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Introduction

Dark matter (DM) & neutrino masses =—p BSM

2 Higgs doublet model 2ZHDM) are very popular. For example,

- In MSSM, 2 Higgs doublets are needed due to holomorphic nature of the
superpotential as well as anomaly cancellation.

- With its additional CP phases, general 2HDM i1s a prototype model to
discuss matter-antimatter asymmetry in the universe.

Inert Higgs Doublet Model (IHDM) (Deshpande and Ma, ’78) can provide
dark matter candidate, with a discrete Z, symmetry imposed. No FCNC at
tree level too!

Scalar singlet as DM: Silveria & Zee (’85), McDonald (°94), Burgess ez a/ (01),
He et a/ C09). Also based on Zo.

However Wilczek and Krauss (°89) had argued that global symmetry (discrete
or continuous) can be violated by gravitation processes like black hole
evaporation or wormhole tunneling. Suggested discrete gauge symmetry.

We embed the two Higgs doublets into a fundamental representation of a
new gauge group SU(2)y. Accidental Z, symmetry emerges.



Some Highlights ot G2ZHDM

New gauge group SU(2)p ® U(1)x
Anomaly free and renormalizable

Symmetry breaking of SU(2)11s triggered or induced by SU(2)i
breaking

One of the Higgs doublet (Hz) can be inert and may play some role
ot dark matter, whose stability 1s protected by gauge invariance

Accidental Z, symmetry in which all SM particles are even

Unlike Left-Right symmetric models, the complex vector fields
W'e.m) are electrically neutral

No tree level FCNC in the Higgs couplings

® ¢/
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Particle Content

Matter Fields |SU(3)c|SU(2)p|SU2)g|U(1)y|U(1)x

% H=(H, H)"'| 1 2 2 1/2 | 1
<

S Ap 1 1 3 0 0
@)

) Dy 1 1 2 0 1

Qr = (ur dr)'| 3 2 1 1/6 | 0

Ur = (ug u)'| 3 1 2 |23 1

2 Dr=(d dg)'| 3 1 2 | -1/3] -1
O

vé ut? 1 1 2/3 1 O

= dy 3 1 1 |-1/3] 0
[

LL:(VL €L> 1 2 1 —1/2 0

Nr=(vg vI)'| 1 1 2 0 1

Erp= (el er)'| 1 1 2 | -1 | <1

vH 1 1 1 0 0

el! 1 1 1 —1 0

® H, and H; are grouped
into a SU((2)u doublet. H;
is the SM one.

® Three VEVs Of H1, (l)H, AH

provide symmetry breaking
and provide masses

® SU(2)1. doublet fermions

are singlet under SU2)y

® SU(2). singlet fermions are

grouped with new heavy
fermions to form SU2)u
doublets

TABLE I. Matter content and their quantum number assignments in G2HDM.



Higes Potential (I) H = ( o )

Hs
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Higes Potential (1I)

Vmix (Ha AH9 (I)H)
= [‘|_MHA (H'AyH) — MCI)A((D}L{AH(DH)J

+ Ao (HTH) (@) + Ve (H ®y) (O} H)
+ Aga (HTH)TT(A%{) T /ICI)A(CD;{(DH)TI‘(A%{)'

~N

J

® Six new parameters from V!
® Note that terms like
(H'®p)(®lLeH) and ®LeA, Dy,
are invariant under SU(2)y but forbidden by U(1)x!




Accidental Discrete Symmetry

AO AP
H G? 2 5
HZ (DHO ﬁ _ﬁ

\/5 2

® The scalar potential contained all possible
renormalizable terms has the following accidental Z;
symmetry, which is not put in by hand.

p.m p.m
H, - — H,, GH > GH ,Ap,m > Ap,m

® Thus we can have either inert Higgs doublet or
Goldstone boson or triplet as scalar dark matter
candidate 1n the model!



Symmetry Breaking (I)

G—I— Gp —UA+03 1 A
H, = Oy — H 0 Ay = > /22
v+h | iGO Vp+P2 € ZG_H LA vA —03
V2 TR V2o VR varm 2
uadratic terms for H; and H»
Q
2 1 » 1 2 : . y)
Wi — iMHA A+ E}tHA VR + EAH(D - Vg, 4= Can be negative even for a positive fz
2 1 1 2 1 / 2
MH+§MHA"UA +§/1HA°UA +§(/1HCI> + Ahe) * Vo . <

/
MHA,CI)A‘) /IHA,CI)A’ HO

Quadratic terms for @1 and P> can be either positive or negative

. J

1 1 1
pHe + EM(I)A *UA T Ellcm v + 5 (Ao + Aye) - V7

1
U = EMCDA TUA T 5/1¢A V3 + E/IHCI) 0%, <= Can be negative even for a positive g



Symmetry Breaking (1I)

V(v,0a,08) = = [Agv* + Aovi + Aavi + 2 (Lfv® + pgve — HAVA)

1 1

— (Mpav® + Mopavg) va + Arav®vg + AHAv VA + AoavgvA]

Minimization:

v - (2>\Hv2 +2uf — MEAvA + Agovg + AHAUQA)
o (2Aevg + 205 — Maava + Agav” + ApavA )

AAAVA — 4UAVA — Mpgav® — Moavg + 20a (Amav® + Aoavg)

)

)

0
0
0

Vz(v ) : 2 (2AoAgA — Agarea)va + AgoMaoa — 2Xe Mua)va + 22 op%; — Aoops)
A A2, — g e ’
(A1)
vz(v ) : 2 A oA — AHSAHA)VA + AHOMEA — 22X Man)va + 2(2Agpg — Naapsy)
OLTAT T 22,0 — Ao |

(A.2)



Yukawa Couplings (1)

We pair the SM SU(2). singlet fermions with heavy fermions
to form SU(2)y doublets. SM fermions obtain masses through
<H1>

M
Lyuk D ‘|‘)’dQL dR Hy @ — )’u QL URH ‘|‘MR HZ)

Additional terms involve H» couples between SM fermions and
heavy termions with the same SM Yukawa couplings!

Since H> has no VEV, this implies absence of FCNC interaction for
SM fermions!

(Natural tlavor conservation: Weinberg & Glashow, *77; Paschos, "77
Minimal flavor violation: G. D'"Ambrosio, G. E Giudice, G. Isidori,
A. Strumia ’02)

The second doublet Hj is inert — it could be DM candidate if it 1s
lighter than all heavy fermions, scalars, and gauge bosons.

SM neutrinos get Dirac masses.



Yukawa Couplings (II)

® 'To give masses to the new heavy fermions, we add their left-handed
partners to couple to a SU(2)u scalar doublet @y=(P; P;)T

Ly > —ypdf! (af oy —dgdy) = yull (ug} +ulf 03)

—yeer (egq)z — €R<I>1) — ypvf! (vRCDT + vgcbﬁ) +Hec.

® H; does not couple to heavy fermions. So the SM Higgs signal
strengths are not affected by the new fermions if mixing effects are
turned otf.

® U(1)x prevents Yukawa couplings that may give rise to mixings
among SM fermions and heavy fermions. For example,

- H - H H
U, Upe®@p ~ u; (ug®, — up @), -+

® Majorana mass term is also possible for the heavy neutrinos.

Hc, H
vpvp



Scalar Mass Spectrum (I)

® Fxpand the scalar tields around the vacua

G H* e “vaths LA
v y Vp 2 y UA—03
vz T Hy vz T Ehm

(I)Goldstone = {GO’ Gi’ GI(L)I’ Gf],m}
Dppysical = 11, H *,Hj, HS ; 03, A, )

® We have 8 generators for the electroweak gauge
ogroup but 6 Goldstone bosons. We left with 2
unbroken generators associated with the two
massless photon and dark photon. The two
unbroken generators are

Q:T2+Y Op = 4cos? Oy T; — 4sin* 0y Y + 27> + X



Scalar Mass Spectrum (I1) S = {h, ¢2, 03}

( 2)\HU2 )\Hq)?}vq) % (MHA — QAHAUA) \
M(Q) — )\Hqﬂﬂkp 2)\@@% ’Uq; (Mq;A — 2)\q>AUA>

\5 (Mpa = 2Xnava) 5 (Mea = 200a0a) 7,5 (BAavA + Myav? + Moavg) J

® The 125 GeV Higgs is now a mixture of {h,¢> 03}
hy = O11h + Oy ¢, + 03,63,

® However, the mixing is constrained to be quite small,

suppressed by v/ve as v ~ 246 GeV and ve = 10 TeV due to
LEP Z-7" mixing constraint (More on this later)!




Scalar Mass Spectrum (111)

G = {G];D Hg*v AP}

M/Q _

\

1\/ 2 17/ 1 \
/M¢AUA—|—§)\H¢U 5 A (I)U?Jcp —5Moavs

1\7/ 1

1 1 1 2 2
_§M¢AU¢ §MHA”U m (MHAU -+ M@Avq)))

® The above mass matrix has zero determinant!

e T

he zero eigenvalue state is the Goldstone boson

absorbed by the longitudinal component of the gauge
bosons of SU(2)n Wl;(lp ™) a vector dark matter candidate.

® The other two eigenstates correspond to a dark Higgs A
and a scalar dark matter candidate D).

A = OGP + O H)" + O}A, (Heavier)

D = OpGY + O H) + O A, (Lighter)




Scalar Mass Spectrum (1V)

® 'The rest

Goldstone Bosons: (Longitudinal components of W=, Z,Z")

2 _ . 2 2
Mg+ = Mgo = Mo =0

Physical Charged Higgs:

1 1

2 Diftferent from IHDM!



Neutral Gauge Bosons Z.1,72,75 (1)

In the basis{B, W>, W3, X} :

12,..2 / 2 / 2 / 2
g' v M __ggv g g g'gxv W \
( 4 + My 4 4 2 + Y
2

_g'gv? g*v _ ggmv? _ ggxv?
e = | g g 0 ()

!
o2 2 v?—v2
R 2 A L LG g A N Y

Mx, My are Stueckelberg masses

. : SM with nonzero My! The theory is
Ruegg & Ruiz-Altaba, ’04 well defined!

Feldman, Kors, Liu, Nath, ’05-’07 StSM with both Mxand My nonzero!

€] = | My/My| < 0.061\/1 (M, IM,)?



Neutral Gauge Bosons Z.1,7.,7.3 (11)

Set My, = 0!
(cw —sw 00\ (100 0)

00 0 ,
Ojl\f;l:o _ Sw  Cw | * (}/9 ZSM, W3,X)

0O 0 100 O

\ 0 0 01/ \0 )

(0 0 0 0
0 (P 497)  guv*/P+e? gxvi/g?+g”
4 4 2
CD4X4J»42 C?4X4::
SM gauge " SM 0 — grv?/ g% +¢g'2 g%{ (v2—|—v§> IX9H (UQ—’U(%)
4 4 2

(O4><4)TM2 OAx4 — diag(0, M%l, M%Q, M%S), [(Zl, 29, ZS)T - 0. (ZSM7 W/37X)T]

gauge




Dark W @-m

® Unlike I.LR model, W’ doesn’t mix with SU(2);, W!

® All three VEVs entered in the W' mass!

1
2 2 2 2 2
My (pom) = 4gH (v Vo 4UA>

® Candidate for dark matter in G2ZHDM. (In progress)



W.-C. Huang, H. Ishida, C.-T. Tu, Y.-L. S. Tsat and T. C. Yuan, EPJC (2018) 78:613
10°¢

Drell-Yan Constraints

Z =W,

7" is super heavy and decoupled! S
1071 ¢

solid: spectrum-A

Spectrum A: dash: spectrum-B
MypH,HYy = 2mMp —— ATLAS Z/— [ *1~
- —— ATLAS Z'—jj
—— CMS Z/'— 11~
Spectrum B: - Vs=13TeV |— cMsz'—j;
IIIIIII gy X TeV
mQH - mLH(vH) — ZmD, LEP|=7;— =0.2]
4 10-2 . e ey Yy T T T
1.5 2.0 2.5 3.0
™My (TeV)
Table 2 Branching ratios for different decay modes of Z’ with 1.5 <mz < 3 TeV
A BR(Q0)(%) BR(L*L™) (%) BR(vD) (%) BR(Q" 0H) (%) BR(L LH) (%) BROWHvH) (%)
Spectrum A 66.52 11.13 11.13 — 5.61 5.61
Spectrum B 49 .84 8.31 8.31 25.14 4.20 4.20

Here Q denotes 6 quark flavors (u, d, ¢, s, t, b) and L (v) represents 3 lepton flavors (e (ve), u (v,), T (V7))



Constraints on the Gauge Sector

1. LEP Z-pole observables
2. LEP-II constraints on contact interactions

3. Constraints from Electroweak Zjj production at LHC

Parameter Scan My 0.1:10] (heavy My)

TeV

[10_6 ; ().()8] (light Mx) |
107° < gy < g
107° < gx < g}
Hh TeV <wve <200 TeV
My = 0.

Cheng-Tse Huang, Raymundo Ramos, Van Que Tran, Y. L. Sming Tsai, TCY, in preparation



Heavy Mx

/1~ 91.1876 GeV
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Dark Matter in G2ZHDM

See Sming Tsai’s talk for details.
® Accidental Zo:

{All SM particles, ho, hs, Z', Z'" are even.}
{D,A, HE, W@ yH [H oHYare odd.

® DM Candidates:

(D, ", wemy

Stability: Wei-chih’s operator analysis

Yu-Xiang Lin, Raymundo Ramos, Chrisna Seyto Nugroho, ¢/ a/. work in progress.



Theoretical and Phenomenological
Constraints (Scalar Sector)

® Vacuum Stability (VS)
- Scalar potential should be bounded from below

® Perturbative Unitarity (PU)
- Scattering amplitudes in the scalar sector

® Higgs Physics (HP)
- Diphoton signal strength of the 128 GeV Higgs

Reference:

Adelssalem Arhrib, Wei-Chih Huang, Raymundo Ramos, Y. L. Sming Tsai, TCY,
arX1v:1806.05632, PRD9Y98(2018) no.9, 095006



® Due to gauge y=HH. P
symmetry, the
potential depends only y = oy,
on these
combinations. = Tr(AyAn),

® The quartic terms in

t!

Scalar Potential (Quartic terms)

4 )

\. J

3

(—HH\H}H, + H H,H;H,)

(H'®p) (P} H)
(H'H)(®}®y)

n

(H'HY

ne potential is then a

E)S@fﬁl, —%SVISO,HZCf(Cf—lﬂ

q

Vi=(x v 2)-QEn- || (4
Z/ Q(&,n) = %ﬁch(f)

uadratic form.

)

Lho(E) 12ma )

lo e |
YN

and /TH(’?) = Ay +A'7A/1/A , AHo (5) EﬂHcIA; T f/l}lcb(



Coposttivity
References:

A. Athrib et al, PRD 84, 095005 (2011)
K. Kannike, EPJC 72, 2093 (2012); 76, 324 (2016); 78, 355(E) (2018)

(A)

(B)

4 )

ZH(’?) = Ay + 1y

L Anao(E) = Ao + Sk

Ao(&.1) = Tuo(&) + 21/ Iu(n)ie 2 0.

Apa(n) = Aga + 2\//TH(77)/1A > 0,
A(I)A — /1CDA —+ 2\/1(1)/1A Z O,

J

1
©) E)s&sl,—zsfsz;nZ-f(é—l)]

1 -
Apon (€, 1) \/ A (1) AgAn _|_§(/1H<I>(5>\//K
+/1HA\//E+/16DA\/ An(n))

1
+ 5 VAo (E ) Aga(n)Aps > 0




Scalar Bosons Scattering Amplitudes

® 2 — 2 processes

hh G°GO N _ ety GHGY 0303
) 7G+G 7H0*H07H+H ) ) a Hij Gma—vA Am}
{\/5 V2 S V2o TR
( 3y Aw \%/lH \/%/1;1 \/% o 3me Ao \/% no  3Ama \/%AHA\
A 3An \% A \/% A \/% o 3t 3AHe \% o 5AHA \% 2
%lH \%ﬂH 4 24n 2An \/%Ach \%Mkb Ao \%/IHA 2
\% A \% g 20 Ay 2An \% Lo \% Ano  Ano \% Agn Ana
M \% " \% o 2 2n 4p \% Lo \% ino  Ano \/% Agn Ana
1= - - :
Ame  3AHe \% At \% He \/LE Ho o fo \% lo 3o \% fon
3o 3ime  Fhhe sihe siwe o 3o lo ghea e
\/% Lo \% o Ao Ane Ao \/% Ao % o 4o \% Aoa  Aoa
3Ara 3AHA  AEa 5Ama 5AEa 3Aea jAea slea 3l 5ha
\Vatus Jzhua  dua dus dus Jshea Jshea  Aes  sha 4 )

Ay = Ay — M2, Ane = Ang + Ae

® Unitarity constraints: ‘/ll(ﬂ 1) ‘ < 87



Scalar Bosons Scattering Amplitudes

® There are also 12 other groups of 2 — 2 processes

® The perturbative unitarity constraints can be summarized as

) = A (M) <8z, V i=(1,...,10),

(M)—(VIL) = |Ay| < 47, |2y| < 8V2xm, |22y + 2y| < 87, |2o| < 4, [2a| < 4r,
) =
) =

Aol < 87, || = [Ane + Aol < 87, [Aye| < 82z,
Anal < 87, [Agal| < 8.




VS
PU
VS + PU

v
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Yoo ) = Ay 4+ nAl >0

FIG. 1. Allowed regions of the parameter space by the VS, PU and (VS + PU) constraints projected onto the (¢, Age), (AasAma),

(l}{le(D) and (l}laﬂHA) planes.



18 A 94 —18 -12 -6 0 6 12 18 24

12
AHD VS not doing much! AHo

~ Neo
- / / . ]
Ago($) = Aye + Ay can’t be too negative! -
FIG. 2. Allowed regions of the parameter space by the VS, PU and (VS + PU) constraints projected onto the planes of (Age, Aga)s
(Ao Ao )s (Ano, 2oa) and (Aye, Ama)-



Higgs Phenomenology

® Mixing Effects: [hl — 011h -+ 021§b2 -+ 03153 ,J ny, = 125.09 £ 0.24 GeV

ISM T(hy, — gg)T(hy — 77)
h 1 —~ 99 1YY _ +0.19
® Signal Strength: /’tggH — r M SM , ’u;/(}g/H 0. 81_0 18
n T (h = gg)I (h - yy)
Gra*m; (0%,
['(h; — = 1 Ai(tys) + ) NeQZA (7
(hy = 7y) 128272 1(Tw+) zf: cQ7 1/2(7y)
4 p
| /IHU _ 1, 021 (Ano + Ayo)ve 031 24gava + Mya
Charged Hiegs 4Gy m? Aolei+) =l O 241V O1; 430 ’
H* \_ J
2
Heavy Fermions ZN CQ%AI/Z(TF ) ’
q) F
a mh
['(h; — 1 A T
(h = 99) = —5 5~ - 1/2(7¢)
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0.13 < 4y < 4.00 '
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18| —— HP E --— VS+PU

o I VS + PU + HP VS + PU + HP
_o4k —
0.1

1
|

Ap < 4.19 Ay < 5.03

HP : --= VS +PU
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FIG. 3. Allowed regions of the parameter space by the HP, (VS + PU) and (VS + PU + HP) constraints projected onto the planes of
(Aa-Am)s (AusAua), (Ao Ane)s (M. Ans), (A, Aua) and (Aa, Aga).
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FIG. 9. A summary of the parameter space allowed by the theoretical and phenomenological constraints. The red regions show the
results from the theoretical constraints (VS + PU) of Sec. III. The magenta regions are constrained by Higgs physics as well as the
theoretical constraints (HP + VS + PU), as discussed in Sec. IV.



Phenomenology

® Double Higgs Production

Ref: Chuan-Ren Chen, Yu-Xiang Lin, Van Que Tran, TCY, arXiv:1810.04837




Higgs discovery at
LHC, mnh =125 GeV

The Higgs self coupling is a key parameter that can help us

reconstructing the shape of the Higgs potential.
= How EWSB really happens

= \\hether there is an extended Higgs sector

[Slides from VQ Tran]



However, it is a challenging measurement for the SM due to its small

production cross section

o(pp — h)sm = O(45pb)

1
1300

o(pp — hh)sm = O(35 fb)

1
350

o(pp — 3h)sm = O(0.11b)

easy

hard

[Slides from VQ Tran]



BSM physics can easily affect the Higgs pair

production cross section through:

1. Modification in the quark Yukawa
couplings;

2. Modification in the trilinear Higgs self-
coupling;

3. New colored particles running in triangle
and box loops;

4. Existence of new heavy scalars decaying
Into Higgs pairs.

» (1)—(3) belong to the non-resonance
effect, while (4) belongs to the resonance
effect.

< h
t, bd’ hy
T T Th
G2HDM has all

these ingredients!

[Slides from VQ Tran]



Double Higgs Production in GZHDM

g ta ba qH h1 9 ’ hl
% N TOOOOTOOOW ¢, b, ¢! X
’
A SRS
g hl 9 hz N
«— (& )------ 000000000 N
N hy

g
‘ 027, Vo )
6 ()\H v (OF)* + Apva (O = Aa va (OF)?)

3
+ 5 ( (MHA — 2>\HA UA) (Oﬁ)Q 031 -+ (M@A — 2>\<pA ?)A) (05)2 Og)
+3(Aue) (0011 (091)* + ve(011)? O3)

+3(Aa v Off (O5)? + Naa 10 OFF (O5))?)

6()‘HU(05)20 + Ao Ve (031)°Og5 — Aa va (051)205)

. 1
+ 5 MuaOf (01108 + 20104)) + 5 Mas Off (0504 + 20440%))
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Parameter Scan

® All the lambdas satisty PU+VS+HP constraints discussed
before.

® For the double Higgs phenomenology, we will scan

0.1 GeV <va < 4TeV

30TeV <ve < 100TeV ,

—3TeV < Mga < 3TeV
0 < Mapn < 15GeV .

® (Constraints from direct Z' resonance search at ATT.AS and CMS.

® All masses of the heavy fermions are set to be 3 TeV.

h2 S hl hl (On-shell decay)

hy + DD  (Kinematically forbidden)

® Note: Effects from the heaviest dark Higgs hs are neglected.
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Correlations with Dark Matter Physics

® Relic Density
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Only 2% data remains after relic density and direct detection constraints are imposed!



Summary

We have constructed a model with the 2 Higgs doublets
embedded into a 2 dim spinor representation of a new gauge

group SU(2)n.

Spontaneous symmetry breaking of SU(2)y by a triplet #r7ggers the
breaking of the SM SU(2);..

An inert doublet can be emerged as DM candidate due to local
gauge invariance rather than the ad hoc Z; discrete symmetry,
which 1s more satisfying]

Constraints from (PU+VS+HP) on the scalar potential have been
carefully studied.

Double Higgs production at the LHC is computed with
constraints from (PU+VS+HP+DM) taken into account. A factor
of 10 enhancement can be achieved compared with SM.

Detailed studies for yybb and bbbb final states from double Higgs
production had been carried out by V. Q. Tran.



Outlook

DM - relic density, direct/indirect detection, collider (in preparation)
Conftronts electroweak precision data (1n preparation)

Dark 7' & 7", dark Higgs phenomenology

Charged Higgs phenomenology

Can one drop the triplet?

Can W'{em}b and v be viable DM?

Long-lived particles (LLPs) in G2ZHDM?

Rare Decays (L.oop processes)
- FCNH decay e.g. h—urt, etc

- u—ey MEG), p-e conversion (Mu2E, COMET), u—eee, (2-2),,,

elc.
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