 ~ 46 GeV = vy ~ O(AEW)

@ Dirac mass term comes from: /;IM(3+1,Y /2 =0).

@ The simplest choice is a singlet scalar ¢s.

Ls = galipslg + h.c. (1.1)
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<X’ >= vy = Mg = guvu

Z width constraint ( 3 light neutrinos)
= Mg > Mz/2 ~ 46 GeV = vy ~ O(AEW)

Dirac mass term comes from: /, /¥ (3 +1,Y/2=0).
The simplest choice is a singlet scalar ¢s.

Ls= gS,Z,¢SI,’-\‘,” + h.c.

< ¢s >=vs => mD = ggvs
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Neutrino Mass

<X’ >= vy = Mg =guvm

e Z width constraint ( 3 light neutrinos)
= Mg > Mz/2 ~ 46 GeV = vy ~ O(AEW)

Dirac mass term comes from: /, /¥ (3 +1,Y/2=0).

The simplest choice is a singlet scalar ¢s.

Ls=gyLipsly + h.c. (1.1)

< ¢s >=vs = mD = ggvs

N A 5
® Seesaw: m, = - < 0.23eV = ggvs < 0(10°€V)
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o We need £(3, % =0), < &% >= vy to preserve p =
at tree level
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M2
o We need £(3, ¥ = 0), < £ >= v to preserve p = 1y 1

at tree level

@ Besides, we also have one complex doublet:

(T %) oz )
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M2
o We need £(3, % =0), < &% >= v to preserve p = M%co?gﬂw B

at tree level

@ Besides, we also have one complex doublet:

(%) e-h(3 )

@ The Georgi-Machacek potential have a global SU(2), x SU(2)g.
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M2
o We need £(3, ¥ = 0), < £ >= v to preserve p = 1y 1

at tree level

@ Besides, we also have one complex doublet:

¢o* ¢+ ) 1 ( va 0 )
= _ ° ¢ = —
o= (0 %) =5
@ The Georgi-Machacek potential have a global SU(2), x SU(2)g.
o After SSB, myy = &, v = \/vz§ + 8sz ~ 246 GeV
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Scalars
M2
® We need {(3, % = 0), < £ >= vy to preserve p = M%TZVZQW -1
at tree level

Besides, we also have one complex doublet:

o°* ¢+ ) 1 ( voa 0 )
= (D = —
o= (0 %) =5
The Georgi-Machacek potential have a global SU(2); x SU(2)g.

After SSB, myy = &, v = \/vj + 8V} ~ 246 GeV
Scalar spectrum consists:




Scalars
M2
® We need {(3, % = 0), < £ >= vy to preserve p = M%coiVZOW -1
at tree level

Besides, we also have one complex doublet:

o°* ¢+ ) 1 ( voa 0 )
= _ ° (D = —
¢ ( b @="00 w
The Georgi-Machacek potential have a global SU(2); x SU(2)g.
After SSB, myy = &, v = \/vj + 8V} ~ 246 GeV

Scalar spectrum consists:
Q A quintet: HY, HE, HF*




Scalars
M2
® We need {(3, % = 0), < £ >= vy to preserve p = M%cozvzew -1
at tree level

Besides, we also have one complex doublet:

¢o* ¢+ ) 1 ( voa 0 )
= _ ° (D = —
o= (0 %) =5
The Georgi-Machacek potential have a global SU(2); x SU(2)g.
After SSB, myy = &, v = \/vj + 8V} ~ 246 GeV
Scalar spectrum consists:

@ A quintet: H, H5i, H5ii
Q A triplet: HS, Hf




Scalars
y 0 Miy
o We need 5(3, 5 = O), < E >= vy to preserve p = m =
at tree level
@ Besides, we also have one complex doublet:

¢o* ¢+ ) 1 ( voa 0 )
= _ ° (D = —
¢ ( b @="00 w
The Georgi-Machacek potential have a global SU(2); x SU(2)g.
After SSB, myy = &, v = \/vj + 8V} ~ 246 GeV
Scalar spectrum consists:
@ A quintet: H, H5i, H5ii

Q A triplet: HS, Hf
@ Two singlets: HY, HY
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@ Chiral doublets usually contribute positively to S. And it need to be
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

Contributions of NP of EWrg Model to Oblique
Parameters S, T

@ Chiral doublets usually contribute positively to S. And it need to be
cancelled by a negative contribution from another sector

@ As shown in [PQH, PRD76: 085002 (2007)]:
"Correction to electroweak S parameter from scalar triplets,
generally, takes negative sign"
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Electroweak Precision Constraints
A Minimal Extension of the EWv p model

Contributions of NP of EWrg Model to Oblique
Parameters S, T

@ Chiral doublets usually contribute positively to S. And it need to be
cancelled by a negative contribution from another sector

@ As shown in [PQH, PRD76: 085002 (2007)]:
"Correction to electroweak S parameter from scalar triplets,
generally, takes negative sign"
@ So we may expect some cancellation between the two sectors!!!
@ Define:
° g _ GEWvg _ gSM
Exp constraint : S = 0.02 + 0.14
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

Contributions of NP of EWrg Model to Oblique
Parameters S, T

@ Chiral doublets usually contribute positively to S. And it need to be
cancelled by a negative contribution from another sector

@ As shown in [PQH, PRD76: 085002 (2007)]:
"Correction to electroweak S parameter from scalar triplets,
generally, takes negative sign"

@ So we may expect some cancellation between the two sectors!!!
@ Define:
° g _ GEWvg _ gSM
Exp constraint : S = 0.02 4 0.14
o T = TEWVR _ TSM
Exp constraint : T = 0.06 +0.14
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T — S under EW Precision Constraints

0.!

2

M? o Mz < mgmm py < 650GeV .
e o Mz/2 < Mg < 650GeV.
" 0; e 0.1 <sinfy <0.9
aif ° 5=002+0.14
-oz? T = 0.06 +0.14
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@ The 125 GeV Higgs boson candidate?
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@ The 125 GeV Higgs boson candidate?

° Neutrallscalars
HY = —= (280 = V™) HY =i(enx® + suo™)

ve 1
HD =0, HY = = (V2 €)
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

The EWvr Model and the 125 GeV Higgs Discovery

@ The 125 GeV Higgs boson candidate?

° Neutrallscalars
HY = —= (26 = vV2x™):  H =i (cux® + sug™)

v6 1
HOZ Or’ HO/:iﬁOf_FO
1 ¢ 1 \ﬁ ( X 5 )
@ The main production channel of 125 GeV Higgs boson at the LHC:
g “00606000¢

->—- HO

g 090099
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e ., £ do not couple to SM and mirror quarks = H2, HY" Out
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@ ¥, & do not couple to SM and mirror quarks = H?, H? Out
° Couplmgs of the CP even (O+) H? with fermions:
me



A Candidate for 125 GeV Higgs Boson

@ x, & do not couple to SM and mirror quarks = H2, HY" Out.
e Couplings of the CP even (O") H? with fermions:

m; qu
HOgMaM = —
1

.= —ig—
EHpti g2mwc050H &

ig—
2myy cosfy
® mgu ~ O(m;), the ratio of production cross section:
. 1> F(ra)l® ,
olgg = Hi) _ @ 7

o(gg — Hsm) ~ |F(Twp)]>  cos? 6y

Huge Enhancement!!!
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

A Candidate for 125 GeV Higgs Boson

@ x, & do not couple to SM and mirror quarks = H2, HY" Out.
e Couplings of the CP even (O") H? with fermions:

m; qu

8, 0’:_ig7'g 0 ,MgM :_’gi
Hyt 2myycosly ' T ava 2myy cosfy

® mgu ~ O(m;), the ratio of production cross section:
I > F(re)l?
o(gg — HY) ~ 0 ~ 72
o(gg — Hsm) | F(Ttop)|? cos? Oy
@ The CP-odd (O~) HY couples to quarks as:
myt,

Huge Enhancement!!!

. . Mpty
0,7 = | 55 O0pp — 1 5
gH3tt gsz v gHSbb g8 2w ol
. mumtm . mymtm
0, MM = | 5; OyMgM = — 5
BouMiM = 8= -5 £9qMg Lyl
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The Original EWv p Model
Electroweak Precision Constraints
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A Candidate for 125 GeV Higgs Boson

@ x, & do not couple to SM and mirror quarks = H2, HY" Out.
e Couplings of the CP even (O") H? with fermions:

m; qu

8, 0’:_ig7'g 0 ,MgM :_’gi
Hyt 2myycosly ' T ava 2myy cosfy

® mgu ~ O(m;), the ratio of production cross section:
I > F(re)l?
o(gg — HY) ~ 0 ~ 72
o(gg — Hsm) | F(Ttop)|? cos? Oy
@ The CP-odd (O~) HY couples to quarks as:
myt,

Huge Enhancement!!!

. . Mpty
0,7 = | 55 O0pp — 1 5
gH3tt gsz v gHSbb g8 2w ol
. mumtm . mymtm
0, MM = | 5; OyMgM = — 5
BouMiM = 8= -5 £9qMg Lyl

@ The ratio of the production cross section:
o(gg — H3)

—=2 * 37 ~tan?0y; tan’ 0y = 1 is allowed
o(gg — Hsm)

WH Pheno 2016



e HY is disfavored by the Spin-Parity analysis of ATLAS and CMS by
more than 3o.

Need an Extension!!!
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more than 3o.
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e HY is disfavored by the Spin-Parity analysis of ATLAS and CMS by
more than 3o.

Need an Extension!!!
@ Keep the fermion and the gauge sectors the same
@ Add another complex doublet, ;.
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A Minimal Extension

e HY is disfavored by the Spin-Parity analysis of ATLAS and CMS by
more than 3o. )
Need an Extension!!!

o Keep the fermion and the gauge sectors the same
@ Add another complex doublet, ®5y.
o Introduce a new symmetry U(1)sy x U(1)mr. Under which

®, only couples to the SM fermions, ®,; only couples to the mirror
fermions
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@ Add another complex doublet, ®5y.
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A Minimal Extension

e HY is disfavored by the Spin-Parity analysis of ATLAS and CMS by
more than 3o. )
Need an Extension!!!

o Keep the fermion and the gauge sectors the same
@ Add another complex doublet, ®5y.

@ Introduce a new symmetry U(1)sp x U(1)me. Under which

o (¢27/L7ql-) — eiQSM_(q)%/LaqL)
e (¢2Mal}g/l7q;\i’/’) — e’aMF(q)szllg/’an’/’)

®, only couples to the SM fermions, ®,; only couples to the mirror
fermions




A Minimal Extension

e HY is disfavored by the Spin-Parity analysis of ATLAS and CMS by
more than 3o. )
Need an Extension!!!
o Keep the fermion and the gauge sectors the same
@ Add another complex doublet, ®5y.
o Introduce a new symmetry U(1)sy x U(1)mr. Under which

0 (¢27 /L qL) — eia5M (¢27 /La qL)
e (¢2M,IR 7qR) — e’aMF(q)szIR )qR)
Q ¢s — e~ ilamr—asy) bs

®, only couples to the SM fermions, ®,; only couples to the mirror
fermions




The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

A Minimal Extension

HY is disfavored by the Spin-Parity analysis of ATLAS and CMS by
more than 30.

Need an Extension!!!

Keep the fermion and the gauge sectors the same

Add another complex doublet, ®,p,.

Introduce a new symmetry U(1)sy x U(1)me. Under which

Q (¥2,0,q) — eias“”_(¢27/L,qL)

Q (Pam, IR, qr) — €M (Pom, IR, )

Q ¢s — e*’(‘lMF*O‘SM)(ﬁS

@ All other fields are singlets under U(1)sm x U(1)ur
®, only couples to the SM fermions, ®,y, only couples to the mirror
fermions
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o Unders SU(2)p, the physical states are classified as:
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@ A quintet: HY, Hgt, H5ii

o Unders SU(2)p, the physical states are classified as:
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o Unders SU(2)p, the physical states are classified as:
@ A quintet: HY, Hgt, H5ii

@ Two triplets: HY, H;t, and H3y,, H3iM

40> «F)r <

Er (2> E



o Unders SU(2)p, the physical states are classified as:
@ A quintet: HY, Hgt, H5ii

@ Two triplets: HY, H;t, and I:I:?M, H3iM
@ Three singlets: HY, HY,,, H?
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The Extended Scalar Spectrum

e Unders SU(2)p, the physical states are classified as:
@ A quintet: H, Hg':, H5ii
@ Two triplets: HY, H_,,i, and H3y,, H3iM
@ Three singlets: HY, HY,,, H{’,
o Two CP-even 07 HY, HY, couple to the SM fermions and the Mirror

fermions, respectively:
. Mgy, . Miye
z = — ' s = —J|g—
EHO fsmFom g2MwS2 ngMfMFfMF g2MwS2M




The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

The Extended Scalar Spectrum

e Unders SU(2)p, the physical states are classified as:
@ A quintet: H, Hsi: H;':i
Q Two triplets: HS, Hy, and H3y, Hi,,
© Three singlets: H?, HY,,, HY'
e Two CP-even 01 HY, HfM couple to the SM fermions and the Mirror

fermions, respectively:
. meM R meF
0 = = —|g— v 0 = = —|g—
ng fsmfom g2MV|/S2 ngMfMFfMF g2MwS2M

@ Three CP-even states can mix:

0
H a1 aiaMm aLv Hi

_ 0
H' =\ am1 amimM  aMm1 Hiw . (3.1)
H// 31/71 31/71/\/] 31/71/ H](_)/
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

The Extended Scalar Spectrum

e Unders SU(2)p, the physical states are classified as:
@ A quintet: H, Hsi: H;':i
Q Two triplets: HS, Hy, and H3y, Hi,,
© Three singlets: H?, HY,,, HY'
e Two CP-even 01 HY, HfM couple to the SM fermions and the Mirror
fermions, respectively:
Mg, _ . Miye

0f., F = —ig—"; 0 7 = —I
EHO fsuifom g2MwS2 ngMfMFfMF g2MwS2M

@ Three CP-even states can mix:

0
H a1 aiaMm aLv Hi
o 0

H' =\ am1 amimM  aMm1 Hiw . (3.1)
H// 31/71 31/71/\/] 31/71/ H](_)/

o H = a1 H? + a1 1mH?y, + a1,1/HY is the candidate for the 125
GeV Higgs boson.
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

The Dual Nature of H

R e e B
H - bb —_—
CMS: = 0.93+ 0.49 m -0 _
— H, - ff
[ 1]
H - 1T —.—6—
CMS:p=0.91+0.27 H
H- vy ——
= 1.m 1
CMS:p=113+0.24 H1 S Yy
H- ww —t
CMS:u=0.83+0.21 H —0
= | H -ww/zz
L] .
H-zz —_—
CMS:u=1.00+0.29 H
v b b v b by

0 05 1 15 2 25
Best fit o / g,
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A Minimal Extension of the EWv p model

The Dual Nature of H

H -
CMS: u=0.93+0.49 ~0 _
H, - f7
[ 1]

CMS:p=0.91+0.27

H-vyy .
CMS:p=1.13+0.24 H1 - Yy
H B CMS 10 result
: M EWwg "Dr. Jekyll" Ex. 1
H- WW —_— M EWvg "Dr. Jekyll" Ex. 2
CMS: i =083+0.21 - | -0 EWvg "Mr. Hyde" Ex. 1
=_i H-ww/zz B EWvg "Mr. Hyde" Ex. 2
: B EWvg "Mr. Hyde" Ex. 3
H- 2z —_—

CMS:u=1.00+0.29

0 05 1 15 2 25
Best fit o / g,
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

The Dual Nature of H

H — bb —_— ~
CMS: u=0.93+0.49 H ~ - = I

{ Wt o Dr.Jekyll = SM-like H

] Ex: H = 0.99999 HY — 0.003 HY,,
H- 1 —_— —0.002 HY’

CMS:p=0.91+0.27

H- vy
CMS:p=1.13+0.24
B CMS 1o result
B EWvg "Dr. Jekyll" Ex.
B EWvg "Dr. Jekyll" Ex.
EWwvgr "Mr. Hyde" Ex.
B EWvg "Mr. Hyde" Ex.
B EWvg "Mr. Hyde" Ex.

H- WW
CMS:n=0.83+0.21

WNHEN =

H- zz
CMS:p=1.00+0.29
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Best fit o / g,
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

The Dual Nature of H

o Dr.Jekyll = SM-like H
Ex: H = 0.99999 HY — 0.003 HY,,
—0.002 HY

e Mr.Hyde = SM-unlike H
Ex: H = 0.187 H° +0.115 H?,,
+0.976 HY

B CMS 1o result

B EWvg "Dr. Jekyll" Ex.

B EWvg "Dr. Jekyll" Ex.
EWwvgr "Mr. Hyde" Ex.

B EWvg "Mr. Hyde" Ex.

B EWvg "Mr. Hyde" Ex.

b —
] Hy - fF
(1]
—

CMS:p=0.91+0.27

H- yy
CMS:p=1.13+0.24

H- WW
CMS:n=0.83+0.21

WNHEN =

H- zz
CMS:p=1.00+0.29

0 05 1 15 2 25
Best fit o / g,
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o The EWrg model satisfies the electroweak precision measurements




The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

Conclusions

Seesaw mechanism is the most attractive way to explain a tiny m,

The EWrg model brings down the seesaw scale to the current high
energy colliders.

The EWvrg model satisfies the electroweak precision measurements

(]

The EWrg model with a minimal extension in the scalar sector can
accommodate the 125 GeV Higgs boson
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The Original EWv p Model
Electroweak Precision Constraints
A Minimal Extension of the EWv p model

Conclusions

@ Seesaw mechanism is the most attractive way to explain a tiny m,,

@ The EWrg model brings down the seesaw scale to the current high
energy colliders.

@ The EWrg model satisfies the electroweak precision measurements

@ The EWrg model with a minimal extension in the scalar sector can
accommodate the 125 GeV Higgs boson

@ The 125 GeV Higgs boson candidate has the dual nature: SM-like vs
SM-unlike

WH Pheno 2016
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@ Here, we want to have a clearer view on the scatter plots by including the 1 and 2 o
experimental constraints. So, the Tyr — Syr space is limited up to £2
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@ Here, we want to have a clearer view on the scatter plots by including the 1 and 2 o
experimental constraints. So, the Tyr — Syr space is limited up to £2

@ Again, it is obvious that contribution of mirror fermions to Sand T go outside the allowed
region, even up to 20.
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Unconstrained T — S of EWup

@ Here, we want to have a clearer view on the scatter plots by including the 1 and 2 o
experimental constraints. So, the Tyr — Syr space is limited up to £2

@ Again, it is obvious that contribution of mirror fermions to Sand T go outside the allowed
region, even up to 20.

@ However, the negative contribution from scalar sectors can give a cancellation.
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Additional Materials

Dependence of Syr on the Mass Spitting

If we want to have small value of S then we need large mass splittings among mirror quark and
mirror lepton doublets

mg mg
Here, X = —1,and Y = — 1, my =160GeV, and m _r = 60GeV.
my m,Rr Ve
e

%:160 GeV; I'T\E:270 GeV,; m§:210 GeV, m‘:ZGU GeV, mBZZDO GeV|

mp=60 GeV; mVFBO GeV,; mv‘=70 GeV; mﬁ':140 GeV; m‘:150 GeV
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Additional Materials

Dependence of Tyr on the Mass Spitting

So, we need non-degeneracy in fermion doublets to get an acceptable S!

Unfortunately, T can be very positive:

m.=160 GeV; m =270 GeV; m_=210 GeV; MKZZGO GeV; m.=200 GeV
m;;=60 GeV; m;=80 GeV; m;;=70 GeV; m“\140 GeV; m=150 GeV
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Additional Materials

Dependence of Ss on the Mass Spitting

mH+ mH+
Here X = —% —1,¥ = —= — 1, m, 14+ = 200GeV, sin 0y = 0.1 on the left, and sin
myo mgyo 5

3
6y = 0.89 on the right

m,,. =100 GeV; m = 600 GeV; sin6,=0.1 my, = 100 GeV; m_ =600 GeV; sin 6, =0.89
me =126 GeV; Me =100 GeV; m..= 200 GeVv
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Additional Materials

Dependence of Ss on the Mass Spitting

mH+ mH+
Here X = —-1,Y= 5 1, my e = 500GeV, sin 0 = 0.1 on the left, and sin
myo mgyo 5
HS H,
6y = 0.89 on the right
:100GeV’m ZGODGEV;SiHGNZOI my :1UOGeV; mNZGOUGe\/;SmBH:

=126 GeV; m =100 GeV; m =500 GeV

me= i 126 GeV;

My =

S o “““\
SR
T
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The Dependence of T and S on sin 84 under the
Constraints

We see that the EWvg model is consistent with electroweak precision data for the entire range of

sin Oy
o
E + 10 constraint E + 10 constraint
E x 2 g constraint £ X 2 constraint
05— 05—
0af- 0af-
0af- 03
W oz = o2
01f- o1f-
o M jl
o1 01—
Py S N T E S BT FUTEE PV SRR S Py = B NN BT FUTE EETEY SN PN P
51 62 03 04 05 06 07 08 09 61 62 03 04 05 06 07 08 09
sin 8, sin @,
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Relation between mass splitting between scalar quintet and
mirror fermion sectors at 1 ¢ constraint

m,.-m,, vs m-m,. at 10 constraint m,.-m,, vs m;-m; at 10 constraint
2001 ,=600(GeV); m, = 650(GeV); m,_=125.9(GeV); m__=450(GeV) 200 Z5.9(GeV); m, =450(GeV)
E £ (GeV); )
1501~ ; m =170(GeV) 150 ; 0(GeV); m_=140(GeV)
100:7 ; B ¢ 40(GeV) C -310{Gev) m,=150(GeV); nL-JSD(GeV) m_=170(GeV)
E 190(GeV)<m - ew(cav) ssn(cev)an <s«a(c.ev) C 360(GeV)<m <380(GeV); SSD(GeV)<m <57D(Gev)
C 100—
S 50— s
s L o
O E @ E
& o & 50—
w F o
£ -50— £ f
-100— C
E -50—
150~ C
2005 -100C HH\HHLHH\HHLHH
o9 -50 0 50 100 150 200 250 300 %60 -50 [ 50 100 151 200
mem_ (GeV) m-m_(GeV)
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Additional Materials

Relation between mass splitting between scalar triplet and
mirror fermion sectors at 1 ¢ constraint

m,.-m, vs mym, at 10 constraint m,-m,; vs m-m; at 10 constraint
- T, =600(GeV]: = 100(GeV]; m,_=500(GeV) 800 T, =600{GeV); m, =100(GeV); m,_=500(GeV)
£ m,;=650(GeV); m, =650(GeV) m.=200(GeV); m_=160(GeV) £ m, m, =650(GeV) m = m_=160(GeV)
220 m=270(GeV); m_=210(GeV); m_—ZGIJ(GeV) nL—zun(GeV) 2501~ m =140(GeV); m_=80(GeV); m =150(GeV); m_=70(GeV)
a00F m =140(GeV); m’ =80(GeV); m =150(GeV); m"=70(GeV) e m.-270(GeV) m_-zw(GeV) m=260(GeV); m,=200(GeV)
E 200(GeV)<m, <210(GeV); m =125.9(GeV) E 200(GeV)<m_<210(GeV); m _125 9(GeV)
< 180 <1500
> E > E
s 3 L
S 160 S r
- =100
£ 140 B
£, F £ 50—
120 E
100 o
80 S0
60— £
T Y P AN I (U IV I S T S IR IV IV WA I I e
240 -220 -200 -180 -160 -140 -120 -100 -80 -60 %6050 0 50 150 200 250 300

100
mem_(GeV) m;m(GeV)
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o Fixed parameters: A; =0.0329, X» = 14.2, A3 = 15.4, Ay = 0.0056, A5 =
15, Xg = —1, my+ = 590 GeV, my++ = 600 GeV
5 5




15, Xg = —1, my+ = 590 GeV, my++ = 600 GeV
5 5
@ Mass Mixing Matrix:

(

0.99999...
2.49 x 1073
1.60 x 1073

o Fixed parameters: A; =0.0329, X» = 14.2, A3 = 15.4, Ay = 0.0056, A5 =

—2.49 x 107  —1.60 x 1073 H?
0.99999... —5.30 x 107* Hy )
5.26 x 107* 0.99999.. HyY
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15, Xg = —1, my+ = 590 GeV, my++ = 600 GeV
5 5

o Fixed parameters: A; =0.0329, X» = 14.2, A3 = 15.4, Ay = 0.0056, A5 =
@ Mass Mixing Matrix:

H 0.99999...  —2.49 x 107® —1.60 x 1073 HY
H’ =( 249x107° 0.99999... —5.30 x 10~* Hy -
P 1.60 x 107%  5.26 x 107* 0.99999.. HY
(4.1)
o Mass Eigenstates: m~=125.7 GeV, m~ = 420 GeV, m~ =599 GeV.
H H’ H!
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Dr.Jekyll Ex2

Pheno 2016

SM EWr
TH e T BR e r BR H
X Ogg—H X Ogg—H

H— W+W~ | 3.55E-04 | 9.42E-04 | 2.26E-01 | 3.46E-04 | 7.63E-04 | 1.72E-01 | 0.74
H-—ZZ | 3.55E-04 | 1.17E-04 | 2.81E-02 | 3.46E-04 | 9.49E-05 | 2.13E-02 | 0.74
H — bb 3.55E-04 | 2.36E-03 | 5.66E-01 | 3.46E-04 | 2.79E-03 | 6.26E-01 | 1.07
H— 7 3.55E-04 | 2.50E-04 | 6.21E-02 | 3.46E-04 | 3.06E-04 | 6.87E-02 | 1.07
H—yy 3.55E-04 | 9.51E-06 | 2.28E-03 | 3.46E-04 | 1.26E-05 | 2.82E-03 | 1.21
[m] [l = ==




o Fixed parameters: s, = 0.401, s, = 0.900, sy = 0.151,

A1 =476, Ao =3.41, A3 =7.71, Ay = —1.29, As =4, \g = —1




o Fixed parameters: s, = 0.401, sy = 0.900, sy = 0.151,

M =476, Ay =3.41, A3 =7.71, Ag = —1.29, As = 4, g = —1
@ Mass Mixing Matrix:

H 0.187 0.115  0.976 H?
H =|( 0922 0321 —0.215 Hu
i 0.338  —0.940  0.046 HY

)

(42)



o Fixed parameters: s, = 0.401, sy = 0.900, sy = 0.151,

M =476, Ay =3.41, A3 =7.71, Ag = —1.29, As = 4, g = —1
@ Mass Mixing Matrix:

H 0.187 0.115  0.976 H?
H =|( 0922 0321 —0.215 Hy s (4.2)
N 0.338 —0.940  0.046 HY
@ Mass eigenstates: ~

m~ = 125.6 GeV, nr;, = 454 GeV, m;” = 959 GeV



Mr.Hyde Ex3

Additional Materials

SM EWvg
MHogg r BR F;Hgg r BR :
X Ogg—H X Ogg—H
H — W+W~- | 354E-04 | 9.30E-04 | 2.24E-01 | 5.75E-04 | 1.64E-04 | 1.23E-01 | 0.89
H— 27 3.54E-04 | 1.16E-04 | 2.79E-02 | 5.75E-04 | 2.04E-05 | 1.53E-02 | 0.89
H — bb 3.54E-04 | 2.35E-03 | 5.67E-01 | 5.75E-04 | 5.07E-04 | 3.79E-01 | 1.06
H—r7 3.54E-04 | 2.58E-04 | 6.22E-02 | 5.75E-04 | 5.42E-05 | 4.06E-02 | 1.06
H = vy 3.54E-04 | 9.46E-06 | 2.28E-03 | 5.75E-04 | 2.04E-06 | 1.53E-03 | 1.09
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e HY — WW is strongly suppressed.
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e HY — WW is strongly suppressed.
o Consider two-stage decay process: HY — IM/M — [$si¢%, which
mimics : H - WTW~ — Ivlv.
Here, ¢s is invisible, and considered as E

Miss
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e HY — WW is strongly suppressed.

o Consider two-stage decay process: HY — IM/M — [$si¢%, which
mimics : H - WTW~ — Ivlv.

Here, ¢s is invisible, and considered as EMs.
2
o [(HY —TMM) = L g2 e2m 0\/1— 200
3 327 8imSHIMHY T
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Additional Materials

Special signal of H

o HY — WW is strongly suppressed.

o Consider two-stage decay process: HY — IM/M — [$si¢%, which
mimics : H - WTW~ — Ivlv.
Here, ¢s is invisible, and considered as EMSS.

2
4m/’\/’

o I(H? — 7M/M) = %gﬁwsﬁ,m,_,g 1- =
@ In analogy to previous comparisions, we define a ratio of signal
strength:
_ o(eg—H3)Br(Hy—1"1")Br(1M—i¢s)
— o(gg—Hsm)Br(H—WTW=)Br(W—1v)
Br (/’V’ — /¢s) = 1. While Br (W — Iv) = 0.108
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