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standard charge assignments for the elementary quarks and leptons when they couple to
the massless photon.
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1 Introduction

The discovery of the 125 GeV scalar boson identified as the Higgs boson in the Standard
Model (SM) [1-4] suggested that the simple Higgs mechanism [5-7] for electroweak sym-
metry breaking proposed by Weinberg [3] and Salam [4] is the choice by nature. Both
Run I and Run II data collected by the two experimental groups ATLAS and CMS at the
Large Hadron Collider (LHC) reveal no significant deviations from the SM predictions.
Alternative models for electroweak symmetry breaking like technicolor or composite Higgs
models are arguably more elegant but necessarily more complicated. Simplicity seems to
be more superior over other criterion like complexity or elegance for model buildings.
Nevertheless experimental observations of neutrino oscillations imply there must be
new physics beyond the SM to account for the minuscule masses of neutrinos. Missing mass
problem and cosmic acceleration of our universe also suggested the introduction of dark



matter (DM) [8] and dark energy [9]. The standard ACDM model of cosmology [10] consists
of the SM of particle physics plus two new ingredients, namely the cold dark matter, which
can be the weakly interacting massive particle predicted by many new particle physics
models, and a tiny positive cosmological constant at the present time in the Einstein’s
field equation for gravity, which can be mimicked by numerous models of dark energy.
Many models of dark matter and neutrino masses require extension not only of the simple
Higgs sector but sometimes also the electroweak gauge sector of the SM as well. Moreover,
models of dark energy are often represented by new scalar field with equation of state that
can provide negative pressure in order to explain the cosmic acceleration at late times.

Thus extension of the SM in one way or the other seems necessary if one wants to
solve the above puzzles in the neutrino sector and in cosmology. At the same time, one
should be open-minded that there might be other approaches other than particle physics
to answer some of these questions and remembering that nature is the ultimate arbiter of
all theoretical imaginations.

The gauged two Higgs doublet model (G2HDM) proposed in [11] was motivated partly
by the inert Higgs doublet model (IHDM) [12-15] of dark matter. IHDM is a variant of
the general 2HDM [16] with an imposed discrete Zs symmetry on the scalar potential and
the Yukawa couplings such that one of the Higgs doublets is odd and become a scalar dark
matter candidate. Dangerous tree level flavor changing neutral current (FCNC) interac-
tions in the Yukawa couplings, generally presence in the general 2HDM, are also eliminated
by this discrete symmetry. Due to its relatively simple extension of the SM, many detailed
analysis of IHDM had been done in the literature [17-26]. In G2HDM, the discrete Zs
symmetry in THDM was not enforced. Instead the two Higgs doublets Hy and Hs are
grouped into a two-dimensional irreducible representation H = (Hy, H>)" of a new gauge
group SU(2)g. A priori there is no need to impose the discrete Zy symmetry in G2ZHDM.
Once we write down all renormalizable interactions for G2HDM, this discrete symmetry
emerges as an accidental symmetry automatically. Tree level flavor changing neutral cur-
rent (FCNC) interaction in the Higgs-Yukawa couplings are also absence naturally for the
SM fermions. As long as one does not break this symmetry spontaneously, which might
lead to the domain wall problem in early universe, the Hy doublet is naturally an inert
Higgs doublet and can play some role in dark matter physics. It is more satisfactory to have
a global discrete symmetry like the Zs parity that guarantees the stability of dark matter
embedded into a local symmetry. Indeed there exists theoretical arguments showing that
global continuous or discrete symmetries are not compatible with quantum gravity [27, 28].
Detailed analysis of the complex scalar dark matter physics in G2ZHDM will be presented
in a forthcoming paper [29].

The construction of G2HDM in [11] involves extension of both the Higgs and gauge
sector of the SM which we will discuss shortly in the next section. Several phenomenological
implications of G2HDM had been explored in [30-33]. In particular, we have studied
recently in details the theoretical and phenomenological constraints on the scalar sector [31].

We note that the 2HDM augmented with an extra local abelian U(1)x has been dis-
cussed in the literature [34-39] to address neutrino masses, dark matter and to avoid FCNC
interactions at the tree level.



As mentioned before, all experimental data are in line with SM predictions. The ex-
tended gauge sector of GZHDM must be challenged by electroweak precision test (EWPT)
data obtained previously at LEP-I and LEP-II as well as current data at the LHC. Con-
straints must be imposed on the new parameters in the extended gauge sector of G2ZHDM.
The main purpose of this work is to study these constraints on the gauge sector systemat-
ically in analogous to previous analysis [31] done for the scalar sector. It is also interesting
to address the sensitivities of these new parameters at the future colliders.

The contents of this paper is organized as follows: in the next section 2, we review the
G2HDM and highlight some of its crucial features of the gauge sector relevant most to this
work. Section 3 discusses the experimental constraints, including the electroweak precision
test constraints at and off the Z-pole at LEP, Drell-Yan data from on-shell decay of the Z
boson at the LHC, and the full LHC Run II data from the high-mass dilepton resonance
of an extra neutral gauge boson Z’. The dominant two-body decay widths for the two new
neutral gauge bosons are also discussed in this section. Section 4 contains our numerical
results from the profile likelihood analysis. We also study future sensitivities of the new
parameters in future experiments, in particular for the Circular Electron Positron Collider
(CEPC) [40] proposed/debated to be built in China. Finally, we summarize and conclude
in section 5. In appendix A, we present the formulas for the mixing angles among the three
massive neutral gauge bosons in G2HDM in terms of the fundamental parameters in the
Lagrangian of the model. In appendix B, we collect some useful formulas for the partial
decay widths of the extra neutral gauge bosons in G2HDM.

2 G2HDM set up

In this section, we will start with a brief review for the set-up of G2ZHDM [11] by specifying
its particle content (section 2.1) and then write down the mass spectrum of the neutral
gauge bosons (section 2.2) and their interactions with the SM fermions (section 2.3) in the
model. Along the way, we will discuss some peculiar effects for nonzero Stueckelberg mass
My associated with the hypercharge U(1)y.

2.1 Particle content

The particle content of G2HDM is listed in table 1.! Besides the two Higgs doublets H
and Hy combining to form H = (Hy, H3)" in the fundamental representation of an extra
SU(2) g, we introduced a triplet Ay and a doublet ®p of this new gauge group. However
Ay and ®p are singlets under the electroweak SM gauge group SU(2)y x U(1)y. Only H
carries both quantum numbers of the SU(2)y, and SU(2)y.

There are different ways of introducing new heavy fermions in the model but we choose
a simple realization: the heavy fermions together with the SM right-handed fermions com-
prise SU(2) g doublets, while the SM left-handed doublets are singlets under SU(2) . We
note that heavy right-handed neutrinos paired up with a mirror charged leptons forming
SU(2), doublets was suggested before in the mirror fermion model [41]. To render the

Yutl di v el in the table were denoted as xu, Xd, X, Xe Tespectively in [11].



Fields Spin | SU3)¢ | SU(2). | SU2)y | Ul)y | U(l)x
H=(H, Hy)" 0 1 2 2 i 1
ol Wz i) B L A N NI
Dy = (B Dy)" 0 1 1 2 0 1
Qr = (ug dp)" 1 3 2 1 i 0
Ur = (ug ull)" ! 3 1 2 2 1
Dg = (d% dg)" ! 3 1 2 . -
uy 3 3 1 1 2 0
i 3 3 1 1 -3 0
Ly = vy en)” i 1 2 1 -1 0
Ng = (vg vi)T ! 1 1 2 0 1
Ep= (el ep)” 1 1 1 2 -1 | -1
v i 1 1 1 0 0
el i 1 1 1 -1 0
gila=1,---,8) 1 8 1 1 0 0
Wi(i=1,2,3) 1 1 3 1 0 0
W/i(i=1,2,3) 1 1 1 3 0 0
B, 1 1 1 1 0 0
X, 1 1 1 1 0 0

Table 1. Particle content and their quantum number assignments in G2HDM.

model anomaly-free, four additional chiral (left-handed) fermions for each generation, all
singlets under both SU(2);, and SU(2)y, are included. For the Yukawa interactions that
couple among the fermions and scalars in G2HDM, we refer our readers to [11] for more
details, since they are not relevant to this work.

To avoid some unwanted pieces in the scalar potential and Yukawa couplings, we require
the matter fields to carry extra local U(1)x charges. Thus the complete gauge groups in
G2HDM consist of SU(3)c x SU(2)r, x U(1)y x SU(2)g x U(1)x. Apart from the matter
content of G2HDM, there also exist the gauge bosons corresponding to the SM and the
extra gauge groups.

The salient features of G2HDM are: (i) it is free of gauge and gravitational anoma-
lies; (ii) renormalizable; (iii) without resorting to an ad-hoc Z; symmetry, an inert Higgs
doublet Hy can be naturally realized, providing a DM candidate; (iv) due to the non-
abelian SU(2) gy x U(1) x gauge symmetry, dangerous FCNC interactions are absent at tree
level for the SM sector; (v) the VEV of the triplet can trigger SU(2); symmetry breaking
while that of @y provides a mass to the new fermions through SU(2)pg-invariant Yukawa
couplings; etc.



2.2 Neutral gauge boson masses

Consider the interaction basis {B, W3, W’ X} for the neutral gauge bosons and denote
their mass eigenstates as {4, Z1, Z2, Z3}. After spontaneous symmetry breaking, the 4x4
mass matrix in the interaction basis of {B, W3, W'3, X} is given by [11]

12,,2 / 2 / 2 / 2
g-v- 2 _ggv” 9g9gv” g 9gxv”
T M T v 5— + M x My
g'gv? g*v? 991v° gg9xv?
2 . T4 4 4 2
Mgauge - g g v> _ gguv? 9% (U2+U§>> gugx (112—’11(21)) . (21)
4 4 2

2,2
v ’Uq)

/ 2 2
RS VS o e TN U3 s A S S V1

Here g, ¢', gy and gx denote the gauge couplings of SU(2)r, U(1)y, SU(2)g and U(1)x
respectively; v and vg are the vacuum expectation values (VEVs) of Hy and ®py respec-
tively; My and My are the Stueckelberg masses for the two abelian U(1)x and U(1)y
respectively. We note that va the VEV of the triplet Ay does not enter into the neutral
gauge boson mass matrix. This is unlike the case of scalar boson mass matrix analyzed
in [31] which involves all three VEVSs, v, vy and va. The matrix M2, .. in eq. (2.1) is real
and symmetric and thus can be diagonalized by a 4x4 orthogonal rotation matrix that we
will denote as 044

(O4><4)T . M2

Fauge ” 0P = diag(0, M3, M3, M3.), (2.2)

where M%l < M%Q < M%d The zero mass state is naturally identified as the photon.
Some comments on the Stueckelberg masses Myx and My are in order here. It has
been demonstrated in [42] that for the extension of SM with a Stueckelberg mass My for
the hypercharge U(1)y, there exists a plethora of new physical effects. Notably, besides the
photon obtaining a mass, neutrinos will couple to the photon and charged leptons will have
axial vector couplings with the photon. Nevertheless, the Stueckelberg extension of the SM
doesn’t spoilt renormalizability of the model. All these new effects are proportional to My .
Experimentally, the photon mass upper bound deduced from modeling the solar wind in
magnetohydrodynamics is m, < 1 x 10718 eV [43], which implies My must be very tiny
too. If individual Stueckelberg mechanism is introduced for each of the two U(1)s factors
in G2HDM, the photon will in general obtain nonzero mass and many results obtained
in [42] apply as well. In [11], we followed [44-47] in which only one Stueckelberg field was
introduced for the two factors of U(1)s to implement the Stueckelberg mechanism. The

matrix M2

sauge thus obtained given in eq. (2.1) has zero determinant and a massless photon

can always be realized for arbitrary values of the Stueckelberg masses Mx and My .

In the next subsection, we will show that with a nonzero My the electric charge assign-
ments of the SM fermions and their heavy partners in G2ZHDM will no longer be standard
but instead receive milli-charge corrections like those discussed in [42]. In particular, neu-
trinos will couple to the photon and all fermions also have axial vector couplings with the
photon at tree level. These peculiar effects depend on My through the mixing matrix
elements and hence necessarily small. Thus, we have strong theoretical motivation to set
My = 0 in what follows to avoid these unpleasant features. For an analysis with both



My and My nonzero in a Stueckelberg U(1)x extension of the SM that maintains the
standard QED interaction for the SM fermions, see [48-50]. The main reason why the
photon-fermion couplings in G2HDM are in general different from these previous works
is due to the presence of the extra gauge group SU(2)y whereas there is only one extra
abelian group U(1)x in [48-50].

Setting My = 0 in G2HDM will simplify Méauge and allows us to write the rotation
matrix in the following product form
cw —sw 00 1000
Sw Cw 00 0
0 0 10| |0 O |’
0 0 01 0

where ¢y and sy represent cos Oy and sin Oy respectively, with 0y being the Weinberg

ot = (23)

angle defined by

/

99
/gQ + g/2
4

_o in eq. (2.3) is just the product of the SM gauge

SM

eV = gsinfy = ¢’ cos Oy = (2.4)

It is obvious that the matrix O%/[XY
rotation matrix made into a 4 x 4 matrix, called (’)éf/f, times a general 3 x 3 orthogonal
rotation matrix O which was also converted to a 4 x 4 matrix. After applying the rotation

O35 to M2, o(My = 0), the result is

gauge
0 0 0 0
M?2 —9HY N ey —gxvM sm
OXAT A2 (M = 0) - OFX4 — ZsM .2, 4 gxY7 2
SM gauge Yy = SM — 0 _gHUM gH(v +vq>) ngH(v 7’”@) 9
2 ZSM 1 2

X9H (1)2*1%

0 —gxvM ysm % g% (v? +0v3) + M%
(2.5)

where Mysm = v4/g? 4 ¢/?/2 is the mass of the Z boson in the SM. We can consider the
vanishing (1,1) element to be the mass of the photon eigenstate A,,. Furthermore, according
to egs. (2.2) and (2.3), the remaining 3x3 matrix formed by the non-vanishing elements
above is diagonalized by the orthogonal matrix O. In particular, one can parametrize O
in terms of the following Tait-Bryan representation
CpCp — S9S¢pSep —ChS¢ SypCh T S9SHCy
0= CypSep T 59ChSy  COCH  SypSp — SOCHCy | 5 (2.6)
—CYSy S CoCy

where s, and ¢, stand for sine and cosine with the rotation angle x = ¢, 6,1 respectively.

As shown in appendix A, these rotation angles can be represented as
—gg M 7sm M2 — M2 + 2¢% 02

tan(¢) = groMyon (M = M7, + 20xvs) (2.7

2(M§2 - (M%SM + M)Q( + (U2 + Uczp)gg()M%Q + M%SM (M)z( + 9?{”31)))
—QX(M%Q(Uz —vg) + M s\v3)
UMZsM(M)Q( — M%2 + 293(1%)
- QH(]W%1 — M} — 295%v3) cosf
gx (g3v3 — QM%I) sin ¢

tan(f) =

ing, (2.8)

cot (1)) — sinf cot ¢ . (2.9)



It is easy to see that taking the limits of gy and gx go to 0, the non-vanishing 3x3
block matrix in eq. (2.5) becomes Diag(M 2\, 0, M%). Thus the rotation matrix O must
be identity. This can be realized by setting ¢, 6 and 1 to be zeros which can be derived
from egs. (2.7), (2.8) and (2.9).

We note that if one sets Mx to zero, the mass matrix in the right-handed side of
eq. (2.5) is symmetric under the interchange of gr/2 <> gx.

After the rotation matrix O is found, the Z; mass eigenstates where ¢ runs from 1 to
3 are given by

(Z1, Zy, Z3)T = OT . (Zz5M w3, x)T . (2.10)

The composition Z5M, W3 and X of the Z; mass eigenstate is given by 0%,, 02, and 02,
respectively. In general, the Z-pole can be any one of the Z; depending on which one is
actually closer to the pole by the underlying parameter choices in G2HDM. In our analysis,
we will consider there is always at least one extra neutral gauge boson heavier than the
Z-pole.

2.3 Neutral gauge current interactions

The part of the Lagrangian that contains the interaction of the Z; with visible matter in
G2HDM is

»CN—QMZZf’Yu [( 1 —’Ya()> ]f, (2.11)

f =1

where gy = /g% + ¢%/2. The vj(f) and agf) factors are given by (My # 0)

U?) = (CWOQ i —swO; H—l) T} +2QsswO1 ;1 it

1
PR - (XRgXO + T3H g o ) (2.12)
\/92‘1'79,2 4,141 3,i+1
of) = (cwoiit, - swolh,) 7}
1

Vet

Here T })’ is the SU(2), isospin charge and Q; is the electric charge in units of 3™ for the

( rgx Ot + T, gHOéﬁil) : (2.13)

SM fermion f where eSM is given by eq. (2.4). They are related to the U(1)y hypercharge
by the standard formula Q]ScM = T;’ +Y;. The charges due to the new gauge symmetries
are Xp as the U(1)x charge of the corresponding fr and T3H is the SU(2)y analogous
of the SU(2), isospin T% again for the corresponding fg. We snnply define TJ‘?’H +1/2
depending on fr belongs to the upper or lower component of an SU(2)y doublet.

For the photon-fermion couplings in G2ZHDM, we obtain

Ly = SMva (QFHPM — aJas) Ay, (2.14)



where

Oﬁll>i4 O4><4 (/)4><4
Q?ZHDM — ) Q?M“i“ 5 _

w SW ‘w
1
+ m (9X03X14XR + 9HO4X4T ) ) (2.15)
’y O4><4 O4><4
= 2 SW cw
1
- W (gXXRO4 1 + gHTf3504X4) . (216)

Thus, with both nonzero Mx and My, the electromagnetism interaction in G2ZHDM is in
general different from the SM case. The standard charge assignment for every SM fermion
will suffer from an overall correction factor of O 4 /ey plus two correction terms, and
there is also a non-vanishing axial vector couphng.

Next, we can take the limit My = 0 and write the corresponding expressions. By
replacmg the elements of O*** by (94X4 = (94X4 = ¢y and O4X4 = (94X4 = sy as in

q. (2.3), one can find the following new expressions for the vector and axial Vector couplings

i 1

”J(f()My:O) = (T? —2Qs7y) O + W (XrgxOs + TfngOQi) , (2.17)
i 1

a;()My:O) = T})’ O — (XrgxOs;i + TfngOzi) : (2.18)

/92 + g/2
Similarly, one can do the same substitutions on eqs. (2.15) and (2.16) together with (’)4X4
(’)4X4 = 0 and check that the photon coupling to the SM fermions goes back to the SM

expression QGZHD M Q

T;’ + Yy while all the axial vector couplings a} vanish. This
is the main physical reason why we set My = 0 so as to reproduce the standard photon-
fermion couplings. For My, it can be arbitrary and is naturally to consider the light and
heavy scenarios where it is smaller and greater than the Z-boson mass respectively.
Obviously, the formulas obtained in this subsection for the couplings of the neutral

gauge bosons with the SM fermions also hold for the heavy fermions in G2HDM.

3 The constraints

3.1 Constraints from precision electroweak data at LEP-1

The interaction of Z boson with SM fermions is described by the Lagrangian in eq. (2.11).
For the case of My = 0 limit, the tree-level couplings are shown in egs. (2.17) and (2.18).
For more precise calculation, we include the radiation corrections from propagator self-
energies and flavor specific vertex corrections to the Z boson and fermions couplings [51, 52],
which now are given by? (suppressing My = 0 in the subscripts)

) 1
’U} = .\/Pr (T})’ — 2/€fo$%{/)011‘ + W (XRQXO32‘ + TﬁngO%) s (3'1)
(Xrgx O3 + T} g O) (3.2)

. 1
ar = Jpr T3 O — ———
f f f v /92+gl2

2We ignore loop corrections related to the new gauge couplings gu and gx.




where 7 in this work is either equal to 1 or 2 depending which mass eigenstate is closest
to Z-pole. The parameters py and sy are loop corrections quantities. The decay of the
Z boson into fermions and anti-fermions in the on-shell renormalization scheme is given

by [51, 53]
U(Z = ff) = NfToRsy/1 — 4u} [!vf|2(1 +2u7) + Jag*(1 - 4/4‘?)] : (3-3)

where N§ is the color factor (1 for leptons and 3 for quarks), ', = GpM3 /6727, pp =
my/Mz and

N1
ED f CD
Ry = (1+553 ) <1+ 47 ) , (3.4)
with
5D _ 3% 2 3.5
5= 9 (3.5)
2 3
sOP = %5 g q09( Do) 1277 28) - 209, .
; 41409 ( () - Qs (3.6)

Here @y is the electric charge of the fermion f in unit of eSM . and a and oy are the
fine-structure and strong coupling constants, respectively, evaluated at the My scale. It
is understood that the couplings vy and af in eq. (3.3) should be replaced by ch and a}
in egs. (3.1) and (3.2) respectively with ¢ = 1 or 2 depending which My, is closest to the
Z-pole My.

We also investigate some Z-pole (1/s = M) observables, including the ratio of partial
decay width of Z boson

Fhad Fq(j
R; = , R, = ——, 3.7
Lp- © Thad (3.7)
the hadronic cross-section
o _ 127TFe+efrhad (3 8)
had M% F2Z ) .
the parity violation quantity
2uray
Ay = 2 7 (3.9)
U¥ +a ¥
and the forward-backward asymmetry quantity
3 A, + P,
App = - Ajp—r— 3.10
BTy PAL (3:.10)
where P, is the initial e~ polarization. Recall that at LEP-I P, = 0, in this case
3
Apy) = T AcA;. (3.11)

A summary of the electroweak observables at Z-pole from various experiments [43] is
presented in table 2.



Observables LEP Data CEPC Precision [40] | Standard Model
My [GeV] | 91.1876 + 0.0021 5x 1074 91.1884 + 0.0020
Iz [GeV] | 2.4952 + 0.0023 5.06 x 1074 2.4942 + 0.0008
Thad [GeV] | 1.7444 + 0.0020 - 1.7411 + 0.0008
Tine [MeV] 499.0 + 1.5 - 501.44 + 0.04

Ty [MeV] | 83.984 + 0.086 — 83.959 + 0.008

Ohaa [nb] 41.541 + 0.037 - 41.481 + 0.008
R, 20.804 + 0.050 — 20.737 + 0.010
R, 20.785 + 0.033 0.05% 20.737 + 0.010
R, 20.764 + 0.045 0.05% 20.782 + 0.010
R, 0.21629 + 0.00066 0.08% 0.21582 + 0.00002
R, 0.1721 + 0.0030 - 0.17221 + 0.00003

AG) 0.0145 + 0.0025 — 0.01618 + 0.00006
A% 0.0169 + 0.0013 — 0.01618 + 0.00006
AT 0.0188 + 0.0017 — 0.01618 + 0.00006
ALY 0.0992 + 0.0016 0.15% 0.1030 + 0.0002
A% 0.0707 + 0.0035 - 0.0735 + 0.0001
AG) 0.0976 + 0.0114 — 0.1031 + 0.0002
A, 0.15138 + 0.00216 - 0.1469 + 0.0003
A, 0.142 + 0.015 — 0.1469 + 0.0003
A, 0.136 + 0.015 - 0.1469 + 0.0003
A, 0.923 + 0.020 - 0.9347
A, 0.670 + 0.027 — 0.6677 + 0.0001
A, 0.0895 + 0.091 — 0.9356

Table 2. The electroweak observables at the Z-pole. The second, third and last column are the LEP
measurement [43], CEPC preliminary conceptual design report [40], and the SM prediction [43],
respectively.

From the data in table 2, we build the Chi-squared for the electroweak observables at
Z-pole as follows

2 2 2 2 2 2 2
XZ—pole = XMZ + Xa'had + max |:sz7 (thad + XFinv + Xrl""l_)
2 2 2
+ > xRt Y A X)) (3.12)
f=(epmbie) J=(esiTbic,s) "

In principle, one has to consider the correlations between the total decay width of the Z
boson and its partial decay widths to hadrons, invisibles and dilepton pairs. However, due
to the lack of knowledge of the details of these correlations, we take the maximum x? here,
the third term in the right-handed side of eq. (3.12), as an approximation. For each x? on
the right-handed side of eq. (3.12), it is given by the standard expression, namely

,  (0P® —omy?

Xi = (AO?XP)Q ; (3.13)

,10,



where OieXp/ th represents the experimental /theoretical value of any one of the 23 electroweak
observables listed in table 2 and AO;™ is the corresponding experimental uncertainty.
Although we do not consider the G2HDM systematic uncertainties, which should be added
in the quadrature with AO;™, our results would not be significantly altered by their
inclusion. This is because the systematic uncertainties are much smaller when compared
with experimental uncertainties if we assume that the G2ZHDM has similar uncertainties
as the SM predictions given in table 2.

3.2 Contact interactions at LEP-II

We also include constraints from data above the Z-pole by considering the LEP-II mea-
surements related to contact interactions taking the following form of effective Lagrangian

+A47
(1+0ep)(AL])?

Leg = (éfyupaef’)/upﬁf) ) (3‘14)

where P, g represent the chirality projection operators with o, 3 being L or R for left-
handed or right-handed fermions, respectively. The sign of eq. (3.14) depends on whether
the interference between the contact interaction it parametrizes and the SM process is
constructive (+) or destructive (—). There is a total of 6 combinations for the af indices
of Aig : af = {LL,LR,RL,RR,VV, AA}, which are also called models. The limits on

A:g set by LEP-II are given in table 3.15 of ref. [54]. The strongest constraint is given by

Ayv > 24.6 TeV. By using these Aig values, we are able to reconstruct the cross section
for new physics processes based on the Lagrangian in eq. (3.14).

To improve the analysis of this section, in particular for the cases where the mass of
one of the gauge bosons is below the Z-pole, we calculate the additional Z-like mediator
contribution® to the e"e™ — Z; — ff scattering cross section. In the case f = e we have
the contribution of both s and ¢ channels while for f # e only the s channel contributes.
Note that here we do not need the SM contributions such as the photon and Z exchange
not considered in eq. (3.14). In the massless approximation for all the external fermions,
the amplitudes for the s and ¢ channels and for the interference term between them are

given by:
,  29u { [(a})“ + (v})“} (s? + 25t + 2t2) — 2(alv})? (s* + 25t — 2t2)}
M;|” = . . (3.15)
()
294 (ai)4 82+t2 72(aivi)2 5273152 +(vi)4 52+t2
e ) ) 2 3) + P 1§ -
(M3, +5+1)
494 t2 (ai )4+6(aivi)2+(vi)4
M2 = — [ ! = ! ] (3.17)

(Mgi — s) (M%i + s+ t)

3In what follows, we will denote the extra neutral gauge boson as Z’ or Z; depending on whether we
refer to the experimental data or G2ZHDM.
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where s is the center of mass energy squared, t = s(cos ¢ —1)/2 and ¢ is the angle between
incoming and outgoing particles. This angle ¢ should be integrated to obtain the final cross
section. The resulting cross section has to be compared against the cross section obtained
using the effective Lagrangian in eq. (3.14) with the Afg given by the experimental result.
The couplings v} and a% have i = 1 or 2 depending on whether we are analyzing light
or heavy Mx scenario. For ¢ = 3, we assume My, is much heavier than My so that its
contributions are negligible. To be able to construct a x? from the LEP-II 95% C.L. limit,
we calculate the corresponding 95% C.L. cross section and compare against the theoretical
result. When our theoretical result matches the 95% C.L. with null-signal assumption, the
corresponding x? value should be 2.71.% In this case, we calculate the y? value using

2
ocanpum (eTe™ = Z; — fF)
= +£(95%) ’
Sour (4:177)

where o is the cross section obtained using the effective Lagrangian of eq. (3.14) with the

(3.18)

Xtep_1r = 2.71 X

experimental results for Aaig given in ref. [54] for different combinations of the chirality.
The effective cross sections for different combinations of o = {LL, RR, LR, RL} from
the data are summed and averaged. We do not consider the combinations of VV and
AA since they are not independent from the other polarizations considered above. Note
that eq. (3.18) goes to zero when the theoretical cross section vanishes (SM limit) as one
would expect.

In the light Mx scenario (see section 4.3) in which one of the new neutral gauge boson
is too light and invalidates the effective contact interaction approach, it is mandatory to
recast the LEP-II constraints for the contact interactions into the cross section level to do
the analysis. We checked that for the heavy My scenario, using either the effective contact
interaction or cross section approach give the same results.

3.3 Drell-Yan constraints at the LHC

In this section we recap the experiments of the Drell-Yan cross section for SM Z-boson and
heavy Z' at the LHC.

3.3.1 Z-boson on-shell decay at the LHC

By using the measurement of the Drell-Yan cross section for the Z-boson production,
the properties of the Z are well determined at the LHC. Among all the final states of
the Z-boson decay, the dilepton signature is the most relevant to distinguish signal from
background. It is commonly believed that the Drell-Yan constraint qg — Z — (71~ from
the LHC is weaker than LEP EWPT data because of the uncertainties from the hadronic
background is larger than the QED background. However, to be careful, we first check a
direct Drell-Yan constraints from the LHC [55]. The data of electron-positron pair (ee)
and muon-pair (uu) final states are given by tables 3 and 4 respectively in ref. [55]. In the

4For a Gaussian distribution, the value of Ax? = 2.71 corresponds to the 90% C.L. of a two-tailed test,
but it also equivalent to the 95% C.L. of a one-tailed test that we are using.
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Figure 1. The Feynman diagrams of electroweak Drell-Yan process.

signal region located around Z-boson mass (the invariant mass 80 < my;/ GeV < 120), we
found that the systematic uncertainties of Drell-Yan background is larger than the data
statistic uncertainties in both ee or pp final state. We have also checked that the EWPT
constraints in table 2 are much stronger than LHC Drell-Yan constraint.

On the other hand, Z-boson can be singly produced either by radiation from the
incoming partons (figure 1(a)) or t-channel exchange of a W gauge boson (figure 1(b)). To
constrain the G2HDM modified ZI*I~ couplings, the later process is more useful than the
former because QCD processes usually suffer from larger systematical uncertainties than
the electroweak ones. Recently, ATLAS [56] reported a fiducial electroweak cross section
of of3 = 119 416 + 20 + 2fb and of = 34.2 £ 58 £ 5.5+ 0.7fb.% for dijet invariant
masses m;; greater than 250 GeV and 1 TeV, respectively. The SM simulated cross sections
ag\],g(SM) are also given in table 5 of ref. [56], where central values and the uncertainties
are given as 125.2 £ 3.4fb for m;; > 250 GeV and 38.5 & 1.5fb for m;; > 1 TeV.

Comparing with the SM, except for the ZITI~ couplings, the G2HDM did not modify
much of the cross section. Namely, the electroweak cross section of the G2HDM version
can be simply rescaled as

o2 (G2HDM) = o737 (SM) x R, (3.19)
where IWW 2 BRG2HD—M BRG2HD—M
R = CGQHDM Z—ff _ 2 Z—ff (3 20)
| czww BRSM 11 BRSM ’
SM Z—ff Z—ff

and f = e, u. However, similar to direct Drell-Yan Z boson search, we found that the value
of R typically does not deviate substantially from unity and the power of constraining the
parameter space in G2HDM is not as strong as LEP EWPT constraints.

Finally, we have numerically verified that the allowed G2HDM parameter space is
hardly changed at all whether the direct and electroweak Drell-Yan Z boson constraints
at the LHC are included or not. Again, this is because both constraints at the LHC are
much weaker than LEP EWPT constraints. Hence, we will not take into account the LHC
Drell-Yan constraints from the on-shell Z decay in our numerical works so as to save some
computer resources.

SHere, the first value is the measured cross-section, the second is statistical uncertainty, the third is
systematic uncertainty and the fourth is luminosity determination uncertainty.

,13,



3.3.2 LHC Z’ boson search at high-mass dilepton resonances

The Drell-Yan constraints can also be powerful for the new gauge bosons in G2HDM once
they can be singly produced [32]. Unlike the study in ref. [32] where only W'3-like Z;
is considered, we extend it here to any Z; with all the possible composition. Recently,
ATLAS collaboration [57] reported a new result on dilepton resonances with an integrated
luminosity of 139 fb~! and a center-of-mass energy /s = 13 TeV. They indicated that the
lower limit on the mass of Z’ boson for a simplified model can be raised up to 4-5TeV.
Considering this new measurement, we update the constraints of the heavy neutral gauge
boson masses in G2ZHDM and the upper limits of gy and gx.

In figure 3 of ref. [57], one can see the upper limits of cross section times branching
ratio BR(Z' — [*17) are based on the ratio of the total width T'z of Z’ divided by its
mass Mz. Depending on this ratio, the limits can be altered by a factor of ~ 5. As shown
in appendix B, the I'z, /My, in the G2HDM is always less than 0.06. Hence, taking a
conservative approach, we can simply apply the ATLAS result by using their upper limit
associated with I'z /My = 0.06.

Furthermore, the Z; total decay width relies on whether Z; decays to the new particles
in G2HDM. The heavy new fermions in G2HDM are assumed to be very heavy so that
they do not affect the EW-scale physics in any significant way. On the other hand, the Z;
invisible decay to a scalar DM pair can be a more important channel because the upper
limits of various parameters can be weaker than the one without taking into account the
Z; decays to the DM pair. The openings of the scalar channels as well as other channels
with one vector and one scalar particles in the final states of Z; decay makes the parameter
spaces of the gauge and scalar sectors entangle with each other. Thus a complete analysis
becomes quite formidable. In eq. (B.4), one can see that the invisible decay width of Z;
has two different limits, Mp < Mz, for maximum invisible decay and Mp > My, for
zero invisible decay. For the sake of simplicity, we will be contented by presenting the
results based on these two benchmark invisible decay widths. In this study, we adopt
Mp = My, /10 for maximum invisible decay but we found that the I'(Z; — DD*) can
differ within an accepted range of ~ 6% comparing with the massless Mp case.

To calculate the Z; decay widths we set the dark matter mass Mp to be 10% of
the new heavy neutral gauge boson Z; (i.e. Mp = 0.1 x My, for Mx > 100 GeV, while
Mp = 0.1x Mgz, for Mx < 80GeV), the charged Higgs mass M+ is taken equal to 1.5 TeV
and the mass of W™ is randomly chosen in the range of [Mp, 200 TeV]. Moreover, we
assume that the masses of new heavy fermions are degenerate and equal to 3 TeV. Note that

va can be derived from other parameters according to va = 0.5\/— (V2 4+ v3) +4MZ, /g%
More details about the Z; total decay widths are given in appendix B.

Using MadGraph5 [58], we compute the cross section o(pp — Z;). Since we enforce that
the cross section is computed at the resonance, we only used a minimum cut given by the
default parameter card in MadGraphb. It is very CPU time consuming to estimate the cross
section point by point throughout all the parameter space. Nevertheless, the cross section
can be obtained by simply rescaling the vector and axial vector couplings v} and a} using
egs. (2.17) and (2.18). Hence, by using the same reasoning as before we include the latest
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ATLAS Z' limit in our scan by using the following chi-squared function

. ocenpm (P — Zi) x BReanpm(Zi — 1117)
XarLas = 271 X | —=& p 95% T
Oatias (0P = Z') X BRI Ag(Z" — 1H17)

, (3.21)

where the branching ratio BRgoppm(Z; — (T17) can be found in appendix B and
oW ws(pp — Z') x BRYZ Ag(Z" — 1F17) is 95% C.L. taken from the curve associated
with 'z /M7 = 0.06 in figure 3 of ref. [57].

4 Results

4.1 Numerical methodology

Our aim is to determine the 68% and 95% allowed parameter space of the G2HDM which
are favored by all of the experimental data presented in the previous section. In this paper,
we will use the profile-likelihood (PL) method to perform the statistical data analysis. We
recap the PL method in the following. Briefly, the PL method is a well popular statistical
method to deal with the multi-dimensional parameter space which treats the unwanted
parameters as nuisance parameters. In other words, if a proposed model has n-dimensional
parameter space and we are only interested in p of those dimensions, then the PL method
can remove the unwanted n — p dimensions which we are not interested in by maximizing
the likelihood over them.

There are 4 new parameters in the gauge sector of G2ZHDM. They are the two new
gauge couplings gy and gy and the two new scales vy and Mx. Our results will be
presented in two-dimensional parameter regions with 68% and 95% confidence levels (C.L.).
Take the plane (g, gx) as an example. After marginalizing over the other two parameters
vy and Mx, an integral of the likelihood function £(gg, gx) can be written as

Je L(gm, 9x)dgrdgx
normalization

=0, (4.1)

where C is the smallest area bound with a fraction ¢ of the total probability and the
normalization in the denominator is the total probability with C — oo. For example, in
95% confidence level, ¢ equals to 0.95 and C is the area within the 95% contour.

The total X%, (9m,9x,ve, Mx) we will use in our analysis is the sum of
egs. (3.12), (3.18), and (3.21), namely

2 2 2 2
XTotal = XZ—pole T XLEP—11 T XATLAS > (4.2)

where we have suppressed the arguments of all the x? functions. We assess the statistical
sensitivity as

AX2 = Xg[‘otal — min (X2Total) : (43)
Since our likelihood is modeled as a pure Gaussian distribution, i.e. £ oc exp(—x?/2), one
can connect the x? to the confidence level: the 68% (95%) C.L. in a two dimensional
parameter space corresponding to Ax? = —2In(L/Lmax) = 2.30 (5.99) by using Gaussian
likelihoods. Here L.« is the maximum value of the likelihood in the region C.
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There are two interesting scenarios: (i) heavy My and (ii) light Mx. The heavy Mx
scenario will result in two new heavy neutral gauge bosons Zs = Z’' and Z3 = Z”, and the
measured boson located at Z-pole will be the lightest one, Z; = Z. However, the light
M scenario will result in a new boson Z; lighter than the Z-pole which is usually called
dark Z (Zp) or dark photon (yp). In this case, Zs corresponds to the Z-pole Zs = Z and
Z3 = 7Z'. Hence, we choose our Mx scan ranges for two scenarios,

My [0.1:10] (heavy Mx)

: (4.4)
TeV | [1076:0.08]  (light Mx)

For the other three parameters, we use the same ranges for the two scenarios of My,

SM

1078 < gy < g™ = ——— =065,
sin Oy
SM
1078 < gy <g™= =0.35, (4.5)
cos Oy

5 TeV < v <200 TeV .

Here, we restrict a wvg upper limit by assuming that new heavy fermions with
mass of O(100TeV) could be found inside the future 100TeV collider with Yukawa
couplings ~ O(1).

We perform random scans by using MultiNest v2.17 [59] with 30000 living points, an
enlargement factor reduction parameter 0.5 and a stop tolerance factor 1072 . For sampling
coverage, we combined several scans and finally obtained ~ 10° samples for each scenario.

4.2 Heavy Mx scenario

In the heavy Mx scenario, the mass of Z; boson is located at around Z-pole (~ 91 GeV) so
that Z; is identified as the SM Z-boson. Note that Z;(Z) boson physics is strongly affected
by the different composition of Z (Z) but not the heaviest boson Z3 (Z”) because Z3 is
heavier than Zs in our parameter choices and therefore has less impact.

In figure 2, we present the scatter points of the composition of Zo = 019 ZSM 4L 05 W3+
032X for the 1o region based on the likelihoods described in section 4.1. The color code
hereafter represents the three different composition of Z5. Recalling eq. (2.10), we define
W'-like Z5 with condition O3, > 0.8 (red crosses x ), mixed state Zs with 0.2 < 03, < 0.8
(blue triangles V), and X-like Z2 with condition O3, < 0.2 (green circles o).

The 1o allowed scatter points projected on the (Mz,, O3,) and (Mz,, O%,) planes
are depicted in figures 2(a) and 2(b), respectively. From the density of distribution in
figure 2(a), we can clearly see that the mixed state Zy (blue triangles) is less evenly dis-
tributed because it needs some trade-off between the two new gauge couplings ¢gi and gx.
In figure 2(b), we projected the same parameter space on the plane (Mz,, O%,). Note that
the mixing 0%, presents how Z» is consisted of Z5M. Therefore, very small 0%, implies

5There is also the possibility of both Mx and ve are light, which may lead to Z3 = Z and both Z; and
Zo are lighter than Z. We will reserve this interesting scenario in future work.
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Figure 2. Scatter plots in 1o on (a) (Mz,, O3,) plane and (b) (Mz,, O%,) plane for the heavy Mx
scenario. The red cross region with O3, between 0.8 and 1.0 represents the points of W’3-like Zy
boson; the blue triangle region with O3, between 0.2 and 0.8 represents the points mixed with W’
and the green circle region with 0%, between 0.0 and 0.2 represents the points of X-like Z boson.
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Figure 3. Scatter plots in 1o on (a) (Mz,, gi) plane and (b) (Mz,, ve) plane for the heavy Mx
scenario. The color code is the same as figure 2. The 1o and 20 contours of the profile likelihood
are also shown.

03, =~ (1 — 0%,) from the orthogonality of O. Furthermore, the upper limit of ve sets an
lower limit of the O%, for the red cross region. If vg goes to infinity, Z, becomes super heavy

Z5M in Z, should then be negligible, thus 0?2, vanishes

and decouple. The composition of
in this limit. We note that the excluded concave up region of Mz, between 250 GeV and

6 TeV on the upper limit of 0%, is due to the constraint from ATLAS Z’ search.
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In figure 3, we show the 1o (dashed) and 20 (solid) likelihood contours with scatter
points inside the 1o region on the (a) (Mz,, gu) and (b) (Mz,, ve) planes. In figure 3(a),
we can see that the W’3-like red crosses form a band with a tendency proportional to
gr- This is because for a W'3-like Zs, mZZ2 ~ g% (v? +v3)/4 ~ g%v3 /4 which can be
extracted from the (3,3) element of the mass matrix in eq. (2.5). We can also see that at
the lower bound of this band, the 95% and 68% C.L. contours are overlapped because this
lower bound is due to our choice of ve < 200 TeV in its upper scan range, not from the
likelihood results. This implies that in the upper edge of this red band where gz has larger
value, the value of ve there is smaller. Therefore, the upper bound of this red cross band
corresponds to the lower values of vg, which can be excluded by the x? tolerance as we can
see in figure 3(b) where the scatter plot is projected on the (Mz,, ve) plane. Surprisingly,
in figure 3(a), the blue triangle band, corresponding to mixing mostly between W3 and X
bosons, matches the red cross band. This can be understood as the mass of Zs is dominated
by the (3,3) element of eq. (2.5) even for an 80% X boson composition. In the same figure,
we can see the green circles running from below the two red cross and blue triangle bands
up to the upper limit of gy. In other words, we can see how the My, passes from being
dominated by the (3,3) element of eq. (2.5) (red crosses), which is gg-dependent, to being
dominated by the gg-independent (4,4) element (green circles).

One particular feature of figure 3(b) is that the low My, and low ve region (lower
left corner) is covered only with X-like points while both W’3-like and mixed points only
approach this corner down to a curved bound. This curved section in the lower bound
can be related to the curved upper bound for W’ and mixed points in figure 3(a) for low
Mz, < 200GeV and gg
the lower bound (figure 3(b)) can be understood as smaller vg requiring larger gy to pass

< 1072. These curves in the upper bound (figure 3(a)) and in
EWPT. In particular, if gg is small, vg has to be large in order to have a sizable diagonal
(3,3) element in the mass matrix in eq. (2.5), while the off-diagonal (2,3) and (3,2) elements
remain small. However, the mixing effects from the off-diagonal elements are not negligible
and expected to be stronger when the Z, mass is getting closer to the Z5™M mass. This
gives rise to the upper and lower bounds that we see in figures 3(a) and 3(b), respectively,
for the W’3-like points. Such behaviour is not displayed for the X-like points since they
do not depend strongly on gg.

The ATLAS Z’ constraint almost rules out the region 250 GeV < My, < 6 TeV for
W'-like and mixed Zs, except the region with ve > 100 TeV. However, the X-like Z5 at
the same region has not been affected much by the ATLAS Z’ constraint.

Similarly, in figure 4, we show the lo (dashed) and 20 (solid) likelihood contours
with scatter points inside the lo region on the (a) (Mz,, gu) and (b) (Mz,, gx) planes.
From figure 4(a), one can easily see that the X-like Zs boson (green circles) forms a band
whose tendency is proportional to the gy. This can be understood by the fact that the
composition of the Z3 in this case is mainly from W', which has a mass proportional to
0.5gm4/v% + v(% ~ 0.5 gpve again coming from the (3,3) element of the mass matrix in
eq. (2.5). On the other hand, in the case of the W'-like Z, boson (red crosses), the mass
of the Z3 almost does not depend on gy. Indeed, the composition of Z3 is now mainly
from X and M%S ~ (9% (v* +v3) + M%). This is clearly shown in figure 4(b), when gx
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Figure 4. Scatter plots in 1o on (a) (Mz,, gi) plane and (b) (Mz,, gx) plane for the heavy Mx
scenario. The color code is the same as figure 2. The 1o and 20 contours of the profile likelihood

are also shown.

is small (gx < 3 x 1073), the mass of Z3 in the red cross region is dominated by My
and less than our set-up limit of 10* GeV. However, when gx is getting bigger, the mass
of the Z3 can be dominated by the gxve term for sufficiently large value of vg. We can
also see that the EWPT data sets upper bounds on gy and gx. The excluded concave up
region of 250 GeV < Mz, < 6 TeV in figure 4(a) for the W’3-like and mixed composition
of Zs is again due to the ATLAS Z’ search which does not apply for the X-like case. As a
result, the ATLAS Z’ search cannot constrain on gy for W’3-like points as clearly shown
in figure 4(b).

4.3 Light Mx scenario

In the light Mx scenario, we require that the mass of Zs boson is always at around Z-pole
(~ 91 GeV). In this scenario, the lightest Z; with mass less than the Z-boson mass can
be the dark photon or dark Z, while the conventional Z’ is the heaviest boson Z3. We
note that the composition of Z3 is given by Z3 = O013ZM 1 093 W’ + O33X. The 1o
allowed scatter points projected on the (Mz,, O3;) and (Mz,, O?;) planes are depicted in
figures 5(a) and 5(b), respectively. The color code for the composition of Z3 is the same
as in figure 2 for Zs.

An obvious feature of figure 5(a) is that the mixed state of Z3 (blue triangles) has a
mass upper limit. Intuitively, it requires some trade-off between the gauge couplings gy
and gx which results in Mz, < 500 GeV. This effect will be discussed with more detail
later in figure 6. In figure 5(b), we can see that the Z5M composition of Z3 is again small.
However, unlike the heavy Mx scenario, the X-like Z3 boson has a similar distribution as
W'3-like Z3 boson. Additionally, the mixed Z3 state at the mass region between 210 GeV
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Figure 5. Scatter plots in 1o region on (a) (Mz,, O3;) plane and (b) (Mz,, O%;) plane for the
light My scenario. The red cross represents the points of W’3-like Z3 boson, the blue triangle
represents the points mixed states (Z5M, W’ and X) Zs boson, and the green circles represents
X-like Z3 boson.
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Figure 6. Scatter plots in 1o on (a) (9ug Mz,) plane and (b) (ve, Mz,) plane for the light Mx
scenario. The markers are the same as figure 5. The 1o and 20 contours of the profile likelihood
are also shown.

and 700 GeV cannot be excluded by the ATLAS Z’ constraint which is also different from
the heavy Mx scenario.

In analogous to figure 3, we show in figure 6 the 1o (dashed) and 2o (solid) likelihood
contours with scatter points in the lo region on the (a) (Mz,, gu) and (b) (Mz,, ve)
planes. Comparing figures 3(a) and 6(a), we have a clear separation between the W'3-like
(red crosses) and X-like (green circles) regions in this light Mx scenario. As before, the
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Figure 7. Scatter plots in 1o on (a) (gg Mz,) plane and (b) (gx, Mz, ) plane for the light Mx
scenario. The markers are the same as figure 5. The 1o and 20 contours of the profile likelihood
are also shown.

W'3-like red crosses follow a tendency proportional to gy again because of the dominance of
the (3,3) element of eq. (2.5) in Mgz,, i.e., Mz, = ggve/2. Other features shared between
W-like points in figures 3(a) and 6(a) are the distribution of ve values; the gz lower
bound owes to vg upper bound but its upper bound owes to x? tolerance. As expected, the
ATLAS 7’ search can constrain gy and ve at the mass region 250 GeV < My, < 6 TeV.
However, the gauge coupling for X-like Z3 is proportional to gx not gz so that the ATLAS
7' search cannot constrain on gy at the X-like region, indicated by green circles. The X-
like region in figure 6(a) has a gy upper bound around 10~2 given by the y? of the mass
of the Z boson. In this case (light Mx) the X-like region requires gx to be larger to
compensate the smallness of Mx. This reduces the upper bound of gz in said region since
its contributions affect the mass of the Z, my, together with corrections from larger gx.
The mass of Z3, Mz,, in this X-like green region can be approximated by ,/g3-v3 + M%,
this is why there is not a clear gy dependence as in the W'3-like points. In figure 6(a), as
one would expect, the mixed region corresponds approximately to the intersection between
X-like and W’-like regions, extending lightly into their exclusive regions. This means
that the upper and lower bound of the mixed region are approximately given by the upper
bound of the X-like region and the lower bound of the W’3-region, respectively. If we
increase our maximum vg value, the lower bound of the W3-like region would reach lower
gr and the maximum My, for the mixed region would be increased. This is more clear
after looking at figure 6(b) where the maximum My, value for the three regions grows with
the value of vg.

Similarly, in figure 7, we show the 1o (dashed) and 20 (solid) likelihood contours with
scatter points in the 1o region on the (a) (Myz,, grr) plane and (b) (Mz,, gx) planes. Again,
the red cross represents the points of W’3-like Z3 boson, the blue triangle represents the
points of mixed state (Z°M, W’ and X) Z3 boson, and the green circle represents X-like
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Z3 boson. We note that in this scenario, Z; is considered as a dark photon’ and has
mass range from 1MeV to Z-pole. One can easily see that the Z3 composition is clearly
separated on the planes of (Mz,,gy) and (My,,gx). In particular, while the W’3-like Z3
boson parameter space is distributed in the region of larger gy and smaller gx, the X-like
Z3 boson, in contrast, prefers to be in the region of smaller gy and larger gx. The mixed
composition of Z3 lies in the range of 7x10™* < gz < 5x102 and 4x10™* < gx < 3x1073.
For the X-like Z3 boson region in figure 7(a), there is a lower bound for gy due to our
choice of 200 TeV as the upper bound for ve. Moreover, in figure 7(b), one can also see
that the x? tolerance sets an upper limit on gy as the Z; boson mass gets heavier.

Finally, we would like to emphasize that the contact interaction exclusion regions
at Mz, < 200 MeV and 107% < gy,gy < 1073 are owing to two different coupling
components, g0 and gxOs; in egs. (2.17) and (2.18).

4.4 Future prospects

Since current LEP together with other constraints already put a severe limit on the param-
eter space, it will be interesting to see whether the future Z-boson precision experiments
can further probe our model. In the near future, there are three colliders that can improve
Z-boson measurements: CEPC [40], ILC [60], and FCC-ee [61]. Among them, CEPC is
the one that could give the most sensitive limit. Therefore, in this subsection, we make an
estimation of our parameter space with the projected CEPC sensitivity.

In the third column of table 2, we quote the expected CEPC sensitivity [40]. Appar-
ently, some of the error bars are expected to be significantly reduced. Note that the CEPC
preliminary conceptual design report does not provide a full list as the LEP measurements
showed in the 2nd column. Therefore, for those missing rows, we reuse the data from the
2nd column (LEP data).

To start with, we present the Ax? in terms of vg in figure 8 for heavy (left) and light
(right) Mx scenarios. Importantly, vg is the most sensitive parameter in the G2HDM,
determining the theory scale. For the heavy Mx scenario, in the present sensitivity case
the 20 lower bound is around 24 TeV, while in the CEPC case it is around 44 TeV. For the
light Mx scenario, the 20 current and CEPC lower limit of vg is smaller than the heavier
My scenario. In particular, vg > 15 TeV (36 TeV) at 95% C.L. from current experiments
(CEPC). The difference between these two scenarios is owing to the different sources of
constraints on vg. For the heavy Mx scenario, the EWPT constraints of the SM Z boson
play an important role in raising the lower limit of ve. However, for the light Mx scenario,
the main constraint to exclude the lower vg region is from Z’ searches. This also explains
why the future sensitivity does not further push vg in the light Mx scenario to larger values
as the heavy Mx scenario does because the future sensitivities of contact interactions are
not available for CEPC and only the previous limits from LEP II are used.

In figure 9, we compare the present limit and future CEPC sensitivity of the two-
dimensional contours on the (gg, gx) plane. The figure in the left (right) column corre-
sponds to the heavy (light) Mx scenario. Because the upper scan limit of gy is set to be

"The lightest boson Z; can be tested in the dark photon experiments but it is beyond the scope of this
work. We will return to this in the future.
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Figure 8. The Ax? as function of vg. The red solid line and blue dashed line are based on present

constraint and future CEPC sensitivity. The left and right panels are corresponding to heavy and
light Mx scenarios, respectively.

less than g5", the experimental constraints on gy are not present. In contrast, gx has an

upper limit from the constraints due to gy having a lower limit from the maximum scanned

vg value. The upper limit of gy can be further improved by future CEPC sensitivity along
the edge of the contour. However, the light Mx scenario is mildly constrained by future
CEPC sensitivity. The two contour plots in figure 9 can be further understood as follows.
We note that, for the case of W'3-like Z, in heavy My scenario (left panel) or W'3-like Z3
in light My scenario (right panel), gi has a lower limit at ~ 2 x 1073 due to our choices

of the parameter scan ranges. Indeed, in both cases we have Mz, , ~ 0.5g1 4/ v? —H%
which implies that gy ~ (2Mz,,)/\/v?+v3. Since we require Mz, , > 210GeV and

ve < 200 TeV, this implies gy > 2 x 1073, Similarly, for the case of X-like Z3 in the light

Mx scenario (upper right panel), the mass of Zs, is given by Mz, ~ \/gg((qﬂ +v3) + M2

so that we can obtain gx =~ \/M%3 — M)Q(/ v2 + U?D. This yields a lower limit for gx at

~ 1072 when we require Mz, > 210GeV, Mx < 80GeV and vy < 200 TeV. On the other
hand, gx has no lower limit in the heavy Mx scenario (left panel).

The Stueckelberg mass parameter M is a filter to split the parameter space into two

scenarios but we have not been able to constrain this parameter. The reason is simply

that Z3 in the heavy Mx scenario is too heavy to be relevant by current experiments. On

the other hand, in the light Mx scenario with Mx < 80 GeV, it is again too light to be

presented in the EWPT data. To constrain light My, just like dark photon, the lightest

Zy could be detected by those future beam dump experiments such as NA62 [62], Belle
)

IT [63], and SHiP [64]. However, this is beyond the scope of this work and we will return
to it in the future.
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while the blue dashed line is for the CEPC future sensitivity. Scatter points in 1o region of the
present constraint are also shown. The color codes in the left and right panel are same as in figures 2
and figure 5, respectively.

5 Summary and conclusion

In this paper, we perform an updated profile likelihood analysis for the gauge sector of
G2HDM.

For the two Stueckelberg mass parameters My and Mx associated with the hyper-
charge U(1)y and the extra U(1)x respectively, we showed that a nonzero My would
produce non-standard QED couplings for all the fermions in G2HDM, albeit we can al-
ways achieve a massless photon for arbitrary values of My and My. We therefore set
My = 0 in our numerical analysis. The remaining new parameters in the gauge sector of
G2HDM needed to be constrained are gp, gx, ve and Mx.

We have examined the remaining parameter space with the EWPT LEP data at the
Z-pole, contact interaction constraints from LEP-II and LHC Run II data for the search of
high-mass dilepton resonances. The contact interactions constraints can definitely provide
a lower limit on vg, but the EWPT data play a significant role to constrain the parameter
space non-trivially. While the LHC search for the high-mass dilepton resonances also
impose important constraints on the parameter space, the Drell-Yan data from the Z
decay does not impose noticeable impacts yet.

We classify our parameter space based on three different composition (X-like, W'3-like,
and mixed) of the heavy neutral gauge boson, either Zy or Zs3, which is the next-heavier
Z boson than the SM one, in order to manifest the physics and constraints discussed in
this paper.

In the heavy Mx scenario (Mx > 100 GeV), the SM-like Z is the lightest Z; boson and
EWPT constraints exclude the small vg region up to 24 TeV at 20 significance. However,
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the EWPT constraints are not so sensitive to the light My scenario (Myxy < 80 GeV)
where SM-like Z is the next-lightest Z> boson. In particular, the vg is required to be
greater than 15 TeV due to the constraints of Z’ contact interaction search from LEP-II
and high-mass dilepton resonance search from LHC Run II. Furthermore, in both light
and heavy Mx scenarios, Mx is just a parameter to tweak between two scenarios and it
is totally unbounded in this study. It is likely that the future dark photon searches might
set a limit on the Mx in the light Mx scenario. On the other hand, it is not so trivial
for the couplings gx and gy because we found it is hard to set an upper bound on them
individually.

Although the SM Z boson is fixed at the Z-pole, the allowed physical masses of the
heavier Z; still depend on the My and detailed composition. Generally speaking, the Zs
allowed mass range in the heavy My scenario is same as the range of Mx but Z3 mass
can reach up to 70 TeV for X-like composition and 40 TeV for both W’3-like and mixed
composition. Like the role of Mx in the heavy scenario, the Mz, in the light Mx scenario is
dominated by My and the allowed mass ranges of Mz, have no difference between different
composition. However, regarding to Myz,, mixed Z3 is restricted to less than 500 GeV but
the masses of X-like and W’3-like Z3 are below 70 TeV.

Finally, we also discuss the future sensitivity of the new parameters at the CEPC.
We found that the CEPC can significantly probe the parameter space of the heavy My
scenario but the sensitivity is not improved much for the light Mx scenario. In the latter
case, when M x is getting very light, Z; can be much lighter than the Z-boson and it is more
appropriate to identify it as the dark photon or dark Zp. The very rich phenomenology of
light dark photon or dark Zp in G2HDM remains to be explored in the future.
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A The rotation angles ¢, 8 and

In this appendix, we will show how to obtain the equations of the rotation angles such
as eqs. (2.7), (2.8) and (2.9) from the orthogonal matrix which diagonalizes the mass

: 2
matrix Mg, qe

(My = 0) given in eq. (2.5). The orthogonal matrix we choose is eq. (2.6)
because it is rather convenient to find all the O;;s and determine the rotational angles ¢,
f and v numerically. However, the computation of the angles in terms of the fundamental
parameters in the Lagrangian are difficult to organize into nice forms using eq. (2.6) for O,
so we apply Cramer’s rule for solving the secular equations and get another form for O as
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follows
lz1|/A1 z2/Ag x3/A3
O = | n/Ar |y2l/A2 ys/As |, (A1)
21/A1 2Dy |z3]/A3

where
— 2 2 2
AN =nJz; +y + 27, (A.2)
and
2 2 2 2 2 2 2
| vz, -z g, - M3 M |z oz, - g,
Tz Mz -z 0 TR Mz Mz oMz | T T M Mg, |
32 33 Z1 33 Z1 31 31 32
2 2 2 2 2 2 2 2
I g oMy M| T Mg M- Mg T Mg, MR |
33 Za 32 31 33 Zo 32 31
2 2 2 2 2 2 2 2
BT vz oMz Mz PR Mg oMz | T ME M- M|
22 Z3 23 23 21 21 22 Z3

(A.3)

with ij stands for the element of Mz, ..(My = 0), M7 (i = 1,2,3) are the mass eigen-
values and s;, = sign(x;). From eq. (2.6), one can obtain the following relations for the

rotational angles ¢, # and 1,3

—012) (—032 : > (—021 cosf . )

= arctan , 0 = arctan sin¢ | , ¢ = arccot - — sin @ cot ,

’ ( Oa2 O12 o) O3 sing ¢
(A.4)

with the range for 0 covers 7 radians, and the range for ¢ and i covers 27 radians. Note
that the expressions in eq. (A.4) do not depend on the A; given in eq. (A.2). Using
egs. (A.1) and (A.3) for the various O;; in eq. (A.4), after some algebra, one can obtain

egs. (2.7), (2.8) and (2.9), which are collected here again for convenience.

—gaoMgsu (M3 — M3, + 2g5v3)

2(M, — (Mori + M3 + (02 + 03)g% ) ME, + M (M3 + g503) )
—gx (M2 (v? —v2) + M2, v?
tan(f) = i\);( 221\(42 ]\32 22251\/1 2(1)) sin ¢, (A.6)

v ZSM( x — Mz, + ngtb)
_ !JH(]W%1 - M)z( - 293(%21;) cosf

t = —sinfcot ¢. A.
cot (1)) Ix (9502 —2M%1) sing sin  cot ¢ (A.7)

tan(¢) = , (AD)

Thus one can compute the rotation angles in terms of the fundamental parameters of the
model which can provide some useful insights in the vanishing limits of gy and gx as
discussed in section 2.2.

$We note that similar approach had been used in [65] for the scalar boson mass matrix in MSSM with
explicit CP violation.
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B Decay widths of new neutral gauge bosons

In this subsection, we show the decay widths of the two new neutral gauge bosons Z;. We
note that for light My scenario, i = (1,3), while for heavy Mx scenario, i = (2,3). We
will define more precisely the heavy and light Mx scenarios in section 4.

e The decay width of Z; to a pair of fermions (including both SM and new heavy
fermions) is given as follows

. N¢g3,My, ; ;
0(Zi — ff) = %‘ /T—1ry; ((2rl-f + DR+ (1 - 4rif)|a§)|2) ., (B.1)

where gy = /g% + ¢"2/2, N is the number of color for fermion f, the coefficients

. . 2
fu](f) and ay) are the couplings that appear in egs. (2.17) and (2.18) and r;y = ]C;—{
4

i

e The decay width for Z; — WTW ™ process is given by [66]

2
. 9z,wwMz,

+ -

1— 4w )32 (1 4 20mw + 1202y, ) B.2
W

2
where r;y = M—ZV and the coupling gz.ww = gew Oq; -
M, g

i

e Similarly, one can obtain the decay width for Z; — WPW'™ process as

2 M
W Z;
(Z; — Wew'my = SAWW A () )32 (1 + 207y + 12r§W/) . (B.3)
1927753,
M2,
where 7,y = 75~ and the coupling gz,ww = gu O2; -
Zi

e The new neutral gauge boson Z; can also decay into pair of scalar dark matter
candidate in this model. The decay width for this process Z; — DD* is given by [66]

2
oMz,
(% — DD*) = % (1— drip)¥2, (B.4)

2
where the coupling gz,pp = guO2; and r;p = ]]\\/l/l—f . We note that D is a triplet-like
Z.

scalar dark matter in this model and we assumed zthis dark matter doesn’t mix with
other scalars in this calculation.

e The decay width for Z; — HTH ™ is given by

2
97, ~ My,
(Z;, - HYH _ JZHTHT % g L)32 B5
487 o
2
where 77+ = —4% and the coupling g4 g+ - is given as follows
iH M2 Z:H+H
1 1
9Z;H+H- = §(ng —swyg')Oni — 59}[021' +9x0s3;. (B.6)
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Figure 10. Heavy My scenario: scatter plots in lo region on the (a) (T'z,/Mz,, Mz,) and (b)
(Tz,/Mz,, Mz,) planes. The markers are the same as figure 2.

e The decay width for Z; — Z;H is given by [66]

2
97.2,uMz, 1/2
IZ; — ZjH) = 7192; e (1 + (T’ij — TiH)Q — 2(7‘2‘3' + TlH))
Zj
x (1 + (rij — i) + 10755 — 2riH) : (B.7)
M2 M,
where 7,5 = M—g, Tij = M—%” and the coupling gz, Z;H 1s given as follows
v
9z:2;8 = ((ng + swg')O1; — guOaj — 29)((93;')
X ((ng + swg')O1i — grO2; — 2QX032') ; (B.8)

here v is the VEV of the SM Higgs field. Note that we have ignored the mixing of
SM like-Higgs H with other scalar bosons in the above calculations.

e Finally, if not kinematically prohibited, the new neutral gauge bosons can also decay
into W’ and the dark matter D. The decay width for this process can be computed as

2
. 97 wipMz, 1/2
[z~ WoD" /W™ D) = % (1 + (riwr — rip)* = 2(riwr + ”‘D)>

where the coupling gzw'p = g3 O2va with va being the VEV of SU(2)y triplet
Higgs.
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In figures 10 and 11, we show the scatter plots of the ratio of decay width over mass of
the two new gauge bosons in the heavy Mx and light My scenarios respectively. In those
plots, we set the dark matter mass Mp to be 10% of the new heavy neutral gauge boson Z;
(i.e. Mp = 0.1 x Mz, in the case of heavy My scenario, while Mp = 0.1 x Mz, in the case
of light Mx scenario), the charged Higgs mass M+ is taken equal to 1.5 TeV and the mass
of W) is randomly chosen in the range of [Mp, 200 TeV]. Moreover, we assume that
the masses of new heavy fermions are degenerate and equal to 3 TeV. We note that va can

be derived from other parameters according to va = 0.5\/—(1)2 +v3) + 4MZ, /g% From
these scatter plots one can see that for the heavy neutral gauge bosons in both scenarios,
their ratios I'z, /My, are all below ~ 1%, until they are heavier than 10TeV the ratios
can then reach ~ 6%. However for the light Z; in the light Mx scenario, 'z, /M, is well
below 1074,
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