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ABSTRACT: We present a detailed study of the non-abelian vector dark matter candidate
W' with a MeV—-GeV low mass range, accompanied by a dark photon A’ and a dark Z’ of
similar masses, in the context of a gauged two-Higgs-doublet model with the hidden gauge
group that has the same structure as the Standard Model electroweak gauge group. The
stability of dark matter is protected by an accidental discrete Z symmetry (h-parity) which
was usually imposed ad hoc by hand. We examine the model by taking into account various
experimental constraints including dark photon searches at NA48, NA64, E141, v-CAL,
BaBar and LHCb experiments, electroweak precision data from LEP, relic density from
Planck satellite, direct (indirect) detection of dark matter from CRESST-III, DarkSide-50,
XENONIT (Fermi-LAT), and collider physics from the LHC. The theoretical requirements
of bounded from below of the scalar potential and tree level perturbative unitarity of the
scalar sector are also imposed. The viable parameter space of the model consistent with
all the constraints is exhibited. While a dark Z’ can be the dominant contribution in the
relic density due to resonant annihilation of dark matter, a dark photon is crucial to dark
matter direct detection. We also demonstrate that the parameter space can be further
probed by various sub-GeV direct dark matter experimental searches at CDEX, NEWS-G
and SuperCDMS in the near future.
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1 Introduction

The stability of heavy dark matter (DM) is usually implemented in many particle physics
models beyond the standard model (SM) by imposing a discrete Zs symmetry in the
Lagrangian. These models include the simplest scalar phantom model by adding just a
singlet Z-odd scalar field (real or complex) to the SM [1], the popular inert two-Higgs-
doublet model (I2HDM) [2, 3], the minimal supergravity standard model with R-parity
(MSSM) [4-6], little Higgs model with T-parity (LHM) [7-9] etc. In I2HDM, the DM
candidate can be either the CP-even or -odd scalar residing in the second Zs-odd Higgs
doublet. Many detailed analysis of DM phenomenology in the scalar phantom models and
I2HDM can be found in the literature in [10-12] and [13-18] respectively. In MSSM, the
lightest supersymmetric particle (LSP) for the DM candidate can be the spin 0 sneutrino
(the superpartner of neutrino) or the lightest spin 1/2 neutralino [19] (in general a linear
combination of two gauginos and two Higgsinos [20]). We note that in some low energy
supergravity models, the LSP can be the spin 3/2 gravitino, the superpartner of graviton.
For a review of supersymmetric dark matter, see for example [21]. In LHM, the spin 1
T-odd partner of the photon can be the DM candidate whose collider implication was
studied in [22]. There are also well-motivated non-abelian dark matter models based on
additional gauge group like SU(2) [23-30], in which the extra spin 1 gauge boson W’ can
be a DM candidate. Moreover, instead of specifying an underlying dark matter model,
one can also use the effective dark matter theory approach [31-33] to discuss various dark
matter phenomenologies [34-39].

Recently a gauged two-Higgs-doublet model (G2HDM) based on an extended elec-
troweak gauge group SU(2);, x U(1)y x SU(2)g x U(1)x, was proposed [40], in which a
hidden discrete Zs symmetry (h-parity) [41] arises naturally as an accidental symmetry
rather than imposed by hand. This discrete symmetry ensures the stability of the DM
candidate in G2HDM, which can be either a complex scalar (which in general is a linear
combination of various fields in the model) or a heavy neutrino v or an extra gauge bo-
son W'®™) all of which have odd h-parity. We note that, unlike the left-right symmetric
model [42, 43], the W™ in G2HDM do not carry electric charge.

The novel idea of G2ZHDM, as compared with many variants of general 2HDM [44], is
that the two Higgs doublets H; and Hs of SU(2) 1, are grouped into a fundamental represen-
tation of a new gauge group SU(2)y. Consistency checks of the model were scrutinized for
the scalar and gauge sectors in [45] and [46] respectively. In [41], a detailed phenomenolog-
ical analysis of the scalar DM candidate in G2ZHDM was carried out. In general, the scalar
DM candidate is a complex field made up of a linear combination of the components from
the inert Higgs doublet Hs and the SU(2)y doublet @5 and triplet Ay. By performing a
detailed parameter scan in the model it was demonstrated [41] that only the triplet-like DM
is favored when all the constraints from the relic density, direct and indirect searches for
the DM are taken into account. As discussed in [40], the triplet Ay plays the primary role
as a trigger for spontaneous symmetry breaking of the model down to U(1)gy. We note
also that this triplet can have topological implications from the hidden sector. Since Ay is
an adjoint representation of SU(2)y, there exists magnetic monopole [47, 48] and dyon [49]



solutions in the hidden sector which may play the role of topological stable DM [50]. How-
ever, the triplet is not required to generate realistic mass spectra for all the particles in
G2HDM. Therefore if one omits this triplet scalar, the scalar DM candidate is no longer
favorable in the parameter space of G2HDM according to the analysis in [41]. However,
as mentioned above, there are two other alternative DM candidates in the model. In this
paper, we will show that the non-abelian gauge boson W™ associated with SU(2) g can
be a viable DM as well. In particular we will focus on the low mass DM scenario in the
MeV-GeV range which has attracted a lot of attention in recent years.

This paper is organized as follows. In section 2, we will review some salient features
of the simplified G2HDM without introducing the Higgs triplet field A of the extra
SU(2) . The theoretical constraints on the Higgs potential, electroweak precision data for
the Z-boson mass shift from Large Electron-Positron Collider (LEP) data, dark photon
constraints from various low energy experiments and the 125 GeV Higgs data constraints
from the Large Hadron Collider (LHC) are discussed in section 3. We then turn to the
experimental constraints of dark matter physics in section 4. The cosmological relic den-
sity from Planck satellite [51], underground direct detection constraints from CRESST
III [52], DarkSide-50 [53] and XENONIT [54], astrophysical gamma-ray indirect detection
constraints from Fermi-LAT [55, 56] and mono-jet constraints from LHC [57-59] for the
sub-GeV dark matter W™ in G2HDM are studied in sections 4.1, 4.2, 4.3 and 4.4 re-
spectively. Our numerical results are presented in section 5. We conclude in section 6. In
appendix A, we discuss the mixing effects in the gauge fixings of the model in a general
renormalizable R¢ gauge. This work can be regarded as an expanded detailed version of

the compact and partial results presented in [60].

2 The simplified G2ZHDM model

In this section, we discuss a simplified version of the G2ZHDM first proposed in [40]. In
particular, we will remove the triplet scalar Ay in the original model because it is not
absolutely required for a realistic particle spectra and the number of free parameters in
the scalar potential can be reduced significantly. We note that the Yukawa couplings are
not affected by this simplification since the triplet does not couple to the fermions in the
model.

2.1 Particle content

The gauge group of the simplified G2HDM is the same as in [40],
G=SU@B)ec xSU((2)r x U(l)y x SU(2)g x U(1)x .

In table 1, we summarize the matter content and their quantum number assignments in
G2HDM. At the minimum risk of confusion, we will continue refer this model as G2ZHDM
to avoid cluttering throughout the paper with the adjective word “simplified”. What we
are really concerned about is the electroweak part of G, so the color group SU(3)¢ is not
relevant in what follows.



Matter Fields | SU3)¢ | SU(2)r | SUR2)mw | U(l)y | U(1)x | h-parity
Qr = (uy d)* 3 2 1 1/6 0 + 4+
T
Un = (ur uff) 3 1 2 2/3 1 + -
T
Dy = (dff dn) 3 1 2 ~1/3 | -1 —+
ull 3 1 1 2/3 0 -
d 3 1 1 ~1/3 0 -
Ly = (v er)t 1 2 1 —~1/2 0 ++
T
Np = (VR u}g) 1 1 2 0 1 4
T
Ep = (eg eR) 1 1 P 1 1 _—
v 1 1 1 0 0 -
el 1 1 1 —1 0 —
H = (H, Hy)" 1 2 2 1/2 1 + -
by = (®; By)" 1 1 2 0 1 -+
S 1 1 1 0 0 +

Table 1. Matter content and their quantum number assignments in G2ZHDM. The electric charge Q
in unit of positron charge e is given by Q = T3 +Y. The scalar S in the last row is the Stueckelberg
field introduced in [40] to give mass for the U(1)x gauge boson.

2.2 Higgs potential and spontaneous symmetry breaking

The most general Higgs potential which is invariant under SU(2) xU(1)y xSU(2) g xU(1) x
can be written down as follows

V =~y (H" Hoi) + A (HQiHM>2 + %A}Ieaﬂa‘s (HH.) (H H;;)

— 12050y + Ne (@L@H)z + Ao (HH) (@},®5) + Nyg (H'x) (9},H)
(2.1)

where (a, 3, v, ) and (i, j) refer to the SU(2)y and SU(2)., indices respectively, all of
which run from 1 to 2, and H = H},.

To facilitate spontaneous symmetry breaking (SSB) and obtain the particle mass spec-
tra of the model, we shift the fields based on our conventional wisdom

Hyy G* ) <H21> <H+> Gy
Hl = = h .GO | H2 = = ) (I)H = .GY )
<H12> (v\-}-i + Zﬁ H22 Hg 71}4)\};52 + ZTI;

(2.2)
where v and vg are the vacuum expectation values (VEV) of H; and @ fields respectively.
Hj is the inert doublet in G2HDM and hence does not have VEV. Naively we would think
that the Goldstone bosons G+, G%,, GY and G% will be absorbed by the longitudinal
components of W+, WP, W3 and W' respectively. In appendix A we will show that the




last three Goldstone fields have mixing effects with other fields in the scalar sector that
makes the situation more interesting but a little bit more complicated.

Substituting the scalar field decomposition of eq. (2.2) into the scalar potential eq. (2.1)
and then minimize the potential, one can obtain the solutions of VEVs as follows

2 2(AHopd — 2 op3;)

= 2.3
Y Mo — Dre (2:3)
2 (Agapg — 2Mqu3)
2 H )
VG = 2.4
® A2y — Ao (24)

Equivalently, we can use the minimization conditions to trade u?, and p% with
v and ve as

2

/\Hcp’l)q>
2 Y

o0

pi = Agv? + (2.5)

(3 = \pv3 + (2.6)

2.3 Scalar mass spectrum

In the S = {h, ¢2} basis the mass matrix is given as

AV Ageuv
2 H H®UUD
= ) 2.7
Ms ()\Hq)va 2)@7)(21, > (2.7)

One can use an orthogonal transformation O, which can be parametrized as

05 _ < cos 01 s1n91> ’ (2.8)

—sin#7 cos b,

where M2
2 AHB VU
tan 26, — S12 _ ’ 2.9
! Mgy = MZyy Aovg — Apv? 2
to diagonalize M?%,
T
(05)" - M3 - 0% = Diag (m3,,m3,) . (2.10)

with h; being identified as the 125 GeV SM-like Higgs boson and ho as a heavier scalar
boson. The mass squared eigenvalues of eq. (2.7) are given by

m%m = Agv® + Aol T \/)\%11)4 — 22 Apv2v3 + A4 50202 + N30, . (2.11)
In the basis of S = {G%;, H)*}, we obtain the mass matrix:

2

1 V4 VU
M, = S\ Ha ( ) > : (2.12)

VU VG

Similarly, this mass matrix can be diagonalized by an orthogonal matrix,

05 _ ( cos 0y sin02> 7 (2.13)

—sin 0y cos by



where

2M?2, 2004
tan 20y = 5712 = , 2.14
e Mgy — My vg —0? @14)
which gives
! T !
(OS ) - M2, - 0% = Diag (O, mQD) . (2.15)

We note that, in eq. (2.15), the zero eigenvalue corresponds to the Nambu-Goldstone boson
mass eigenstate C?I;{, while the other eigenvalue

1
2 Ty 2 2
mD— 2)\[_]@ (U +Uq)) 5 (216)

is the mass of a new dark scalar boson.
The charged Higgs boson mass is given as

1
mis = 3 ( U — )\}Ivz) . (2.17)

The Goldstone bosons G° and G(}{ are massless.

The above scalar mass spectrum is derived in the so-called ‘t Hooft-Landau gauge. We
will discuss further the mixing effects of the Goldstone bosons with other scalar fields in a
general renormalizable B¢ gauge in appendix A.

We note that hyo, G° and GY are even under h-parity, while C;’%, D and H* are
odd [41].

2.4 Gauge sector

After SSB, the W* gauge boson of SU(2), remains the same as in SM with its mass given
by mw = gv/2. The SU(2)y gauge boson W'P™) receives mass from (H;) and (@)

1
myyr = §gH\/v2 + 03 . (2.18)

Note that W/®™) are electrically neutral and thus do not mix with the SM W*. In
addition, W™ is odd under h-parity. If it is the lightest h-parity odd particle in the
model, it will be stable and can be a DM candidate.

On the other hand, the SM neutral gauge bosons B and W3 can mix with the new
gauge bosons W’ and X, all of which have even h-parity. Together with the Stueckelberg
mass parameters Mx and My for the two abelian groups U(1) x and U(1)y, SSB generates
a 4 x 4 neutral gauge boson mass matrix in the basis of {B, W3 W' X} [40, 46]. Due
to the theoretical motivations or prejudices mentioned in ref. [46], we set the Stueckelberg

given by

mass My = 0. Applying the weak rotation on upper left 2 x 2 block of the 4 x 4 mass
matrix, one obtains immediately a zero eigenvalue identified as the SM photon and a 3 x 3
sub-matrix in the basis of {Z SM yyr3 X } given by [46],

m%Sl\{ _%mZSM _gXUmZSM
2 2
2 gxgH(v"—v
ML= | —Smyen mi, oxon(P=) | (2.19)
2 2
gxgu(vi—v
—gx VUM sm 7(2 2) gg((v2 + v%) + M)Q(



where g, ¢’, gy and gx are the gauge couplings of SU(2)., U(1)y, SU(2)y and U(1)x
respectively, and myzsu = v\/g? + ¢’?/2 is the SM Z boson mass expression. The mass
matrix in eq. (2.19) can be diagonalized by an orthogonal rotation matrix O so that!

ZM Z
wBl=0-(2"]. (2.20)
X Al

In this analysis, we arrange the neutral gauge boson masses as mya < mz < myz ~ Mmysm
with Z identified as the physical Z boson with mass 91.1876 + 0.0021 GeV [61]—the first
heavy neutral vector gauge boson discovered in 1983 at the Super Proton Synchrotron at
CERN. Two more massive neutral vector gauge bosons are predicted in G2HDM.

By means of a few assumptions motivated by our expectations, it is possible to draw
a few conclusions from eq. (2.19). First, the new gauge couplings gy and gx are expected
to be much smaller than the SM ¢ and ¢’ to avoid large effects on the very precise mea-
surements of the Z properties. Second, the scale of vg is expected to be larger than v
given that it characterizes the scale of new physics and is directly related to the masses of
beyond the SM (BSM) states. By neglecting any term composed by a product of any three
or more of gy, gx and v?/v} it is possible to put eq. (2.19) into a block diagonal matrix
where only W’ and X mix resulting in the approximation

myz = Mysm . (2.21)

Moreover, the 2x2 squared mass matrix of W3 and X can be easily diagonalized and
somewhat simple approximations can be found. Since we want the hierarchy m o < myz <
mysm, the My parameter is required to have a value smaller than v. Assuming Mx < v
allows us to expand the squared root in the general solution for the eigenvalues of a 2x2
matrix resulting in the following approximations

4q2 a2 M2\
mZZ/zm%,V/<1+92X>+M)2( 1—<1+92X+ 2X> , (2.22)
95 9g My
—1
4g%  M?
m%, ~ M2 (1 + 29Xy — ) , (2.23)
H w’

where m%v, ~ 91%1”% /4 was used. From these expressions we can see that myz 2 my and
mar S Mx.

Since the couplings of the extra gauge bosons, Z’ and A’, to the SM fermions are
proportional to the new gauge couplings gy and/or gx which are in general much smaller
than the SM couplings g and ¢/, the Drell-Yan type processes are suppressed and this can
explain the null results of BSM neutral gauge bosons searches at LEP.

In our study, the couplings of the extra gauge bosons to the SM charged leptons and
to quarks u and d will be important for dark photon constraints and direct detection of

!The analytical expression of this rotation matrix can be found in ref. [46].



DM. The vectorial and axial parts of their couplings are given by

26 1 1 1
vl @) _ O1; (—2 + 25%,) — W <9X03i + 29H02i> ) (2.24)
: 1 4 1 1

Z@) o, (2 _ =2 - 4z .

v, =0y (2 3sw) + 2+ g° <9X03z + 29H022) ) (2.25)
20 _ ¢ (1 22 1 1 .

vy =0y (—2 + 35W> BNCETE (gxozz + 591{022 : (2.26)
Z(i i Z(i O1i 1 1

o’ (& _ —ag( ) — ad( ) — -5 + 792 7 (ng:;i + 2gHO2z'> ; (2.27)

where ¢ = 1,2,3 and Z(1) = Z, Z(2) = Z', Z(3) = A’. Using the relations between
mixing matrix elements and mixing angles in egs. (2.6) to (2.9) of ref. [46], we can find the
following relation
2 9xO3i + 59102 m,.
(905 + b9 0a) —1- 20 (2.28)

/gQ + 912 Oli mQZSM ’

which can be used to simplify the above vectorial and axial couplings to obtain

, 2

W70 = oy, (1 — 283, — g) : (2.29)
; 4 7“1-2

020 = Oy (1 — 55124, - 2> , (2.30)
i 2 ;

Q20 200 _ (20 _ _Ozh‘ "2 (2.32)

where 7; = my;)/mysu. In this form, it is obvious that the axial couplings magnitude is
expected to be smaller than the ratio of squared masses 72, which, e.g., for m 73) = 1 GeV
is already close to 104, In contrast, the vectorial couplings have an r;-independent part
whose size is controlled by the mixing matrix element Oy; that also affects axial couplings.
Therefore, for sufficiently light Z’ and A’, the contributions from the axial couplings are
expected to be subleading.

The neutral current interactions induced by W/®™) are given by

L(W') = gy (JPHWP + He.) (2.33)
where

1 — f o f
JPH — % arVHEA ull + alf (Vf) Yrdr + TRV,E* v + el (VeH) ’Y“GR] ;o (2.34)

with V1, VH VH and VH being the new unitary mass rotation matrices for the fermions.
The neutral current interactions induced by Z, Z’, A’ bosons can be found in ref. [46].



2.5 Free parameters

From the scalar potential we recognize 9 free parameters including couplings and VEVs. Of
those 9 parameters, ,u%{ and ,u?{, can be related to other parameters using the minimization
conditions according to egs. (2.5) and (2.6), leaving only 7 free parameters. Furthermore,
eq. (2.10) can be used to relate the parameters Ay, A¢ and Agg to the physical squared
masses m%bl, m%u and the mixing angle 6; obtaining the following relations

1

Ag = 32 (m%1 cos® 01 + m%Q sin? 91) , (2.35)
1
P 307 ( ;2“ sin? 6y + m;%z cos? 91) ; (2.36)
>
1 .
Ao = Sova [(m%2 — mil) sin (2«91)} . (2.37)

Using the mass of D, eq. (2.16), we can express \j4 in the form

2
! 277ﬂLD

= —=5. 2.38
Ho 02 —I—U(% ( )

Using this last expression and the mass of the charged Higgs of eq. (2.17), we can write \}; as

2,2
ol - mHi] . (2.39)

Finally, we can use eq. (2.18) to relate ve to the W’ mass as

4m?,,
vl = W2 (2.40)
9u

Using the expressions in this subsection allow us to trade six model parameters with five
physical squared masses and one mixing angle,

/ ! 2 2 2 2 2
AH A6, AHO, Ay A Vo = Mgy, My, M, M, My, 01 (2.41)

The remaining free parameters of the model are the heavy fermion masses m u, the Stueck-
elberg mass My, and the gauge couplings gx and gp. Considering that the mass of the
Higgs, my, , has already been measured [61], we are left with a total of 8 free parameters
plus the masses for 12 heavy hidden fermions. The effects of heavy hidden fermions in
complex scalar dark matter phenomenology in G2HDM was analyzed in [62].

3 Constraints

In this section, we examine the model using various constraints including the theoretical
constraints of the scalar potential, electroweak precision data, dark photon physics and
Higgs measurements at LHC. DM constraints are presented separately in the next section.



3.1 Theoretical constraints

The theoretical constraints on the original G2ZHDM were studied in ref. [45]. Here, we follow
closely on the steps of that work but remove the scalar triplet and related parameters from

the original model.

Vacuum Stability: to make sure the scalar potential is bounded from below, the sum of
all quartic terms in the scalar potential needs to be positive. In the same way as ref. [45]
we use copositivity conditions given by the following constraints

() >0, Ao >0, Awa(€)+2yAu(m)Ae >0, (3.1)

where XH(U) = Ag +n\y and XHq)(g) = Ao + ENpye- The conditions of eq. (3.1) have to
be met for any value of £ and 7 in the ranges 0 < ¢ <1 and —1 <7 <0.

Perturbative Unitarity: it is required that the parameter space remains within the per-
turbative limits. To this end, here we compute the 2—2 scalar scattering amplitudes
induced by the quartic couplings. The 2—2 processes induced by vertices from scalar cu-
bic couplings and gauge interactions are suppressed by large momentum exchange in their
propagators [45].

Perturbative unitarity requires

Auls [Ae| < 47, Ano| < 87, Nya| s [ Ng| < 8V2r ,
‘2/\[{ + /\}{’ < 8w, ’/\Hcp + AIH(I,‘ < 8w,
'()\H-F)\/I{/Q-f—)\(p):l:\/QA,[?I@-F(/\H—I-)\}I/Q—)\@)Q < 87, (3.4)

'(5)\H — Xyg/2 4 37a) £/ (5A — Ny /2 — 3Aa)? + 2 (2Ama + Nygg)?| <87, (3.5)

3.2 Electroweak constraints

A comprehensive study on the electroweak precision constraints in the original model has
been preformed in ref. [46]. We found that the Z mass shift is the most stringent among
all the electroweak precision constraints. In particular, for the parameter space of interest
in our analysis, i.e., gg ~ gx < 1 and (m%v,,M)%) < m%SM, the Z mass shift, |Amy| =
|mz — mysu|, can be estimated as follows

2 2 2 \ !

Amy
P 2 =2 T E2
297 5 Mo sm 5 Mysm

mzsm

where gz = g/ cos Oy with Oy being the Weinberg angle. Following the methodology of
ref. [63], we can obtain the experimental uncertainty of the Z mass as

omz 1% e — 23, ? th (6Ar)? (3.7)
M zsM B 5m;V1mW 4(1 - AT)2 ’ '
where tyy = tanfy and Ar is the radiative correction. Using the PDG values [61]

of my + dmwy = 80.387 £ 0.016 GeV, Ar + §Ar = 0.03652 F 0.00021 =+ 0.00007 and



sinfy = 0.22343, and by requiring |Amyz| < |[dmyz]|, one obtains an upper bound on
gm and gx

7m%, 4 M3
QXN|9H!§O.006><J _fMw 4 My

. 3.8
3] m2ZSM i) m2ZSM (38)

3.3 Dark photon

The light boson A’ can be treated as a dark photon and, therefore, dark photon constraints
have to be applied. In particular, due to the vertex A’¢¢, where ¢ represents any charged
lepton, it is expected that for a sufficiently large coupling it should be possible to observe
the A’ resonance in the invariant mass distribution of ete™ and ptu~. Dark photon
experiments constrain the size of the coupling via a parameter €y. In the decay width
I' (A" — 00) the parameter £, appears as [64]

_ 2
F(A’aﬁ[)z%sszm/l—u% (1—1—”;), (3.9)

where uy = 2my/my < 1 since this decay channel only opens for m4 > 2my. In the
G2HDM, the parameter ¢, at tree level is given by

1 A2 AN 2 1-— M%
_ Sl 1
€e 25WCW\I (/UZ ) + (af ) (1 + /.L%/2 ’ (3 O)
A/

where v; and a; are given in section 2 of ref. [46]. From ref. [46] we know that v;' and

afA/ are the same for all the charged leptons and, thus, the only distinction in €, between
different flavors of leptons comes from py. As mentioned in section 2.4, for light enough
A’ the axial coupling will be negligible and &, is expected to be nearly independent of iy,
as is usually the case in models with dark photon. It is important to mention that, since
Z' is also expected to be light, the dark photon experimental limits can also be applied as
above with A’ — Z' in eq. (3.9) and {v{",a{"'} — {v#,af"} in eq. (3.10). However, since
A’ is lighter by definition it is expected to be more strongly constrained.

There are several experiments with reported stringent limits for m 4 > 1 MeV [65-79].
The existing limits on ¢y for a dark photon mass m4 > 1MeV are displayed on the top
pane of figure 10 in ref. [64].

3.4 Higgs collider data
3.4.1 Higgs boson mass

As aforementioned, h; is identified as the observed Higgs boson at the LHC. In this
analysis, we take the mass of Higgs boson as mj, = 125.10 £ 0.14 GeV [61].

3.4.2 Higgs decays into diphoton

The decay rate for hy — v is given by
2

1
F(hI%VW):&TWm%l FW(Wi)‘f'FW(Hi)"‘ Z Fw(fSM)+ Z Fw(fH)
Charged fSM Charged fH

)

(3.11)
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Fp (W) = 1;2 e?g- mlW ccos0y - [2+ 3y + 3mw (2 — 1w Flrw)] (3.12)
P () = o e~ g e [ e s} (313)
By (f™M) = 5 6;2 N Q% - % ccos by - {rpsu [1+ (1= mpsnt) F(rpmn)| ) (3.19)
(M) = % - Ne - € Q- vt sin 0y - {rpu [14 (1= 7pu) f(rpu)]} - (3.15)

Here, and in what follows, we define 7; = 4m? /m,211 where i indicates which particle is
running inside the loop. N, is the color factor, 1 for leptons and 3 for quarks. The
coupling g, y+p- corresponds to the hy H H™~ vertex and is given by

G- = (2Ag — Ny) veosby — (Apo + Ngo) vosin by . (3.16)

The well-known loop function f(z) is

:02
) arcsin (ﬁ) (x>1),
Fe) = {_; I (02) in]” <), (47

The signal strength parameter for the Higgs boson produced from the gluon-gluon
fusion (ggH) can be obtained as

o M (= gg)T(h — v7) (3.18)
geh Ty, TSM(h — gg)TSM(h — 47) .

where the superscript SM refers to the SM Higgs boson h. The decay width of h; into two
gluons is given by [40]

a; 4 SM H :
F(h— gg) = J255mi, |2 Fog (6™) + 2 Fog (¢")] (3.19)
qSM qH
where
Fgg(qSM) _ COiel TySM [1 + (1 - quM> f(quM)} , (320)
in 6
Fyg(q™) = _SIZ; 17'qH [1 + (1 - TqH) f(TqH)] ; (3:21)

with ¢™ and ¢ refer to the SM quarks and the new colored fermions. The latest mea-
surement of this signal strength is given by ATLAS as 0.9640.14 [80].

2Note that both the charged Higgs and heavy hidden fermion contributions in h; — 47 were not handled
properly in [40].
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3.4.3 hy; — SM fermions

The decay width of Higgs boson to SM fermions is given by

2
N My Mpsm

r (h1 — fSMfSM) = 5 (1 — TfSM)3/2 cos? 6 . (3.22)

8w v
The signal strength for ggH production is then given by

L'(hSM) T'(hy — gg)
Ty, TSM(h = gg)

uggH = cos? 0,

(3.23)

Note that this expression is independent of the fermion flavor and thus we compare against
the best measured signal strength given by the decay into a pair of 7F77: Pgg =
1057033 [81].

3.4.4 Invisible Higgs decay

If mp, > 2my, the Higgs boson can decay invisibly into a pair of W’ (»m) " The decay
width of hy — WPW'™ is given by

4

2
I‘(hl N W/pW/m) _ 9u ('U cos 01 — v sin 91) m%l

3
(1 — T + 475V,> VI—T1wr . (3.24)

2567 miy,

In our parameter choice, we will assume 2m,» > my, so that h; does not decay into a
pair of . The branching ratio of invisible Higgs decay is then given by

T (hy — WPW'™)

BR (hy — inv) = T
h

(3.25)
1

Recently, the ATLAS collaboration reported the most stringent constraint on the invisible
decays of the Higgs produced via vector boson fusion. Assuming that the Higgs boson
production cross section is comparable to the SM, the ATLAS collaboration set the limit

BR(h; — inv) < 0.13 at 95% C.L. [82].

4 Dark matter constraints

4.1 Relic density

The DM scenario presented here works similarly to the very well known WIMP DM. The
DM candidate W™ begins in thermal equilibrium with the particle species in the hot
primordial soup in the early universe before starting to freeze-out due to the expansion
of the universe. The Boltzmann equation allows us to determine the evolution of the DM
density and precisely determine the amount of relics that remain after freeze-out. This
evolution is heavily influenced by the back and forth annihilation (creation) of pair of DM
particles into (from) pairs of SM states in the early universe and their number densities.
An excessive annihilation of DM into SM particles would result in very low relic density
while not having enough annihilation would leave an overabundant DM. In our model,
couplings between SM and BSM states have to be suppressed to minimize the effects on
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W/m fSM

Z. 7

Ww'p fSM
Figure 1. Dominant annihilation channels of the W’ ™) DM candidate.

the precisely measured properties of the Z and the Higgs, given that these measurements
are in good agreement with the SM.

The main DM annihilation channels in our model are to pairs of SM fermions mediated
by Z and Z’ as depicted in figure 1. Other annihilation channels are also possible but are
far more suppressed compared to the channels just mentioned. First, there is the A’
exchange diagram. The A’ couplings to SM fermions are suppressed by combinations of
new gauge couplings in v;ﬁ‘/ and a?/. Similar to the case of A’, the Z’ couplings to the SM
fermions are suppressed by its own U?/ and a?/. However, it is possible to have my: close
to twice the mass of the W/(P"™) resulting in an important contribution from resonant
annihilations. Secondly, we also have the h; and hy Higgs exchange diagrams. Their
couplings to pairs of W™ and SM fermions are suppressed by gz and light fermion
masses m,/v respectively. Finally, it is possible to have ¢-channel annihilation diagram via
the exchange of a new heavy fermion, fH, but this channel is suppressed by a factor of
g on each of the two vertices of the diagram and by the mass of the heavy fermion in
the propagator. The Feynman diagrams for the main annihilation processes as given in
figure 1 can be computed straightforwardly and give rise to the following total cross section
for each final fermion pair

B N.a2, a2m2, 42/1/2 Am2\ V2 9
U(W/pW/m%ff): CgMgHmW <1_ mW) 1— f 84 +20 ‘; +12

72mws2 s s My miy,
(s—m%) ;
f my
X V+—|- V_ y (41)
6m12/V, 2m%/[//
where
2 12 . 2 r
gy =YI 9" ;9 L De=1-Thp (4.2)
A 2 A2
v3+a? (U?) :I:(a?) / / 1
Vi:(’)gl fA f (952 = +2099509; vaZ iafaZ Re<M>. (4.3)
1Dy 2 Dy |2 ( ! f) D,Ds,

The annihilation mediated by the Z is suppressed by a factor of O3 required to be small
mostly by measurements on the decay width of the Z and the decay branching fractions
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that limit the Z — W/PW'™ process. As mentioned above, the channel mediated by the
Z' is also suppressed by combinations of gauge couplings that make most of the size of
vf’ and aJZp’. However, these suppressions are not as strong as the suppression in other
channels and when we include the effects from Z’ resonance it is possible to bring the relic
density to its expected value of Qh% ~ 0.1.

In our study, we will consider the measured value of Qh? = 0.120 & 0.001 as given by
the Planck collaboration [51].

4.2 Direct detection

Due to the small coupling between the DM candidate, W’ (™) with the SM-like states hq
and Z and the BSM states ho, Z' and A’ which couple to the visible sector, it is possible
to have effects from DM scattering against nucleons in detectors used in direct detection
experiments. In this case, we have to consider the elastic scattering between a DM particle
and the partons (both quarks and gluons) present in the nucleon. The suppression of
vertices works in the same way as in the annihilation processes described in section 4.1,
where h; mediated processes are suppressed by a factor of g%{mg /v? in the cross section
with an additional m;;l suppression from the propagator since these interactions happen via
t-channel. Therefore, we are only left with the processes mediated by Z, Z/ and A’ in the
t-channel. Usually, for direct detection processes the momentum exchange is considered to
be very small and therefore t is expected to be small as well. This will result in amplitudes
suppressed by the inverse squared of the mass of the mediator meaning that the light states,
Z' and A’, will be less suppressed. In the approximation where the momentum exchange
is smaller than the mass of the mediator, we can write the interaction between DM and
light quark ¢ as a contact interaction given by
3. gargrOaivg
Loipp =YY (W/p”é’uW,im - W/muauW,lf) 'q, (4.4)
q i=2 Z(i)

where i = {2,3} corresponds to Z(2) = Z’ and Z(3) = A’ respectively. It is worth noting
that, as light as the mediators Z’ and A’ are, we can still integrate them out thanks
to the comparably small maximum momentum transfer, ¢max. The smallness of gnax 1S
mostly due to W’ being small as well. Consider guax ~ 2vpy myrma/(my: + ma) with
my = 0.5GeV and vpy = 1073 ¢, and the target mass m4 = 131 GeV or 40 GeV for
xenon or argon target respectively. In both cases gmax ~ O(1 MeV) while we expect
mya 2, O(10 MeV) due to constraints on dark photons. Additionally, smaller myy results
in even smaller gmax. Furthermore, for the axial part of the interaction with the quark, in
the small momentum exchange limit, only the space components of 4v¥ remain but these
components are suppressed by the W "™ momentum due to the derivatives 8, W'®™) in
eq. (4.4) [83, 84]. This, together with axial couplings that are comparably much smaller
than the vectorial ones results in an spin dependent cross section that is expected to be
several orders of magnitude smaller than the spin independent one.

From eq. (4.4), it is clear that the A’ mediated process is expected to dominate the
2.

cross section unless |Og3/O22| < |mas/myz|*. The case where both mediators participate

— 14 —



equally is expected to happen only through fine tuning of masses and mixings. Therefore,
we expect the cross section with the nucleons to be mostly mediated by either A’ or Z’.
The elastic cross section between W™ and a nucleon, N, is given by

oSl Sl 2ok nkﬂ,%}k, [Zatom + (Ak — Zatom) fn/fp]2 (4.5)
W >k Mobty, A7 ’
st 1939503 L6
Owip = Wfp ) (4.6)
]

where ¢ = 2 or 3 depending on the dominant mediator according to the discussion above,
tp = myymy/(myr +my) is the reduced DM-proton mass, pa, = myma, /(mwy: +ma,)
is the reduced DM-isotope nucleus mass and f, and f,, are effective couplings of the DM
with protons and neutrons, respectively. The atomic number is Zaom and the isotope
dependent variables 1, and A are the abundance and mass number of the k' target
isotope, respectively. Direct detection experiments usually report the number in eq. (4.5)
assuming isospin conservation, i.e., f, = f,. In that case, it is straightforward to see that
the ratio of the sums over isotopes reduces to 1 and a%/ N = U‘S,[},p. However, in our case
the couplings between quarks, u and d, and the gauge bosons, Z’ and A’, are all different
due to their distinct SM charges leading to isospin violation (ISV), i.e., f, # fn. Following
refs. [85, 86], we can rescale the reported experimental limit, ojmit — Olimit X a%,p / UIS/&, N
to account for ISV effects and use it to limit 0%,1) as given by eq. (4.6). This rescaling
depends on the mass of DM, the atomic numbers and the ratio f,/f,, and, therefore, will
be different for different points in the parameter space.

To constraint the W/ ®™)_proton cross section we will use the most recent upper limits
set by the experiments CRESST III [52], DarkSide-50 [53] and XENONIT [54].

4.3 Indirect detection

Due to DM annihilation before freeze out happening through the resonance of an otherwise
suppressed channel, the annihilation of DM in the present — after the shift in energy from
the early to the current Universe — loses the resonance resulting in a very low annihilation
cross section. We have checked that the value of the total annihilation cross section in
G2HDM at the present time is of order 10732 c¢m?.s™! or below, much lower than the
canonical limits set for various channels by Fermi-LAT data [55, 56].

4.4 Mono-jet

The occurrence of energetic jets with large missing transverse momentum has been searched
by ATLAS [57, 58] and CMS [59] collaborations. However, the observed results are overall
in agreement with the SM predictions and only exclusion limits have been reported. In our
model, the process pp — WPW'™j can give rise to mono-jet events at the LHC.

To analyze the mono-jet signal at the LHC, we choose two benchmark points (BPs)
which are shown in table 2. These two BPs satisfy all theoretical, Higgs data and
DM constraints. We evaluate the signal process cross section using MadGraph 5 [87]
with precuts for jets pjf > 30GeV and |nj| < 2.8, and for the missing transverse
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BP | my~ Mx M, mp Mg+ 9H 9x 61 Uﬁgfl‘l;f//pwrmj
(GeV) (G&V) (TeV) (TeV) (TeV) (10-%) (1074) (rad) (fb)

1 1.0 1.67 0.79 2.0 2.12 5.4 3.2 0.17 3.0

2 0.17 0.33 2.9 1.54 1.64 1.0 0.4 0.11 3.8

Table 2. Parameters for the two benchmark points where the production cross section of the
mono-jet signals with precuts are computed, as shown in the last column.

momentum p?iss > 100 GeV. It turns out the production cross sections with the pre-
cuts are about 3.0fb and 3.8 fb for BP 1 and 2 respectively, and dominated by Z and Z’
mediated diagrams. We generate 10* events for the pp — WPW'™; process and recast
ATLAS mono-jet search [58] using MadAnalysis 5 [88]. The most sensitive signal region is
found to be in the window EXS € (700,800) GeV (the signal region EM7 in ref. [58]). The
95% C.L. exclusion limits on the production cross section are 400 fb and 680 fb for BP 1
and 2 respectively, which are much larger than the signal expected from the model. There-
fore, the LHC with luminosity of 139fb~! is not sensitive enough to search for mono-jet
events from this model. However, the model can be probed by mono-jet searches at future
hadron colliders such as the High-Luminosity Large Hadron Collider (HL-LHC) [89], the
High-Energy Large Hadron Collider (HE-LHC) [90] and the Future Circular hadron-hadron
Collider (FCC-hh) [91].

5 Results

5.1 Methodology

The masses of the gauge bosons, mz, mz and mas, as well as the constraints from sec-
tion 3 are calculated through our own fortran codes, except for the Higgs invisible decay
which can be calculated together with the DM constraints. The DM constraints of sec-
tion 4, in particular relic density, direct detection and indirect detection are calculated
using micrOMEGAs [92] and a set of model files generated by FeynRules [93]. For the in-
visible decay branching ratio of the Higgs, we take advantage of the use of CalcHEP [94]
within micrOMEGAs to calculate the decay width along with the rest of the DM constraints
just mentioned.

All the points outside the theoretical constraints of section 3.1 are simply rejected. By
the same token, the dark photon constraints are used to reject any parameter combination
of ecy-mar or €. -my located inside the currently excluded regions. The rest of the
constraints in section 3 are summed into a total x? that also includes relic density and
direct detection cross section. In the case of direct detection experiments, where a limit is
reported at a 95% C.L. with null-signal assumption, we use a x%p of the form

2 Otheory 2

Olimit
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Parameter [units] Range
mp, [GeV] [124.26 ,125.94]
mp, [TeV] [0.3,10]
mp [TeV] 0.3, 10]
my+ [TeV] [0.3,10]

61 [rad] [—7/2,7/2]
logyo(mw/GeV) [-3,2]
logg(Mx /GeV) [—3,2]

log0(9#) [-6,0]
logy0(9x) [—6,0]
mu [TeV] 3 (fixed)

Table 3. Ranges and values for the prior of the parameters used in this analysis. All priors are
taken as uniform inside their ranges for the parameters listed in the table. While the ms,, range in
this table corresponds to the measured 4+6¢ interval, emcee takes care of sampling it according to
the result of the total x2.

where the 4.61 factors allows X2DD = 4.61 when we are exactly at the 95% C.L. of this
two-dimensional limit.? In mass ranges where more than one limit exists we take the one
with the largest x%p. Note that, due to ISV, the largest x? for direct detection may not
correspond to the experiment with the smallest cross section. Since direct detection limits
are reported assuming f, = f, in eq. (4.5), it is possible for ISV (f, # fn) to produce
some amount of cancellation or enhancement of the limits depending on the atoms used in
the detector. Calculating the cross section in the way described in section 4.2 allows us to
account for ISV and the atoms used in different experiments.

In the case of Higgs invisible decay branching fraction, where a limit is reported with
a 95% C.L., the appropriate Xiva is given by

(5.2)

BR(h; — inv)>2
0.13 ’

o, = 2.71 x (

where, similarly to direct detection, the 2.71 factor allows for x2, = 2.71 when our result
is exactly at the reported 95% C.L. in the one-dimensional case.

To sample the parameter space we use the affine invariant Markov Chain Monte Carlo
(MCMC) ensemble sampler emcee [95] which presents advantages such as fast calculation
of parameter distributions in several dimensions. The initial prior and ranges of each
parameter are contained in table 3. In particular, the parameters my, Mx, gy and gx
are scanned in base-10 logarithmic scale. This is mostly because we expect these parameters
to be small but different from zero and that their effects depend heavily on their orders

3For a one-tailed test, the 95% C.L. corresponds to Ax? = 2.71 and Ax? = 4.61 of a Gaussian distri-
bution in one and two dimensions, respectively. For a two-tailed test, the same numbers correspond to the
90% C.L. limit.
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Figure 2. The 1o, 20 and 30 allowed regions (dark blue, medium blue and light blue, respectively)
projected on the planes (mw-, gi) (left) and (g, gx) (right). The solid, dashed and dotted black
contours delimit the 1o, 20 and 3o regions respectively. The labels on empty zones represent the
most relevant constraint in that region. The mono-jet benchmark points of section 4.4 are shown
as a green down-triangle (BP 1) and a red up-triangle (BP 2).

of magnitude. For the masses of the heavy fermions, we expect their contributions to be
heavily suppressed by the requirement that mm = O(1TeV). Therefore we consider all
of them degenerated with a mass of m m = 3TeV putting them safely above any current
search for heavy fermionic states. The rest of the parameters are scanned with a uniform
prior in linear scale. To guarantee that our final distributions are independent of the
initial points we perform several small runs collecting O(10*) points for each run using
O(100) walkers. The initial points for the walkers are always allowed by theoretical and
dark photon constraints but otherwise random inside the prior. After checking that the
final distributions are consistent between different runs, we perform a large scan with 300

walkers collecting 160,000 points after burn-in and thinning.

5.2 Numerical results

We present the numerical results for visualization in figures 2-5. To follow the discussion
below more smoothly, we suggest our readers to read the captions of these figures first and
then view and compare them in parallel.

The most notable feature of both panes of figure 2 is the band-shaped allowed region.
In the case of (myy, gr) plane shown in the left pane, the band is caused by the relation
between relic density and cross section, Qh? oc 1/{ov). Considering that we have o o
g5miy, /s from eq. (4.1), assuming s ~ 4m¥,, we have that gfm2,/s*> ~ g% /(16 m¥.)
resulting in Qh? m%[,, / g%{. This means that to keep a constant relic density, my» and
gr have to keep a linear relationship as displayed in the left pane of figure 2. Deviations
from this band result in the relic density going either above or below the value measured
by the Planck satellite.
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Figure 3. The 1o and 20 allowed contours projected on the DM mass, myy -, vs. direct detection
cross section (left) and dark photon mass, ma, vs. € coupling (right). The experimental excluded
regions used in this study are shown as solid colored regions. Projected experimental limits are
shown as dotted lines, with the direction of the exclusion marked in gray. In the case of direct
detection (left), the limit set by the neutrino floor is shown as a dashed light orange line.

In the case of the right pane of figure 2, the band can be explained by the possibility
of having a resonant annihilation of W™ mediated by the Z’. First note that eq. (2.23)
directly relates m4 and Mx and, as can be seen in the right pane of figure 3, my is
required to be mostly below 0.2 GeV due to the LHCD results, thus limiting also the size
of Mx. Then, from eq. (2.22) we know that the term with m%, factor dominates over
the term with M)Q( Finally, resonant annihilation is achieved for mz ~ 2my meaning
1 +49% /9% ~ 4 or g% /g% =~ 3/4, resulting in the band seen in the right pane of figure 2.
Again, large deviations from this band result in too much or not enough annihilation to
achieve the correct relic density. Due to this gx-gg correlation, the two-dimensional allowed
regions in figure 4 for all the distributions involving gx and gy have similar shapes. Here
it is important to mention that exact resonance, myz = 2 my, would result in too much
annihilation and, therefore, in Qh? well below Planck’s measurement.

Besides their band-shaped tendency, both panes in figure 2 are bounded in their top-
right and bottom-left corners by the DM direct detection and dark photon constraints,
respectively. We know that the direct detection cross section grows with g%{ as seen in
eq. (4.6), therefore, it is expected to see it setting an upper bound on gg. Furthermore,
as can be seen in the left pane of figure 3, direct detection experiments practically create
a wall that limits the size of my from above. The effects of this limit are reflected in
the upper bound of my in the left pane of figure 2. In the case of the region disfavored
by dark photon searches, this is mostly due to the v-CAL I experiment limiting ¢ from
below as seen in the right pane (olive green shaded zone) of figure 3. The e coupling limit
is passed to gy through the vectorial and axial couplings v?/ and aj}/ that depend on it,

resulting on the lower limit on gy that can be seen in both panes of figure 2.
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In the left pane of figure 3 we show the allowed region projected on the (myy-, a%,p)
plane, where a%,p is the cross section for spin-independent scattering on a proton. The
dark (light) blue shaded zone represents the lo (20) allowed region. The current DM
direct detection measurements from CRESST III (green) [52], DarkSide-50 (orange) [53]
and XENONIT (brown) [54] constrain the DM mass to remain below ~ 2GeV. A small
part of the 20 allowed region lies below the neutrino floor (light orange), where the coherent
neutrino-nucleus scattering would dominate over any DM signal. Additionally, we show
that experiments in the near future such as NEWS-G [96], SuperCDMS [97] and CDEX [98]
can further probe our allowed parameter space, in particular for my» > 0.3 GeV with
NEWS-G and down to J%,p ~ 107* cm? with SuperCDMS and CDEX.

The right pane in figure 3 shows the allowed region projected on the (m 4/, £) plane with
the coupling € = g4. Various experimental limits from dark photon searches are displayed
in color shaded zones including LHCb (green) [65], BaBar (pink) [66], NA48 (purple) [67],
NA64 (light brown) [68], E141 (magenta) [69] and v-CAL I (light green) [70, 71]. The
dilepton searches at the LHCb, BaBar and NA48 put upper limits of ¢ < 1073 for my >
0.03 GeV, especially LHCb which sets a strong limit on € at 0.2GeV < my < 0.5GeV
causing a concave region in the 20 allowed region at this mass range. We note that
this concave region due to LHCb corresponds to the concave region at (m’vv,a%/p) ~
(1GeV,107*2cm?) in the left pane of the same figure. The LHCb long lived dark photon
search constraints [65] are also shown by the two isolated green shaded islands around
€ equals 2 x 1075, On the other hand, the beam dump experiments NA64, E141 and
v-CAL T close the available space for smaller € and lighter m 4 setting lower bounds of
my > 0.02GeV and € > 2 x 107°. The lower limit on e for ma > 0.05GeV is due to
the DM relic density measured by the Planck experiment. Interestingly, our final allowed
region is located in the gap between the beam-dump and the collider based experiments,
an area of special interest for future dark photon searches. For example, Belle-II [99] with
a luminosity of 50 ab™! can probe £ down to 2 x 107%, the next upgrade of NA64 [100]
can cover 107° < ¢ < 1072 and ma < 0.08 GeV by reaching ~ 5 x 102 electrons-on-
target (abbreviated by eot in the figure) and Advanced WAKEfield Experiment (AWAKE)
run 2 [101] can reach m 4 up to 0.15GeV with 106 electrons-on-target with an energy of
50 GeV. These limits are shown explicitly in the right pane of figure 3 as dotted lines with
the side of the exclusion in gray. In the future, with access to high energy electron-proton
colliders, AWAKE may reach 1TeV for the electrons, extending m 4 up to 0.6 GeV [101]
and dark photon searches at LHeC and FCC-he [102] may even cover our entire allowed
parameter space.

We present two-dimensional projections of the allowed region for our BSM parameters
in figure 4. The dark, light and lighter blue zones indicate the 1o, 20 and 3¢ allowed
regions respectively. One important thing to note is that the my,, mp and my+ masses
show an apparent upper bound at 1o and 2¢. This upper bound actually depends on
the maximum value chosen for the prior of these three parameters and has no physical
meaning. In the case of my,, the apparent limit is due to the reduced 6 for large mp,
seen in the (my,,01) subfigure while for mp and mpy+ it is due to their near degeneracy
shown in the (mp, my+) subfigure. We have checked that changing the maximum scanned
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Figure 4. Marginalized distributions in two dimensions for the parameters scanned in this study.
The 1o, 20 and 30 regions are marked in dark, light and lighter blue delimited by solid, dashed
and dotted lines, respectively.

value for these three parameters does not change the rest of the distributions, except
for 61 where, understandably, larger my, sharpens the peak at #; = 0 where h; = hgy
exactly. The near degeneracy for mp and mpy+ is due to their comparably small mass
squared difference m%, — m?.,. = v*(Nyg + Ny)/2. Given that (Njyq + Ny)/2 is bounded
by unitarity constraints, the mass squared difference is expected to remain O(v?) or less,
meaning that as mp and myg+ grow away from v their proportional difference rapidly grows
smaller. Their near degeneracy is also noticeable in all their two-dimensional distributions
since the distributions become nearly identical as mp and my+ grow larger.

Another interesting feature is that the charged Higgs mass distributions reveal the
presence of a lower limit around my+ ~ 400 GeV where the contours show that the dis-
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Figure 5. Marginalized distributions of the most relevant parameters used in this study. Central
values are indicated in the z-axis label. Since all the distributions are normalized, the y-axis values
are only for reference.

- 22 —



tribution falls rapidly. This is due to the constraint from the Higgs decays into diphoton
as shown in eq. (3.11). Moreover, due to the relation between My and mas that can be
inferred from eq. (2.23), the distributions in the (Mx, gx) and (Mx, gi) subfigures (second
column from the right in (figure 4) are close to the distribution shown for the dark photon
constraint in the right pane of figure 3.

We present the marginalized one-dimensional distributions for the most relevant pa-
rameters in figure 5 together with their central values and their 1o intervals. As mentioned
before, there is a relation between gx and gy which is seen again in their marginalized
distributions in the top two panes since both peak close to 10™* and have very similar 1o
intervals. The distribution for log;,(Mx/GeV) in the middle-left pane shows the effects
of the LHCD constraint around log;o(Mx/GeV) ~ 0 and peaks just above —1. Because
of the precise measurements on the Higgs properties at the LHC, the mixing angle be-
tween h; (identified to be the observed 125GeV Higgs) and hg, 6; is found to have a
lo interval of (—9.8,9.5) x 1072 rad as shown in the middle-right pane of figure 5. For
the distribution of the DM mass my in the bottom pane, we have the 1o interval for
logo(my/GeV) between —0.81 and —0.04 which corresponds to my» € [0.15,0.91] GeV
peaking at my ~ 0.39 GeV.

After the above long discussions of our numerical analysis, perhaps a high level sum-
mary is useful.

e We have focused our numerical analysis on the parameter space of the model that
can lead to a sub-GeV W’ (™) DM with a mass range of MeV—GeV.

e The viable domains of the parameter space are summarized in figure 4, where the
1-30 contours allowed by all existing experimental constraints are shown for any
combination of two of the 8 free parameters while the rest of the parameters are
marginalized. All the masses of the new heavy fermions in the model, required by
anomaly cancellation, are set at 3 TeV. For the two cases of (mw-, gr) and (9s7, 9x),
more detailed information on the boundaries of the contours due to the different
constraints imposed are exhibited in figure 2.

e It is both clear and exciting to see from the allowed 1o and 20 contours on the plane
of my versus UIS/I%p displayed in the left pane of figure 3 that future experiments
like NEWS-G and SuperCDMS can put more stringent constraints on the model.
Indeed, about 1/3 of the current viable parameter space in the (my, O‘%/p) plane
would be facing challenge. On the other hand, the region where the projected CDEX
sensitivity can reach is already disfavored in G2HDM. Note that a small portion
of the 20 allowed parameter space in the (myy, O"S/[}-/p) plane is overlapping with the
neutrino floor.

e For the allowed contours of dark photon coupling € and mass m 4/ exhibited in the
right pane of figure 3, future upgraded NA64 experiment with 5 x 102 electrons-on-
target, proof-of-principle experiment AWAKE run 2 with 10'® electrons-on-target,
and next generation B-factory experiment Belle II would probe more than 1/2 of the
current viable domain in the (m/, ) plane.
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e The correlation between the DM and dark photon physics and their constraints in
G2HDM exhibited in the left and right panes of figure 3 is rather novel and interest-
ing. Indeed any non-abelian vector DM is likely accompanied by at least one extra
neutral gauge boson which can play the role of Z’ or A’. Thus considerations of
experimental constraints for both DM and dark photon physics must be taken into
account mandatory. Although our analysis is performed in the context of a specific
model, we expect some of the features obtained in this work may be generic for any
low mass non-abelian vector DM with a dominated vector portal of neutral gauge
boson communicating to the SM sector. Perhaps we may be entertained by nature
revealing to us not only a low mass dark matter W’ but also a dark photon and a dark
7' with nearby masses. These are the three gauge bosons associated with the dark
SU(2)g x U(1)x sector, in mirror with the visible SM gauge group SU(2); x U(1)y.
Due to the minuscule couplings of gy and gy, direct detections of the dark matter,
dark photon and dark Z’ (as well as other new particles introduced in G2HDM) at
colliders would belong to the lifetime frontier and high luminosity/energy frontier at
the upgrade of LHC and future colliders.

6 Conclusion

In this work, we studied a simplified version of the G2HDM [40]. In previous works, it was
demonstrated that the original G2HDM successfully explains dark matter while keeping
a parameter space consistent with theoretical and experimental expectations [41, 45, 46].
The simplifications considered in this study reduced the size of the scalar potential and
the parameter space by removing the scalar SU(2)g triplet. Thankfully, the absence of
this triplet does not affect the h-parity and another dark sector particle, the W’ (Pm) | steps
up as a DM candidate. For the properties of W/®™) we settled on exploring the sub-GeV
mass range. Interestingly, in this region the extra vector states Z’ and A’ happen to have
relevant roles as mediators for the annihilation and direct detection processes of the DM. In
particular, reaching the appropriate amount of annihilation to have the correct relic density
would have been difficult if not impossible without the channel mediated by the Z’.

We started with the usual theoretical checks on the scalar potential ensuring that
the minimum is stable and that the couplings remain unitary at tree level. Given that
the LHC has been closing in on the detailed properties of the 125 GeV Higgs, we check
that our scalar sector provides a particle, hq, that matches the mass and decays that have
been measured. The same can be said in the case of the gauge sector and the Z with
its properties already very well measured at LEP. In the case of the light Z’ and A’ we
constrained their interactions with SM leptons by checking against the regions excluded
by dark photon searches in LHCb, BaBar, NA48, NA64, E141 and v-CAL 1. Finally, we
required our DM candidate, W/®™) to have the correct relic density measured by Planck
satellite with a spin-independent direct detection cross section below the limits found by
CRESST-III, DarkSide-50 and XENONT1T.

In our numerical analysis, we uncovered some interesting features of the parame-
ter space, such as a correlation between the couplings gy and gx with superweak size
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O(107° — 1073) and that most of our results lie inside the gap between various dark pho-
ton explorations. The latter becomes more important when we consider that this gap is
projected to be further explored in the future with the upgrades to NA64 and AWAKE and
the B-factory Belle II. This would reduce the allowed parameter space nearly by half, and
therefore remove a good portion of our allowed parameter space in the lighter A’ region.
Moreover, future DM direct detection experiments like NEWS-G and SuperCDMS may
reduce the parameter space by exploring the regions with heavier W™ and larger cross
section.

To summarize, we found that the simplified G2HDM developed in this work provides
a viable vector DM candidate with mass down to O(1072) GeV. All the predictions in the
scalar and gauge sectors are in good agreement with current observations. Importantly,
both new vector states, Z’ and A’, play key roles for DM observables. Besides the possi-
bility of detecting the W/®™) in DM direct detection experiments, the dark photon, A’, is
predicted to be well positioned for future observations that may reach m 4 ~ 0.1 GeV. This
work demonstrates that the G2HDM is not only a successful and competitive dark matter
formulation but can also serve as a starting point with diverse exploration possibilities.
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A Mass spectra of Goldstone bosons and gauge fixings in general
renormalizable gauge

In section 2.3 as well as in all previous works, we have derived the scalar and vector boson
mass spectra in the ‘t Hooft-Landau gauge in which all the gauge parameter parameters
&s were set to zero. This hides away the issue of gauge dependence and all the Goldstone
bosons are massless. Since the physical dark Higgs D is a linear combination of H3* in the
inert doublet Hy and Goldstone boson G% in the hidden doublet ®z, one might wonder
what would happen in the general renormalizable gauge. We take the opportunity here

to examine this question more careful and discuss the related issue of gauge mixings in
G2HDM.

A.1 G¥T and Gg’m)

First GT. This is the same as in SM, which after SSB the covariant kinetic term of the
Higgs field H; contains the following mixing term

— %ngJ@“G_ + H.c. (A.1)
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In the general renormalizable gauge, one introduces the following gauge fixing term

2
‘ , (A.2)

— ;V‘ﬁ”WJ — %SWQUG+
where & is an arbitrary gauge parameter. Expanding out eq. (A.2), up to a total deriva-
tive, it will cancel the mixing term in eq. (A.1). In addition, it will modify the W*-boson
propagator to be &-dependent whose form is well known in the literature, and the Gold-
stone boson G* (absorbed by the longitudinal component of W*) will develop a mass
equals to guv/Ew /2.

The story of Gg’m) in G2HDM is a little bit more interesting. The mixing term contains
two contributions coming from the covariant kinetic terms of the Hy and ®p fields

— 591 W} (vs0" Gl — v9"HY) | (A.3)

which indicates that the physical Goldstone field G% (G’I’}) is actually a linear combination
of HY* (HY) and G%; (G'1), viz.

. 1 . 1
Gty = ——— (vaGhy —vHS") , G =

ég’m) are absorbed by the longitudinal components of W/®™)  The other physical orthog-

(vaG — vHS) . (A.4)

onal combination is the complex dark Higgs D

D= _ (UG% + ’U@Hg*) , D* = _ (vG”ﬁ + U@HS) . (A.5)

/2 + vl 2+l

In analogous with egs. (A.1) and (A.2), to cancel the mixing term in eq. (A.3) one introduces
the following general gauge fixing term

i 2
QW — igwngvG%’ , (A.6)

Swr

where &y is an arbitrary gauge parameter and v = /v2 + v%. As in the case of W¥, the

propagator of W™ is then get modified under this general renormalizable gauge. The
mass matrix M?%, in eq. (2.12) is also modified as

M2, = (15/)\}@@2 + %Sw@%v% %/l\ﬁglwv‘g - fiﬁvv/gf;;vgcp) ’ (A7)
2 AHeVVe — 7EW gV 5 AHeVe T 1EWIIHY

which has two eigenvalues g% &y 92 /4 and Npg92/2. The first one is the mass-squared of

the Goldstone boson @gfm) in the general gauge, while the second one is the mass-squared

of the complex dark Higgs D which is the same as eq. (2.16) previously derived from the

‘t Hooft-Landau gauge as it should!
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A2 GO, G?{ and §

Similarly for the neutral gauge bosons, after SSB, we have the following mixing terms from
the covariant kinetic terms of the H; and ® g fields

1
_§U (g'B“ — gW3H 4+ ggW'3H + QgXX“) OHGO

1
+30s (gHW'?’“ ~ 2gXX“> 9,GY .

(A.8)

For the U(1) x gauge field, we also use the Stueckelberg mechanism to provide a mass. The
Stueckelberg Lagrangian is

1
Loy =5 (0"S + MxX")? |
1 1
=5 (9"S)? + EM)Q(X“XM + MxX*9,S . (A.9)

Here § and Mx are the Stueckelberg field and mass respectively. The middle term gives X
a mass My, while the last term indicates the mixing of S with the longitudinal component
of X*. Note that S is massless.

Recall that the first two terms in eq. (A.8) are SM-like and they can be combined as

(¢'B, — gWi) = — (¢’ sin Oy + g cos QW)ZEM . (A.10)

Thus the total mixing terms including both eq. (A.8) and the last term in eq. (A.9) are

+-v {(g’ sin yy + g cos Oy ) Z5MH — g WK — 2ng“} 9,G"

[l

(A.11
—|—§U¢. (gHW’?’“ — 2gXX“) (9MG%[ + MxX"0,S . )
Note that, as one would expect, the photon field A* doesn’t enter in eq. (A.11) which is
coming entirely from SSB and Stueckelberg mechanism. The photon field remains massless,
it has no associated Goldstone boson and its general gauge fixing term is simply given by
- (8“14“)2 /2&, as in the SM case. So does the massless gluon field, whose gauge fixing
term is — (8uAa“)2 /2¢g where a = 1,...,8 is the adjoint index of the color group SU(3)c.

As mentioned in the text, the neutral vector gauge bosons Z5M, W’ and X are in
general mixed together according to

7SM 7
Wl =012y, (A.12)
X Z3

where O is an orthogonal matrix. In our numerical scan of the parameter space in this
work, we have Z; = Z ~ ZM which is very close to the SM Z-boson, and Zy = Z’ and
Z3 = A, both of which are lighter than the Z. We will use Z; in this appendix instead of
Z, 7" and A'.
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In terms of the physical fields Z;, eq. (A.11) becomes

1

+§v [(¢'sin Oy + gcosbw) O Zt — g0 Zt — 2gx 03,74 9,G°
1 i 1 0 0

+§Uq> (gHOQiZ,L- — QQXogiZi )auGH + MxogiZi 8MS

3

=Y 7'9,G; . (A.13)

i=1

Here we have defined three physical Goldstone fields absorbed by the longitudinal compo-
nents of the three physical Z; as

Gi = CG® + CpGY + CisS (1 =1,2,3) , (A.14)
where the coefficients éij can be read off from the first two lines in eq. (A.13), namely
~ 1
Cip = 52} [(gl sin Oy + g cos Gw) Oq; — gHOQi — ngogi] , (A.15)
~ 1
Ciz = Sve (902 — 9xOsi) , (A.16)
Ciz = MxOs; . (A.17)

To cancel the mixing term in the last expression in eq. (A.13), we need the following
gauge fixing term,
1
28

where &; are three arbitrary gauge parameters. This gauge fixing term will not only modify

(0,21 — 6Gi)* (A.18)

the propagator of Z; but also induce a 3 x 3 mass mixing matrix /\/lzG among the three
fields {G°, GY;, S} to be ¢;-dependence, namely
M M3y Mi;
M2G = M%1 M%z M%:a ) (A.19)
M3y M3y M,
with the following matrix elements
M%l = 516121 + 526221 + 5363?1 )
M7y = 61C11C12 + €091 Cos + €3C51C30 = M3y
Mis = 6C11C13 + €01 Cos + €3C51C33 = M3y
M3y = 6105 + £05 + £C3,
M3y = £1C12C13 + £C29Co3 + €3C32C33 = M3,
M3y = 61075 + £05; + £C35 -

(A.20)

While the eigenvalues of MZ are complicated functions of the gauge fixing parameters,
its determinant takes a simple form,

Det/\/l%; = £186283 (5'11523532 + 5’12521533 + 6’135'226'31

2
- 013C21C32 - CnCQQng — 012023031> . (A.21)
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Thus as any one of the gauge fixing parameters &; — 0, the corresponding Goldstone boson
G has vanishing mass, reproducing the result of ‘t Hooft-Landau gauge.

This completes our discussions of all the gauge fixing terms in G2HDM. With these
gauge fixing terms at hand, one can straightforwardly obtain the gauge fixing functions
and the procedure of Faddeev-Popov path integral quantization can be proceeded as usual.
Of course physical observables if computed correctly should be independent of all the
otherwise arbitrary gauge fixing parameters £s discussed in this appendix! In an ideal
world, one would compute things using arbitrary &s and show the dependence of &s is
completely dropped out at the end for any physical observable. In practice, things are
hardly get done that way.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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