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Motivation (I): three unknown questions,
killing three birds with one stone
1. After the Standard Model (SM) Higgs discovery,

does there exist obther scalar par&iates;?
(A discrete Z2 symmelry might be needed to avoid FCNC!)

2. What is dark matter (DM)?

(A discrete Z2 symmetry might be needed to protect DM stability!)

3. Where does the tiny neutrino mass come from?

(A discrete 22 symmebry might be needed bto kill tree-level contribution!)




Motivation (II):
2HDM and left-right alignment

1. A wonder of the standard model (SM) is why the left and right
representation is not symmetric?

. 2HDM is a good model because its simple extension of SM scalar
sector, yebt with rich phenomenology, freely to adopt various Yukawa
Ejpesz Type 1,2,X,7, and Inert Higgs. An unexpiamed 22 discrebe
symmelry is needed to do so.

A new continuous gauge symmetbry SUR)H to align 2HDM as new
doublet is used to replace the artificial discrete Z2 symmekbry. (Now
left and right representation is a complete symmetric, horizontal
symmetbry.)




Model confiquration




Aligiment and the replacement of 22 symmetry

Matter Fields SU(3)c|SU@)L|SU2)u|U(1)y [U(1)x Extra gauge groups: SU(2)H * U(1)X
Qr = (u, d)” 3 | 1/6 | © SU(2)L symmetry breaking can be
U = (ur uf)’ : 2 |23 induced by SU(2)H symmetry breaking.

— (¥ dgp)’ X : -1/3 — . .
Dr=dr dr) il One of Higgs doublets H_2 can be inert
L= (vL eL) : /2| 0 . ‘-

Vi — (o o) . . and its stability are protected by the
YR = I\VR Vg
En— (e en)” . » SU(2)H gauge symmetry and Lorentz
N : 23 | 0 invariance.
Y : /3 0 Unlike Left-Right (LR) symmetric
w AN models, the complex gauge fields are
i k electrically neutral.
~ Neutrinos would be Dirac fermions
Ag/2 A /V2 ‘ . . .
Ap = (A o A:,_)) : 0 unless additional lepton number violation
NN
o5 = (@, 0g)T 1 e terms are involved. Dirac neutrino is

H = (H: Ha)" ‘ ‘ 1

TABLE 1. Matter field contents and their quantum number assignments in G2ZHDM. minimum SeTTing




Particle contents

Matter Fields SU(3)c|SU(2)L|SU@2)u|U(L)y |U(1)x H, and H, are embedded into a
SU(2), doublet

Qr = (ug, dp)"

Ur = (ug ulf)" : ' SU(2), doublet fermions are

D = (d dg)" : : singlets under SU(2),, while
SU(2), singlet fermions pair up
N = ( g with heavy fermions as SU(2),,
Np = (VR Vg ‘ d bl t

Bae (e en)” | oublets

Ly = (vL t'L)T

VEVs of ®, and A give a mass
to SU(2),, gauge bosons

Xu
Xd

Xv VEV of @ gives a Dirac mass to
Xe heavy fermions

- 0
H = (Hy, H,) Anomaly cancelation: We have to intfroduce x_u ,

A ( Az/2 A /V?2 ) , v . I x_d, and x_e to cancel those of right-handed ones
Ay = ~

A /V2 —Ag/2 from uH_R, dH_R, and eH_R respectively.

o X_nu is for keeping neutrino mass term.
O = (& &)’ : : | P

_—_—_—_d




Particle contents

Matter Fields SU(3)c|SU(2)L|SU@2)u|U(L)y |U(1)x H, and H, are embedded into a

Qr = (ug, dp)" : - 1 SU(2), doublet

SU(2), doublet fermions are
singlets under SU(2), while
SU(2), singlet fermions pair up
with heavy fermions as SU(2),,
doublets

VEVs of ®, and A give a mass
to SU(2),, gauge bosons

VEV of @ gives a Dirac mass to

Xe heavy fermions
H=H ‘@‘ Triplet Higgs induced

. ( Az/2 Ap/\/i) | | : ; keep the splitting of H1 and H2,
Alll/\/é _Ai/-z
Dy = (D) by)"




Comparison wikh LR svmmeéric models
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| Unlike Left-Right (LR) symmetric models, the

w'temd and Z'

complT gauge fields are electrically neutral.
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| SU(2)H Symmetry |




The Yukawas

Lyu D yaQr (Dr - H) + v.Q1 (UR‘ ff) +Hec.,

— vuQu (A Hy — dnHy) - y.Qu (unly + uff o) + Hee.,

where F[ — T w 1th H1 o =1iToH{, Aftel the EW symmetry breaking (H;) # 0

LT T

Ly O — yyXy(Dr - ‘I)H)+yuxu UR (I)H +Hec.,

= - ded (dR ®; — dr®y ) — yuxu (UR(I’ + uR(D*) + H.c.,

After the EW symmetry
breaking the vev of H1 is not
zero, u and d obtain their
masses but uHR and dHR
remain massless since H?2
does not get a vev.

Xd

Yukawas couplings for leptons

dRH phi2 drR

Ly D yeLr (Er-H) +w Ly (NR . FI) —yx. (Er-®u) + ¥\ x, (NR . éy) +He.,
= yeLy (efHz — erth) =y L (velly +vi )

— YiXe (R D2 — er®1) —y, X, (vR®] + v ®3) +He,




Scalar Potential

V(H,Ap,®g) =V(H)+V(®x) + V(Ag) + Vuix (H, A, ®p)

V(H) = p4H'H + My (H'H)?

= iy (HEHy + HH) + A (HEH, + H;H2)2 .| Simple

2 gt )
V(@) = i385 0y + \s (@qu) ,
= 13 (BID) + BiDy) + g (DID) + Dhdy)? |

V(Ag) = — pATr (A}{Ay) +Aa (rﬁ (AJIIIAH))2 ;

1 1 2
= — A <§A§ + ApAm> +Aa (5&; + A,,Am) ,

Things get ugly quickly!

U)X is
OFELOV\QL buk
useful.

Az/2 A/V2
Am/\/§ _A.S/Q

Scalar Potential

Vasix (H, Ay, @) = + M (H'AgH) = Mos (O} A
+ s (H'H) Tr (8} 80) + Aue (H'H) (8},
+ e (@hi ) Tr (AyAr) |
1 1 1 1
= + Mya <EHIH2A;; + EHIHLAz + %H;HIAWA - EH;HzAa)
L N
V2 V2
t t 1a2
+ Aus (HUH + HiH) (503+ 8,8,

And more

1
. DDA, + ST P1A; +
uglier! ek

1
— Maa ( 3By, — 5<I>;<I>2A3)

+ ua (HJHy + HYH) (88 +33;)

1
+as (@10, + 25) ;034 4,8,)

Coefficients of the quadratic terms of Hj and Hy:

1 1 1
#%1@§MHA N 5/\HA “vA+ 5)\1{@ vy,

Hi can develop a VEV while Hz not, provided that the second term is large enough! Hz can be inert!

U(1)x symmetry helps to simplify the potential, e.g. term like 3T A Py would be allowed by just SU(2)u.
ymmetry help p P & H Y )

| Vi (H, Ay, &) = + My s (H'AgH) — Moy (B}, 05Dy )

+ s (HUH) Tt (A},AH) FAme (HTH) (@},@H)

+os (B0r) Tr (AlAn) |
1 1

EHIHZA,, + EHIHIAS +

T T . T,

7 ﬁ‘bz@lAm - §<I>2<I>2A3)

1
+Mia (HIH1 +H Hg) (§A§ + ApAm)

1 1
—QHngAm - 5H;HzAS)

+MHA( /2

1
— Msa ( Bi®ad, + 50110 +

+ Mo (H{H + HIHy) (210; + 930,

1
+ Apa (BFD; + B3D,) (§A§ + A,,Am) , 2'




Phenomeno Lagj




Symmetry Breaking

G+ Gi;{ —va 103
Hl - v+h GO ’ (I)H - vp+d2 -GO ’ AH - 1 2A
\f +1 T + 2 H —2 m
s o Ve = {G",G°, G, GY } are Goldstone bosons
H, = (HS Hj)"
2= (Hy Hy) U = {h, Hy, Py, ¢2.03. A, } are the physical fields

» We have 6 Goldstone bosons, absorbed by 3 SM gauge bosons and 3 SU(2),,
ones, yielding the massless photon and dark photon

« We have the mixing between {%.4;. ¢} and {G},. A,. [*} due to:

\

-
1 . A 1

Viix (1, 83, ¢2) D + Mya ()HleA;;) + Aua (HIHl) (;f 3 i (G Ap. Hy* My, EHIHQA,# f !

. |

I

|

l
l
* * 1 P 1 1
: + Aga (H;[H|) ((I)Q(T’-_z) + oA ((I)Q(T’-z) <3A%) — Mga (T‘Z(I)I(l)zAP + E(I)g(l) .A,,,)




Scalar Mass Spectrum

22gv? 5 (Mua — 2Xgava) AHPVUS
% (MHA — 2/\HA”UA) i (8/\A’Ui + ]\/[HAUQ + ]W@A’U%) %b (M@A — 2)\<I>A’UA)

AH@’UUQ UT@ (M@A — 2)\{)AUA) 2/\@2}%

_ 0%
G = {Gy, Ap, Hy'} Mgava —3Maave 0
MG = —%]\/[@A'Ucp ﬁ (Mpav® + Mpavg) %]V[HAU

0 %AIHA’U AIHA’UA

Has one zero eigenvalue and the other two nontrivial eigenvalues are
1

M2, = %{MHAUQ +4(Mya + Maa) va + Mapavd

1
 [(Mua (v +403) + Moa (v +403))" - 16MpaMoar} (v + 403 +13) |’ }

D is dark matter candidate. Other possibilities are v, x,,, W".

2 2 2 2 M
Mge =mgo =megg =0, Myt = Mpava

/\P_O'S' A.l_l’ A"I(bA _0.811111_3, Up =Ua =10 (TeV)

L B

— my, =120 (GeV)
— my, =125 (GeV)
-=== my, =130 (GeV)

- -

1010711712137 1.4 15716 1.7 1.8 1.9 2.0
Ay <10

One can find a very non-SM like
Higgs in the parameter space.




S&abiii&v and per&urba&ive conskrainks

® Ay, Aé, Aa must be positive definite:

i e, Aa 0. (73)

. . ® Ajyjs, Asa . Aya can be positive or negative. Their ranges are determined by unitarity
e Vacuum SEQbLLLEj

[Amel. |Asal. |Aual| <8x. (74)
(1) Ms. Asa. Aya =0
- Scalar po—&eh& tal should be bounded s Joas Jas <.
(2) Mys. Aaa =05 Aga <0

fT'O (44l b?.i.ovw A\gAa — Ajja >0

Similar conditions for two other permutation cases.

(3) Ao =03 Aga. Aya <0

o Perbturbative Unitarity Dol - 50

AAgda — N, > 0

204 e — Ayarsa = —\/(-l,\”,\A — A a) (4Aada — A3,)
Similar conditions for two other permutation cases.

(4) Ms. Aea. Aya <0

- Scattering amplitudes in the scalar

sea&or AAgrs — /\7,5 =0

AAgda — A3, =0

Agda —Njja =0
sdna — dwadsa > —/ (ks — Nyo) (Ahada — Na)
2ApAsa — Anadna > —\/’(4‘\11 As — M) (4AnAa — Mja)
the Lambda(s) with confined ranges. Dhadus — satua > —/(Aea — \iy) (ks — M)

Sf:abiti.&j and Per&urbo&ive conskrainks malkee

o All eigenvalues A, of M, in (66) must be constrained by |A| < 8.




SEabELLEj and par&urba&ive
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Aa
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SEQbiLi&j and err&urba&ve conskrainks

12

— T T T T T 1 T T T T T

1 s Th. only Th. only
Th. only . «  Th. and Higgs 1 Bl = Th. and Higgs
Th. and Higgs * SM : * SM

SM

- 1 1 | 1 1 1 1 —_— 1 1 1 1 1 L 1
3.0 03 06 09 12 15 18 21 3.4 86037056 09 12 15 18 21 2.4
AH /\H

o<laH<2.2%8
oclaPhicpi Theory constraints favor

o<laD<3.6 the small Lambdas

_4. .-.I...I.--I-..I---l..-l-..l....
00 03706 09 1.2 15 18 21 24  _pesdanpesos but further reduced
A -3.88<laPD<l0.3
-3.0<laHD<7.26

by Higgs data.




Current Mass Limits (pre CEPC/ILC)

Matter Fields

n
Q
—_
)
Q
]
-

L|SU(2)u

S
—
-

Tripl.e& Higgs |W' and Z' New
charged | neutral

- T
Qr = (ur, dr)

. T
Ur = (up ulf)

T
Dp = (dﬁ dR)

fermions | fermions

> 100 CGreV ~DM
LE?P Limiks

Ly = (ve er)
. T
Nr=(vr u;{)

. T
Ep = (f;{ (’R)

Xu

Xd

. Charged
Hi This is large gH scenario.
rp— : +33° For very small gH scenario,

o " s> 100 GreV triplet Higgs mass can be ~100 GeV scale,

Ag/2 A V2 . .
An = ( } ) story is totally different!

An/VZ —Ag)2

_ o ot o= o= o= e e
O IOl T e
— — — — o [+ — [+ (] —

Xe

-
[
(-]

—
—
w

~inert Hi,lci)s

2

By = (@) D9)”

The precise mass Limik depends on

A.Dark Mabter candidates

B. mass splitting between charged and neutral particles




Dark Matter and charged Higgs @ CEPC/ILC

Charged Higgs H+ > W+ H2
ete= » Z > H+ H-

etre- > L' > ere~ Nowne

Vector boson Fusion
SM Higgs

h> two Fho&ohs,
FCONC decaj h—ut

Mowno X Nowne
e+re— > X H2 H2
Heavy charged fermion
production

many, see below

QL QL QL QL
dRH)\HZ dR/KHl LR/KHI uRH/KHZ

/

L+, heulrino, missing enerqy

etre-

(kwo photons, muon taw)
+ (missing energy or two electrons)

X(=photon, W, Z), missing energy

Jets, leptons, missing energy

Xu Xu
ur hil URH hi2

Xd

PN

drR phil




Inert Higgs Dark Matter

Vinom = 13| Ha|? + 13| Hol? + M |Hi|* + Ao | Ho|* + X Hy[?|Ho|? + A\y| H{ Ho|?

As
+ 5 @ the} Focus on the case of

H2"0 DM.

Ap=0.5, Ay =1, vy =10 (TeV)

0.80 QR? >0.12]

The limit of inert
Higgs doublet model:
/\12)\222)\3:)\]{ With/\4=)\5:0

O 0.99<0%
O 09<03 <0.99
B 08<0% <09

010 012" 014 0 . . ' : 2.0 2.5 3.0 35 o H2-Hc coannilation is

vp [Ug
Figure 5. Left: the contour of relic density on (Ay, mpys) plane. The upper brown region is GIWGYS The main
with the relic density between 0.1 and 0.12 but the lower yellow region is the relic density less than Channel in The earlly
0.1. Right: accepted DM mass region projected on (va/ve, Maa/Mua) plane. The red, green .
and light blue regions present the DM inert Higgs fraction 0.8 < 0% < 0.9, 0.9 < 0% < 0.99 and universe.
0.99 < 0%, respectively. See the text for detail of the analysis.




Summarv and oubtloole

A novel horizontal symmekbry to embed two Higgs doublets, Hl and H2 into a
doublet under a non-abelian gauge symmetry SURIH and the SURIH doublet is
charged under an additional abelian group U(1)X,

To ensure the model is anomaly-free and SM Yukawa couplings preserve the
additional SU(RIHXU(1)X symmelry, we choose to place the SM right-handed
fermions and new heavy right-handed fermions into SURH doublets while SM
SUQRIL fermion doublets are singlets under SURMH .

Additional gauge bosons are all electrically neutral unlike Left-Right symmetric
models,

Model satisfies unitarity, perturbotive, and stability constraints.

Many of interesting and rich phenomenoloqy.

CEPC Signaktures of the Heavy Higgs boson and Fermioms.




Experimental constraints on Z’

* The red line comes from direct Z’
resonance searches (1412.6302)
Exclusion region

| The black dashed line comes from
LEP constraints on the cross-section
of ete” = e*e” (hep-ex/0312023)

=V >10 TeV

The blue dotted line comes from
EWPT data and collider constraints
— MS9%%CL on the Z-Z’ mixing(0906.2435,
------ sinf,, =107*

1406.6776)

- LEP[ZTV 9]

a0 ey
2.25 250 2.75 3.00
my (TeV)




