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Abstract We consider an extension of the Standard Model
of particle physics with an additional SU(2) gauge sector
along with an additional scalar bidoublet and a non-linear
sigma field. The neutral components of the bidoublet serve
as dark matter candidates by virtue of the bidoublet being
odd under a Z; symmetry. Generic beyond Standard Model
constraints like vacuum stability, invisible decay of Higgs,
Higgs alignment limit and collider constraints on heavy
gauge bosons restrict the parameter space of this model. In
this multicomponent dark matter scenario, we investigate the
interplay between the annihilation and co-annihilation chan-
nels originating from the new gauge sector as those contribute
to the relic abundance. We also inspect the direct detection
constraints on scattering cross-sections of the dark matter
particles with the detector nucleons and present our observa-
tions.

1 Introduction

The Standard Model (SM) of particle physics has been exper-
imentally proven to be a very successful theory over the last
few decades. However, there are a few limitations of the SM
which motivate physicists to look for Beyond the Standard
Model (BSM) scenarios. One such very important drawback
with the SM is that it can not explain the particulate nature of
the Dark Matter (DM). DM consists of more than one fourth
of the energy budget of our universe [1,2]. In the quest of
solving the DM problem, one very popular class of models
are those that incorporate a Weakly Interacting Massive Par-
ticle (WIMP) in their spectrum [3-5]. In a typical WIMP
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model, there is an extended sector in addition to the SM par-
ticles which is weakly coupled to the SM and protected by
a stabilising symmetry. Various scalar extensions including
singlet extensions [6—12], two-singlet extensions [13-22],
inert 2HDM [23,24], 2HDM-+-scalar singlet [25,26], 2HDM
with gauge extension [27], and also various gauge extensions
mostly of different kinds of additional U (1) [28-34] with an
extended scalar and/or fermion sector have been studied in
this context.

In this work, we extend the gauge sector of SM with an
additional SU (2) and also the scalar sector with an additional
scalar bidoublet and a non-linear sigma field. The SM-like
scalar doublet and the sigma field contribute to the sponta-
neous symmetry breaking whereas the scalar bidoublet pro-
vides the DM candidates protected by an imposed Z, sym-
metry. An extended gauge sector introduces co-annihilation
channels for the relic calculation as well as modifies the
direct detection constraints — the main goal of the present
work is to study in this specific model context how these
phenomenological considerations affect the parameter space
of the model.

The paper is organised as follows: in Sect. 2 we intro-
duce the model. In Sect. 3 we discuss the model constraints
arising from vacuum stability, invisible decay of the Higgs
particle, Higgs alignment, and collider searches for heavy
gauge bosons. In Sect. 4, we investigate the DM phenomenol-
ogy motivating the DM candidates and calculating the relic
abundance and the direct detection constraints before finally
presenting our conclusions in Sect. 5. All the relevant cou-
plings are organised in Appendix B after a few comments
on perturbativity in Appendix A. A brief note on the loop
level calculations of Higgs decay to two photons is provided
in Appendix C with appropriate loops relevant to the model
under study. The Boltzmann equations and Feynman dia-
grams relevant for the relic are given in Appendix D.
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Table 1 Z; charges of the states

Fields Z, charges
The fermionic sector +
[oF +
) +

@, (and thus its components ¢g, ¢3, oF)

2 The model

We consider an SU (2) extension of the gauge sector of the
SM. Furthermore, the scalar sector is extended with an addi-
tional scalar bi-doublet odd under a Z, symmetry and a non-
linear sigma field (for details see Tab. 1). The gauge sector
can now be written as SU (2)g x SU(2)1 x U (1), (where the
subscripts help us to keep track of different gauge charges).
We will see that three out of the four degrees of freedom of
the scalar doublet and three degrees of freedom of the sigma
field are eaten up by the six gauge bosons of the gauge sector,
thus giving rise to massive gauge bosons, while the photon
remains massless due to the residual U (1) g symmetry. The
electrically neutral components of the scalar bidoublet pro-
tected by a Z, symmetry furnish the dark matter candidates
of the universe. The various scalar fields can be conveniently
expressed in the following form

G+
D@ = | vy +h+iGy | ;
2

®, = l( $o + i3
2 \i(g1 +idn) ¢o—ig3

i(¢1 —i¢2)> > — exp igana.
F
2.1

After a few redefinitions, the latter two can be recast as

® _1<¢o+i¢3 iﬁ¢+)

P72 \ivagT g —igs)
i3 2o+
5 — 1,“%1”” FT 2.2)
ST 1—’7713

where ¢pF = %(@ F i¢») and similarly for the 7’s.
The scalars transform under these gauge symmetries in
the following manner:

@y — Uj®U), = — USUy, @ — Uidy, Ur®).
2.3)

Thus the ®, and X transform as bidoublets under the

SU(2)g x SU(2)whereas the & is a doublet under SU (2);.

The U; signify the unitary transformation matrices corre-
sponding to the gauge symmetry indexed i and the covariant
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derivatives accordingly take the form

ig1 ig2

D/,L(Dl = SMCI)l - TWIa/LO—a(Dl - 7B2M(D1
i i

D, ®; = 8, P, + %Wé‘ﬂa“d)z - %CDQWI”MU“
i i

D,T =0, + %WﬁLU”Z - %zwguo“

With these definitions in place, the kinetic energy term of the
scalar sector can be written as

LD (DF®) (D, @) + Tr [(D*®2) (D, )]

F? .
+TTr[(D“E)'(DME)]. (2.4)

The SU (2)p x SU (2)1 x U (1), symmetry is broken down to
SU(2) x U(1), as X develops a vacuum expectation value
F. We identify this gauge group with SU(2); x U(l)y
of the SM. Then this symmetry is further broken down to
U (1)gpm as the @ develops a vacuum expectation value v (=
246 GeV). After symmetry breaking, collecting the relevant
terms, the neutral gauge boson mass matrix can be written as

. g F? —gog1F? 0
My =g 8081 F? g2 (F? +v?) —g1g2v?

0 - 2 2.2

g1V’ g3V
2,0 1 —X 0
F
_ 808 —x x2(1 +r2) —x2r2 |, 2.5)
0  —x2tr? X232

wherei—(‘):x« 1,%:t,and% =r.

This matrix can be diagonlized perturbatively in the small
parameter x. The eigenvalues corresponding to the eigen-
states of the photon, Z and Z’ bosons are given by

m)z, =0; mZZ = —gngﬂxz(l + 12 — x?);

m>, = @(1 +x?%), (2.6)
and the mass eigenstates are (writing # = 7)
Ay = sxWg, + W}, + cBay, 2.7)
Z, = exWg, + Wi, —sBay, (2.8)
Z, =W, —xWj,. (2.9)

The charged gauge boson mass matrix can similarly be com-
puted and given by

212
2 _ &FT (1 —X
Me==% (—x x2(1 +r2)) : (2.10)
The mass eigenvalues are
252,22 252
Ferex F
my =50 - omd, =5 a4,
4 4
(2.11)
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The mass eigenstates of the charged gauge bosons are

Wy =xWou + Wiy,
Wl/l = WOu _xwlu»

(2.12)
(2.13)

where the one with the smaller mass is identified as the
W boson and the heavier one as the W’ boson. It is to be
noticed that the massive SM gauge bosons get their contri-
bution predominantly from SU (2);. However, for the BSM
gauge bosons, SU (2)¢ is the major contributor. In the limit
go — oo (or equivalently x — 0), the my z decouple
and the gauge spectrum at low energies thus reduces to that
of the SM as expected. For all practical purposes x can be
parametrized as the ratio of the light and heavy gauge boson
masses (to leading order) as

(2.14)

which can be readily seen from Eqgs. (2.11) and (2.6).

After taking into account the gauge charges of the scalars
and the imposed Z, symmetry, the most general scalar poten-
tial can be written as

B 272
V(®), Dy, £) = m3 Tr(®jPy) + Ap| DD — v?i|
K 2 ]
+ 2 [Tr(d>£d>2)]
n v?] .

+?»12|:<I>1<D1 - [Tr(cl>£c1>2):|
+ )\23F2|:Tr(2q)22d)2)i|

~ =2
+ A3 F2|:Tr(Ed>2)

(2.15)

After spontaneous symmetry breaking the higgs mass (m%)
is given by the expression 211 v> and the charged scalar mass
(mii) is given by m% — A3 F2. The two neutral components
of @, have masses given by the following expressions:

méo =m%+k23F2 +25L23F2,m%¢3 =m% —)L23F2- (2.16)

It is important to note here that the Z, symmetry of the @,
bi-doublet works as the stabilising symmetry required for
the DM under the WIMP scenario. However, this discrete
symmetry can not forbid the number changing processes
among the components of this bidoublet. Thus for a posi-
tive (A3 + ):23), the ¢3 component will be the natural DM
candidate and for negative values of this quantity, the ¢q
component serves the same purpose from the stability argu-
ment. However, if the couplings are such that these two are
degenerate, then we have an interesting possibility of a mul-
ticomponent DM scenario where both neutral components

are cosmologically stable DM candidates — we describe how
this will play out in more detail in Sect. 4.

The Yukawa sector is assumed to mimic that of the SM as
@, plays a similar role of the SM Higgs doublet. However,
the fermions can still couple to the heavy gauge bosons due
to gauge mixing. All the relevant couplings can be straight-
forwardly computed (again in a perturbative expansion in x)
and are listed in Appendix B. Specifically, the purely scalar
sector couplings are given in Tables 3 and 4. The scalar cou-
plings with the gauge bosons are listed in Tables 5,6,7,8,9,10
and 11. The relevant couplings of the gauge bosons with the
fermions can be found in Tables 12 and 13 and that of the
gauge bosons among themselves in Table 14.

3 Model constraints

In this section, we impose all the theoretical and experimen-
tal constraints on the model. We will not only identify all
the relevant parameters for carrying out further analysis, but
also assign values to some and constrain the rest with various
experimental observations. Among the many model param-
eters, the following are the most relevant for our analysis:
v, Mpy, Mey, A2, A23, )123, my (or myz) and F (or equiva-
lently r). The other important parameters can be represented
in terms of these above mentioned ones. For example, x can
be represented in terms of m 7 and F following Eq. (2.6) or
more conveniently through the mass ratio in Eq. (2.11) (for
a given v, F and r can be used interchangeably). We also set
my = 125 GeV and v = 246 GeV in this paper. We now look
at four key constraints on the model parameters coming from
vacuum stability, the branching ratio of invisible decay of the
Higgs, the Higgs alignment limit and collider constraints on
the heavy gauge bosons.

3.1 Vacuum stability

It is the quartic part of the scalar potential that contributes
to the vacuum stability conditions [35]. After spontaneous
symmetry breaking when X develops a vacuum expectation
value, the quartic part of the scalar potential in our model can
be written in the unitary gauge (X) = 1 as,

Vi = M@ 4 [ Tr(0)02))

T (DT O [Tr(@]®))] (3.1)

The vacuum stability conditions can now be found through
the standard procedure described in [35]. Let’s assume that
@@ = a and Tr(®)®2) = b. Then,

Vi = A1a? + dob® + hipab

= (VMa — VAab)? + 2y/aiha + hi2)ab.

(3.2)
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e Let us consider first the » = 0 direction (a — 00). We
demand V4 > 0, which implies Alaz > (. The condition
isthen A1 > 0.

e Next we consider the a = 0 direction (b — 00). Simi-
larly by demanding V4 to be positive, one can derive the
condition Ay > 0.

e Lastly, the direction a = \/iifb (where a, b — o0) can

be considered. Again demanding V4 > 0 one can find the
condition A1y > —24/A1A0.

Now collecting all the equations together the vacuum stabil-
ity conditions for this model are given by

A2 = =24/ A1As.

Another relevant theoretical constraint, the perturbativity
bound, is discussed in Appendix A.

A >0, A2 >0, and (3.3)

3.2 Higgs invisible decay

The Higgs invisible decay branching ratio is given by

Chsinv

BRh—)inv = (34)

Chsinv + Thssm '
Among ATLAS [36] and CMS [37] measurements of this
quantity, the more stringent bound comes from the ATLAS
experiment and is 11%. In Fig. 1, assuming ¢3 to be the dark
matter candidate, we present this bound in the parameter
space mgy,; — A1z for dark matter masses smaller than half
of my, (in order, of course, that & can decay into a pair of
them). There is an upper bound on A5 as a function of m,
as indicated by the shaded region in the figure. For higher
DM masses the restriction will be drastically lenient due to
off-shell suppression of the decay width.

3.3 Higgs alignment limit

Given the extended gauge and scalar sector in our model, the
standard Higgs boson couplings to various constituents of
the SM are modified due to gauge mixing. For example, the
coupling between Higgs and the pair of W boson (Table 5)
will take the form

621)

iy (1 + x2sin? ew) Yhe. (3.5)
One can notice that the deviation of this coupling from the
SM counterpart is proportional to x2. A similar deviation
can be found in other SM-like gauge couplings in Tables
5 and 6. On the other hand the couplings between the SM
Higgs and different fermion pairs in this model maintain the
same structure as SM due to the Yukawa sector of both these
models being the same. To analyse how new physics can
modify Higgs properties we look into the branching ratio of

h — yy. Apart from the usual SM fermion and W boson

@ Springer
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Fig. 1 The shaded region in the A1p — mgy, space is disallowed by
constraints from Higgs invisible branching ratio

loops, the heavy W' boson as well as the charged scalar ¢+
will contribute to this loop mediated process. After incorpo-
rating these additional contributions we have calculated the
branching ratio BR (2 — yy) (for a detailed calculation, see
Appendix C) in this model for a range of charged Higgs and
W’ masses. In Fig. 2, we present the allowed region (shaded
region is disallowed) of the parameter space after recasting
ATLAS [38] and CMS [39] measurements — we have set the
ratio between two vev’s r at 0.25 and presented our results for
two different A2 benchmark values given by 0.1 and 0.01. It
is found that for both the scenarios, the region my, > 1 TeV
and mgx > 200 GeV is allowed.

3.4 Collider constraints on heavy gauge bosons

Due to its extended gauge sector, the model admits heavy
charged and neutral gauge bosons. The Z’ couples to different
SM fields primarily through gauge mixing. As a result, this
Z',if produced in colliders, can be discovered from its decays
to different SM final states. Specifically, the Z’ can decay
into £.¢; (¢ represents all possible charged leptons), v vy,
and gr.q1, (q represents all possible SM coloured particles)
pairs where the the corresponding coupling is suppressed by
the parameter x w.rt the SM counterpart. One can notice
in Tables 12 and 13 that the Z’ specifically couples to the
left-handed chiral fermions since it is induced purely from a
gauge mixing in the neutral gauge sector and does not receive
any contribution from the U (1), (see Eq. (2.9)). In addition
to the fermion pairs, the Z’ can decay into two other SM
final states Zh and WW. Apart from these SM final states
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Fig. 2 The dark cyan shaded region in the my= vs. m, plane is disallowed from the branching ratio measurements of 7 — yy channel

the Z’ boson does couple to the dark sector particles ¢ ¢~
and ¢o¢p3. The three point vertices corresponding to these
two decay modes are proportional to }C at leading order (see
Table 11). As a consequence the decay width of these two
modes are significantly larger than SM final states. In Table
2 we present the analytic formulas for these decay widths.
Here N, stands for the colour factor (3 and 1 for quarks
and leptons respectively) and the A’s denote the relevant cubic
vertices. We have neglected the mass of the fermions in com-
parison with the Z’ mass for the fermionic decay modes. In
principle, there exists a cubic vertex of the form A,/ ..
However, in the present model m,» and m s are degenerate
and the Z' decay via WW' channel is kinematically forbid-
den. In Fig. 3 (left) we present the corresponding BRs of these
channels for m ,/ranging from 1 TeV to 5 TeV. As expected,
the BR of the ¢ ¢~ and ¢¢3 modes dominate for the entire
m ., range. Among the SM final states the W W has the max-
imum and Z# the minimum branching ratio. For the present
calculation we have set r = 0.25 and mg, = mgy; = my= =

r
400 GeV. In Fig. 3 (right) we present the .4~ in percentage.
V4

There is a visible growth in this ratio at the mass range m ,» >
2.5 TeV. However, the overall value remains below < 30%
for the entire range. This is to emphasize that for the current
benchmark choice the perturbative treatment is applicable.
For different parameter choices, one should explicitly calcu-

r . .
late the m—z// and ensure that the corresponding value is less
VA

than unity.

From the above discussion, it is evident that the Z in
this model primarily decays via exotic scalars coming from
the scalar bidoublet and that the branching ratios in the SM
final states are significantly low. Nevertheless, it is useful to
check the direct detection limits to understand the allowed

parameter space. Before the LHC era, the LEP and Teva-
tron colliders have extensively searched for the heavy neu-
tral gauge bosons. The LEP searches [40] can be divided
into two categories: (i) precision measurement around the
Z pole which can effectively constraint the mixing angle
between the Z — Z' and (i1) direct searches for the heavy
neutral boson in the ete™ — f f (here f is all possible SM
fermions) at the mass range above Z-pole. On other hand,
at Tevatron the Z boson was primarily looked for in the
pp — Z'X — ¢T¢~ X channel and using the data, both the
CDF [41,42] and DO [43,44] collaborations have put bounds
on m, for different U (1) extensions of the SM. The com-
monality between the LEP and Tevatron is the correspond-
ing bounds are strictly dependent on the zZ couplings to SM
fermions. For a comprehensive analysis on how these results
can be translated in a specific model, the interested reader
can consult Refs. [45,46]. At LHC, both the Drell-Yan (DY)
and Vector Boson Fusion (VBF) production mechanisms are
considered for the Z' searches. After production, the Z " can
decay to dileptons, Zh, and W W final states. For the present
study, we will consider these three final states and will recast
the corresponding ATLAS and CMS bounds in our model.
To calculate the signal cross section in our model we have
used the prescription illustrated in Refs. [47,48]. We begin
with the process pp — 7' Zh, where the Z' is produced via
DY and decays into Zh. The Z further decays leptonically
and the Higgs boson decays to bb. Both the ATLAS [49]
and CMS [50] have searched the 7' boson in this mode. The
model dependent upper bounds on the o x BR is displayed
in Fig. 4 (upper panel left) by red dashed (ATLAS) and blue
dotted curve (CMS) curves. The black solid line represents
the corresponding number for the present model.

@ Springer
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!
Table 2 The relevant Z’ decay Decay modes

Decay rate expressions

rates for the purposes of this

section—the expressions for the N2,
couplings given herein can be r (Z - ff ) ﬁ”m 7'
found in Appendix B )
! +w— Mywy "7 miy miy miy my
rz —»wtw & l—mz/ 1+16n12, —68m—4/—48m6/
z z z z
2
22 , m2, +m% —m? 2232 2 2
r (Z/ N Zh) 48?{2151 24+ ( Z/4mzf,12 h) 1+ (’"hm:"z) _z(mhn;’"z)
VA zZmy 7 7
’ a2 4 m2 —m? m2 +m?
" (2 o) 2 2o+ )) 1+ ] ol
VA Z/ Z/
2
r(z' —¢*e- et (2 a2, 11— 478
1927m 7 oF mé,
1 100
0.1005 80t
_ 0.010¢ < 60l
< <
T 0.001} - N
% S & 4of
104,
201
107
10 1000 2000 3000 4000 5000
1000 2000 3000 4000 5000 )
mz: (in GeV) mzin [GeV]

Fig. 3 Left: The branching ratio of Z for all possible two body final
states. Here we have set r = 0.25 and mg, = my; = my+ =400 GeV.

The branching ratio for Z' — gq mode (solid orange line) is summed
over all six SM quark final states. Similarly, the Z — £7£~ (blue

In the case of VBF mechanism the Z' boson can decay via
WW mode. After that, one of the W bosons decays hadron-
ically and the other one decays leptonically. In Fig. 4 (upper
panel right), we display the corresponding ATLAS, CMS and
model specific o x BR values viared dashed, blue dashed and
black solid line respectively. We have also translated the LHC
limits in dilepton final state where the Z "is produced via DY
mechanism. The corresponding limits [53,54] are displayed
inFig. 4 (lower panel). Considering these search channels one
can see that the most stringent bound can be obtained from
the Zh mode and to satisfy current collider limits one have to
setm, 2 2.5 TeV for the specific benchmark points that we
have chosen. Apart from the heavy neutral gauge bosons the
LHC also looked for the additional charged gauge bosons.
However the number of searches is comparatively lower as
well as less stringent in the latter case.

4 Dark matter phenomenology

In this section we consider our model described in Sect. 2
as a plausible solution to the dark matter problem. In what

@ Springer

solid) and AR, (green dashed) modes are calculated while con-
r

sidering all three lepton flavours. Right: The ratio -4 for m, mass
z

ranging from 1 TeV to 5 TeV. Here I' ,/ is the total decay width which
is computed considering all possible two body decay modes

follows, we discuss the choice of the DM candidate, calcu-
late the relic abundance for a multicomponent scenario, and
address the direct detection constraints.

4.1 Choice of dark matter candidate

For generic choices of parameters in this model, the couplings
mentioned in Table 11 allow the decays ¢g — ¢p=W'F, ¢3Z’
for a positive A3 + X23, and ¢3 — ¢oZ' for negative val-
ues of A2z + A23. Such decays, despite being suppressed by
the heavy gauge boson mass, would still make one of the
scalars unstable. In other words, constraining such decays
with the age of universe would push the heavy gauge boson
masses to very high values essentially decoupling them from
SM gauge sector for all practical purposes. While this is cer-
tainly a reasonable path to take, in this work our aim is to
treat the multi-component DM scenario while maintaining a
meaningful way of discussing the gauge sector in the context
of present experiments and constraints. Thus, we work under
the mass degeneracy limit of the Z; odd sector that makes the
neutral components cosmologically stable DM candidates.
Referring to Eq. (2.16), we see that this corresponds to the
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Fig. 4 The direct search limits in the channels DY — Z = Zn
(upper panel left), VBF — Z jj — WWjj (upper panel right) and
DY — ¢7¢~ (lower panel). The red-dashed, blue-dotted and black solid

particular parameter choice A»3 = —A3. The charged com-
ponents will completely annihilate via photon couplings. For
the mass degenerate scenario, all components of the Z, odd
sector are stable at tree level in the context of collider produc-
tion as well. However, in the absence of higher dimensional
terms in our scalar Lagrangian, loop level effects can give rise
to a sub-GeV mass non-degeneracy between the charged and
neutral components [55] leading to charged scalar decays via
MeV scale charged pions as in reference [24], thus avoiding
any constraints pertaining to the production of an otherwise
stable charged particle in colliders which could potentially
disallow charged scalar masses (and thus the DM masses)
upto a few TeV. Given that the present model admits an extra
SU(2) gauge group in addition to the SM one, we expect
such loop effects to be even more pronounced in our case
in providing a mass splitting between the charged and the
neutral scalars.

4.2 Relic abundance

In the early universe all the particles were in equilibrium in
the high temperature cosmic soup. Over time as the universe
expanded and the temperature of the universe started to drop,
the interaction rate of WIMPs with the other particles of the
cosmic plasma became comparable to the Hubble parameter.
It became difficult for the WIMPs to find another WIMP

3000 4000

(in GeV)

5000

line denote the ATLAS, CMS and the model specific curves respectively.
The arXiv IDs which are written beside the ATLAS and CMS highlight
the corresponding articles [49-54] which are used in this calculation

to annihilate with and thus they were frozen out remaining
in the universe as a relic which one can compare with the
observed DM relic abundance. The value of relic abundance
as measured by Planck satellite is given by Q4% = 0.120 +
0.001 [56].

There are two DM candidates in this model as argued in
Sect. 4.1. The dark matter candidates can annihilate mainly
via higgs mediated channels to SM states, for example bb,
T, WrW™, ZZ, hh and tf, as allowed by the kinemat-
ics in various DM mass range. The Feynman diagrams are
given in Appendix D. Among the individual contributions
of the DM candidates to the relic, the contribution from ¢3
is much less than that of ¢o for the DM mass range start-
ing from my upto around 300 GeV. This is due to the fact
that in this model there exists a ¢3¢3 W W~ coupling (see
Table 7) and also ¢3¢ WF couplings (see Table 11) which
is absent for ¢, and thus ¢3 annihilates more through those
channels leaving less relic in the universe. These couplings
come into effect around a DM mass of my and finally go
away as the co-annihilation channels start to dominate at a
DM mass of around 300 GeV.! As we move into the higher
DM mass range, co-annihilation among ¢ and ¢3 via Z’
mediated diagrams into WW, Zh and quark and lepton pairs
start to dictate the relic abundance. All these properties are

! The exact DM mass value can be different than 300 GeV depending
upon relevant couplings and the heavy gauge boson mass.
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evident in Fig. 5 where the relic abundance contribution of
each dark matter candidate as well as the total contribution
have been displayed as a function of dark matter mass for a
mass degenerate DM scenario. The Z’ mass is fixed at 5 TeV
as a benchmark choice and the relic varies with scalar sector
parameter A1y in the annihilation dominated low DM mass
region whereas at high DM mass region the A1, dependence
is absent since the Z’ mediated co-annihilation starts dictat-
ing the relic. There are two peaks in the velocity averaged
cross section due to the Breit-Wigner resonance which are
related to the mass of the two mediators 4 and Z’. DM relic is
dictated by various annihilation and co-annihilation channels
in various DM mass ranges:

e The DM annihilation to bb is the dominant channel dic-
tating the relic in the DM mass range upto around the
W boson mass i.e. my ~ 80.4 GeV. The 77 is the sec-
ond most dominant process in this DM mass region. The
amplitude for the process to bb final state is given by

2 2
Ah(f’i [ )Lth

. 4.1
(s —m2)2 +mil3? @1

2 ~
M,

e One can observe the sudden decline in the relic curve for
both the individual contribution and the total relic around
the DM mass of my as the Higgs mediated annihilation
channel to WW final state becomes kinematically acces-
sible. The amplitude for the same is given by

2 2
e A sodo M AW 4m%, 12mY,
IMlyw ~ PG T +—3

(s =mp)= +m Ty $ §

“4.2)

for ¢9 and

222
M~ [ Dhosesthww o
IMlyw ((s—m§)2+mﬁr,§ B33 WW

N 2hhgs s MW w hgsgsww (s — mi>>
(s —mp)? +m;T;

4m? 12m4
X <1 — w + ZW)
S S
4
N 5o )psw-

S2(\/s —4mé3\/s —4m?3, cosyr +2m3, — s)2

X (s cos Y2 (s — 4(m§,3 +m%))

— 2s\/s - 4m§>3 \/s - 4m%v cos ¥
2
- 16m§,3m%4, sin 1//2 + s2>

(4.3)

+ the interference term
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for ¢3.

e There is a further sudden decline in the relic is evident in
the ¢ contribution and the total relic around the Higgs
mass (i.e. my ~ 125 GeV) as the annihilation to 2A final
state becomes dominant. The case for ¢3 contribution to
relic is slightly different as mentioned above. The ampli-
tude goes as

1 1
M3, ~ (xhhmﬂim(u_ —_— )

2

mg, t—mg,

2

Ahgicpi Muh

T ) . (4.4)
S — mh

e Finally, at DM masses higher than a few hundred GeV the
7' mediated co-annihilation cross-section takes over and
the Z' mediated channel to WW final state emerges as
the dominant contribution. The corresponding amplitude
is proportional to

A (s — 4m3,)(s — 4my)

4
8my,

)\2 2
WWZ'"™(3¢0) 3 Z’

2
My ~
2 2 12
(s =m%)? +m3, 7,

x <s2 + 12sm3, + 12mY, + cos(2y)

X (s2 - 4sm%,V + 12m?,v)), “4.5)

where Y is the angle between the incident and emergent
particle momenta to be summed over. The region above the
black line is disallowed by overabundance as per Planck data.
The relevant Boltzmann equations are given in Appendix D.

The relative contribution of the individual DM compo-
nents to the total relisczz abundance can be defined as a relic
fraction given by W%% for the ¢; component. The relic
fraction of each of the components is shown in Fig. 6. One
can observe that the contribution to the relic from individ-
ual components are of the same order for DM masses < 80
GeV due to similar diagrams contributing to both of them.
For DM masses > 80 GeV, the diagrams with WW as final
states become kinematically accessible. The diagrams shown
in Fig. 14 only exist for the ¢3 component and are absent
for the ¢p component. Hence, the ¢3 component annihilates
dominantly through these channels, especially through the
P33 WW vertex, leading to a very small contribution to the
relic. The ¢ on the other hand furnishes the major contri-
bution to the relic. As one explores higher DM masses, the
7' mediated diagrams start to become relevant. The con-
tributions are again comparable at the Breit-Wigner reso-
nance region corresponding to the Z’ mediator (i.e. around
Mg, ~ “Z ~ 2.5 TeV).

Next, we turn to the total relic abundance as a function of
DM mass in Fig. 7 but this time for various values of Z" mass
and two benchmark values of A> to complement our results
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Fig. 5 Relic abundance as a function of dark matter mass for various couplings (lagrangian parameters) in the multi-component dark matter
scenario with annihilation via & portal and co-annihilation mostly via Z’ portal for mz = 5 TeV
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Fig. 6 Contribution of each component to the relic abundance with benchmark values same as in Fig. 5 and 112 = 1073 (Left), 1072 (Right)

in Fig. 5. For the higher DM mass range not much difference
can be noticed in this logarithmic scale plot for various m 7
values apart from the shift in the Breit-Wigner resonance.
However, in the lower DM mass range there is strong com-
petition from the Higgs mediated channels. A heavier Z’
mediated process generates less cross section compared to
the Higgs mediated processes in low DM mass region. How-
ever, a lighter Z’ mediated process can produce comparable
cross section to the higgs mediated ones and thus contribute

to the relic significantly even in the low DM mass range as
evident in Fig. 7 (right).

4.3 Direct detection constraints

Direct detection experiments like Xenon1T [57,58], PandaX-
4T [59] and LUX-ZEPLIN (LZ) [60] constrain the parameter
space by non-observation as they provide upper limits on
the scattering cross-section of the DM candidates with the
detector nuclei in the non-relativistic limit. The expression?

2 We have assumed that the quark contribution to each of the nucleons
are approximately equal.

@ Springer



144 Page 10 of 17

Eur. Phys. J. C (2024) 84:144

For A12=1072 For A12=1073
— Planck Data ~  -seeeee- mz=2.5TeV — Planck Data ~  =seeeee- mz=2.5TeV
1000, s mz=5.0 TeV 1000, == mz=5.0 TeV
————— mz=10.0 TeV ===== mz=10.0 TeV
e
TN P Ve mma
R - TR —
b "\ ~
|| ...... el Sy _-u'/
. N et ’
\‘I R W
1075+ . 1078 B v ]
it o
10—9 L L L L L L 10—9 L L L L L L
10 50 100 500 1000 5000 104 10 50 100 500 1000 5000 104
Mg (GeV) Mgy (GeV)

Fig. 7 Relic abundance as a function of dark matter mass for various Z’ masses in the multi-component dark matter scenario

for spin independent scattering cross section of ¢o with the
nucleons of the detector material is given by [22]

2
si _ Mo Ahgogo my .nN
oNO= 7| T D rhag—— Iy
o0 h qg=u,d,s 4
2
2 my
N
+ 5 fe D rhag || (4.6)
g=c,b,t 4q
where, uo = %. The matrix elements ( f%) are given

in reference [61].

In addition to the Higgs mediated ¢poN — PN scat-
tering process mentioned above, this model also exhibits
a Z' mediated poN — @3N process. In the mass degen-
eracy limit of the DM candidates, both the contributions
are to be added together to arrive at the combined cross-
section. The relevant couplings Agyg,z7 = —Agsp,z and
Aziigu, = —Agg,q, are given in Tables 11 and 12. In the
multicomponent dark matter scenario, the quantity of rele-
vance to realise the constraints from direct detection experi-
ments by non-observation is given by the following effective
cross-section® [63-65],

Q SI
S 9N,
Qtot

where the DM-nucleon scattering cross-section is modified
with each DM candidate’s respective contribution to the relic
abundance and GAS,I ; s the summation of the contributions
from both diagrarrfs ¢iN — ¢;N and $; N — ¢;N. Fig-
ure 8 describes the experimental constraints coming from
XenonlT, PandaX-4T and LZ experiments on the effective
cross-section of the DM candidate ¢ as a function of DM
mass where LZ is clearly the most restricting of them all. A
similar set of constraints can be obtained for the ¢3 as well
following the same procedure.

- 4.7)

(U ]f]{l )eff

3 Fora detailed study with non-degenerate masses of the DM candidates
and the computation of total DM scattering rate see Refs. [62].
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It is evident from Fig. 8 that for a Z’' mass of 2.5 TeV
(motivated by the lower bound from Fig. 4), much of the
DM mass parameter space is already excluded upto around
2 TeV for both the benchmark values of coupling parame-
ter A1o = 1072 and 1073, Keeping every other benchmark
value same and modifying only the Z’ mass to 5 TeV brings
the DM mass exclusion region down to ~ 100 — 200 GeV
range and very interestingly opens up some parameter space
in the lower DM mass region of around 10 — 15 GeV for
A2 = 1073, A more careful look at the figures makes it
apparent that for A = 1072, the Higgs mediated diagram
plays an important role upto the DM masses around the weak
scale and beyond that the heavy gauge boson mediated dia-
gram takes over. However, the contribution of the Higgs
mediated diagram remains subdominant to the one medi-
ated by the heavy gauge boson throughout the DM mass
range for A1 = 1073, As expected, the cross section is more
suppressed by a higher value of the Z’' mass compared to
a lower value. The slightly raised plateau like shape of the
curves in the mid-range of DM masses depicted here are the
result of the fractional contributions of the individual DM
components to the relic. One also has to consider the neu-
trino floor [66] and the neutrino fog [67] in this regard as for
cross-sections too small the DM scattering will be difficult to
tell apart due to the presence of neutrino scattering. Similar
results are expected for ¢3 upto the relic fraction as is real-
ized in Fig. 9. The rise (dip) in the curves are indicative of the
substantial (negligible) contribution of ¢3 to the relic in that
DM mass region. Even though in this work we have worked
under the mass degeneracy limit of the DM candidates (i.e.
mg, = Mgy,), there is also in principle a scope for inelastic
scattering between the two DM components by softly break-
ing their mass degeneracy. However, that would lead to some
problems with the stability of the DM components and this
multicomponent DM scenario will effectively reduce to a
single component scenario as discussed in Sect. 4.1.
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Fig. 8 Constraints from direct detection experiments on the effec-
tive cross-section of dark matter candidate ¢y for benchmark val-
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Fig. 9 Same as Fig. 8 but for ¢3

5 Conclusion

In this work we have extended the SM with an SU(2) gauge
sector and the scalar sector with a bidoublet and a non-linear
sigma field. The neutral components of the Z, protected
bidoublet are suitable DM candidates. In the DM mass range
starting from a few GeV upto around half of the Higgs mass,
the constraint from invisible decay of higgs becomes impor-
tant and restricts the most relevant scalar sector coupling
parameter A1, with an upper bound of O (103 —1072). How-
ever, the sensitivity of direct detection experiments provide
a much more stringent bound for a typical scalar extension
under the WIMP scenario. In many scalar extensions, one has
to resort to the Breit-Wigner resonance to account for the DM
relic abundance while simultaneously satisfying the direct
detection constraints. In our multicomponent DM model the
extended gauge sector mitigates those strict constraints to a
great extent. The gauge sector couplings provide additional
channels for the DM annihilation and co-annihilation thus
increasing the velocity averaged cross-section and reducing
the relic to avoid overabundance. In the similar coupling

— Neutrino Fog
— Neutrino Floor

x
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the Neutrino Floor have been shown in the ﬁgures; Also, note that the
mass degeneracy (mg, = mg, at the limit (A3 + A23) — 0 following
Eq. 2.16) assumption makes the two masses interchangeable
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range this model can also be constrained with the direct
detection effective cross-section values from the experimen-
tal observations. Furthermore, we found that a Z’ mediated
scattering diagram can dominate a scalar mediated diagram
in a sizeable region of parameter space.
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Appendix A Perturbativity

The perturbativity of a model typically means that the loop
level contributions towards the scattering amplitude should
be lower than the tree level contribution. It must be ensured
that the available couplings in the model are sufficiently small
such that one can employ perturbation theory reliably to cal-
culate the s-matrix. In this model the cubic vertices between
the Z’' boson and ¢op3 or ¢p+¢~ scalars are proportional
to )lc As a result, for a very small values of x the decay
width F(Z/ — ¢o¢3/P¢T¢ ) becomes significantly large.
For those values of x, the perturbative treatment is not appli-

2
cable. From Eq. 2.14 one can see x = r;WTWZ This relation
suggest that the parameter x is dependent onztwo variables r
and M. In Fig. 10, we show the variation of the parameter
x in M, vs r plane.

The black line, blue dashed and red dotted lines signify
the contours of x equals to 0.05, 0.1 and 0.5 respectively.
From the plot one can notice for the » — 0 the value of x
enhances for the entire range of M /. With these numbers in

r
hand one can evaluate 5/ for the r ranging from 107! to
V4
1 and M, ranging from 1.25 TeV to 5 TeV. In Fig. 11, the
r
allowed region is 3/ < 1, where one can safely consider
VA
perturbativity.
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Fig. 11 The perturbativity limit is well respected in all regions of inter-
est. The dark cyan shaded portion represents the disallowed region of
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Table 3 Cubic scalar couplings

Aabe Couplings
hhh ALv

x
heodo e
hé3ps e
hote~ Ai2v

Tablg 4 Quartic scalar Aabed Couplings
couplings

hhhh 4

A
hheogo £

x
hhe3s '

- x

hhot Ao
$odododo 2
$3¢933¢3 2
pTote o A2
bodod33 2
A e
P¢ipte A2

Appendix B Couplings

The couplings are arranged in a tabular form as the following
(where 6 is the Weinberg angle):
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Table 5 Cubic higgs-gauge couplings

Table 9 Quartic couplings for charged scalar annihilation

Aabe Couplings Mabed Couplings
hZZ ‘%Tv sec? 0 (cosec? 0 + x2) ¢pTpTAA e’ + % sin? 0x?
WZ'7 e4v 2 cosec? 6 otop=727 €2 cot? 0 + €% cos? 0x2
W27 7%)( cosec? 8 sec P AV 2, cosec? 0 — § (1+2cot?0) — § (1 —cot? 0)x
+ 4= 2 2
AWEW 7(cosec 0+ x2) dTPTAZ 22e cot + 2¢2(sin 6 cos ) x2
AW W % 2 cosec? . VA ¢ cosec — e%(cos 0 cot O)x
AW - 7%)( cosec? oto=27 e;TZ cot @ cosec @ — e2(cos 0 cot? 0)x
¢pto WHW—  e?(cosec?§ + x?)
ot~ WTW' - 2‘3—27 cosec? 6 + é + %(cosec2 0)x2
- W W 2
Table 6 Quartic higgs-gauge couplings PTTWITW 2x cosec® ) — T(Cm 0)x

Xabed Couplings

hhZZ % sec? 6 (cosec? 0 + x2)
hhZ'Z’ %xz cosec? 0

hhZZ' —%x cosec? 0 sec 0
hhWtWwW-= %(cosec2 0 + x2)
hhW'tW'= %xz cosec? 0

hhW't W= —%x cosec? 0

Table 7 Quartic gauge couplings for DM annihilation

Mabed Couplings

dopoZ'Z' % + %(3 +2cot?0) + %(3 + cot? 0)x2
Godo W'+ W= L0 4 (342 co2 9) + 4 (3 + cot? 0)x2

G303 WTW— e2(cosec? 6 + x2)

P33 W TW'— 4% cosec? 6 — %(cosec2 6 + cot? 9) + %(cot2 6 — 1x?

< (cot? 0)x

i€ cosec? 0 + ’e (cosec? 6 + D)x

G3p3sWTW™ i cosec2 0 —
dopsW'TW

Table 8 Quartic couplings for charged scalar decay

Table 10 A few more couplings between the scalar and gauge sectors

Aabed Couplings

¢THTWT W —%(cosecze +x2)

Pt wImw- < (cosec? 6 + x?)

otptW W - % cosec? 6 + %(cot2 0)x

Table 11 Cubic Couplings of gauge fields and BSM scalars involving
derivatives

Aabed Couplings

(0¢0)p3Z’ — £ cosecd — 755 (2cotf + 3tan O)x
(0¢0)pT W'~ —ZL cosecd — @(2 cotf + 3 tan 0)x
3p3)poZ’ 55 cosect + =55 (2cotf + 3tan 0)x
Od3)pTW— —iecosect — E(sm 0)x?

g3)ptT W'~ — 5% cosec O + gy (2cot O + tan O)x
BpTpo W'~ 55 cosec ) + 5 (2cot§ 4 3tan 0)x
(0pT)ps W™ iecosech + iﬁ(sin 0)x2

(T3 W'~ é—e cosecd — oo (2cot 6 + tan6)x
(D¢~ A —ie — ¥ (sin? 0)x?

oMo~ Z —iecott — f(smécos 0)x?

(Cloant VA — £ cosec§ + 74 (2cot 6 + tan 6)x

Aabed Couplings

T poW =2’ - % cosec? ) — %(cosec2 0+ Dx
TP WA —e? cosec§ — e2(sin )x2

¢Tp:WZ —e? cos O (cosec? 0 + x?)

A XY Al —% cosec? 6 + %(Cot2 0)x

dtpoW' A % cosec 6 + %(cosecé + sin @)

ot poW'=Z % cot 6 cosecH + % cos (2 + cot? 0)x
PPz WTA —;—2 cosecf + %(cos@cot@)x

ot W—Z — 5= cotf cosect + & (cos 0 cot? 0)x
AR A 2(cosec 6 + x2)

Appendix C 2 — yy Decay Width

The CP-even Higgs boson can decay into di-photon channel
through loop mediated processes. In case of SM, the W boson
loop and different fermion loops participate in this process.
For the present model, in addition to these loop diagrams the
heavy charged gauge boson W' and the charged scalar ¢+
can also engage in the loop induced processes. In Fig. 12
we show the all the Feynman diagrams that can contribute to
these process. Refs. [68] have calculated this decay width for
MSSM scenario and adopting their formalism one can repro-
duce the width for the current model. The analytic expression
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Table 12 Cubic Couplings of gauge fields with quarks

Aabe Couplings

Zupuy, w —ggfu sin 6
Z'upur —%

Auruy w-f—gzcosm?u
Zdrdy —w — g Y;sind
Z'dpdy, e

Adpd; —w + g cos@f’d
ZURUR -2 sinel?u

Z'uRup 0

Allgupg 0 cosefu

Zdrdg ) sin@f’d

Z'drdg 0

Adgdg 2 005917(1

Wud %VCKM

W'ud _%VCKM

Table 13 Cubic Couplings of gauge fields with leptons

Aabe Couplings

ZEReR —82 Sin@?e
Z'eger 0

Aegeg g2 cos0Y,

Z\_)LUL W—gzsinef’l
Z'vpvg —%

Avpvp w + g cos@f/[
WELUL %

W/éLUL —%

Table 14 Relevant couplings of gauge bosons among themselves

Aabe Couplings
WWy e(l+x?)
W,W/y e (1 +x2)
wWW'y 0

wWwZz ecotfy (14 x?)
ww'z oo (1—x%)
wwz' —58- (1+x)

for this decay width is given in Eq. C1

2.5,
i

These equations have been solved to find the relic [70—
72] by defining an effective velocity averaged cross section

2
2,2 3

a“gc m
' — VV)ZW é:/ (ChH

m

@ Springer

in a similar way as in Refs. [73,74] considering appropriate
channels of production.

where I;l represent the individual loop contribution from dif-
ferent particles that flowing in the loop. In Eq. C2, we present
the explicit expression for Z ;l

7/ = NeQFRGFY (1)

w/w' o
" =R R (T ©
+ M3
TV = Rysa-Fo (1)
M¢i

Here N, and Q ; represents the color factor and electromag-
netic charges for each SM fermions. The Rihs are the relative
coupling strength of the three point vertices Aj;; (Where i can
vary based on the particle flowing in the loop) w.r.t corre-
sponding SM coupling. For the present model R? = 1 as the
fermion sector is identical to the SM. In case of gauge bosons
and the charged scalar the relative coupling strength would be
R(’V = (1 + x%sin® Oy ), R’;V/ = x2and R(’;i = 22—‘2"’ respec-
tively. To get the sense of these values one should the check
the corresponding vertices that are present in Appendix B.
The F; (t;) are the form factors corresponding to the gauge,
fermion and scalar loops which can take following form.

Fo=t[l—1f ()]
Fi==2t[1+0~-1)f ()]

F1=243t+3t(2—-1) f(7)

(C3)

2
where 7; = 21_121. and depending on the value of t the f (1)

can take following form

2
f(r) = |:sin1 (\@)} if T>1

or (C4)

2
__1 1+v1—1 . .
f(r)= 2 |:ln(—1+m> ln] if <1

Appendix D Boltzmann equations

The coupled Boltzmann equations for the multicomponent
DM are given by the following equations:

dng

? +3Hng = —(UU)()()(n% — n%eq)

—(ov)o3(non3 — no,,n3,,) (D1
dnj
— T 3Hny = —(ov)smy —n3 )

—(ov)o3(non3 — no,,n3,,) (D2)
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Fig. 12 All possible loop mediated processes that can contribute to 4 — yy decay mode
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Fig. 14 The extra ¢3
annihilation channels for relic ¢ ~ o
abundance calculation compared 3 NS
to ¢ annihilation channels T

where n; is the number density of ¢; and (o v);; is the velocity
averaged cross section of annihilation/co-annihilation of ¢;
and ¢ ;. The expression for the cross sections can be found in
many references including [8,29,31,69]. The corresponding
Feynman diagrams for ¢ annihilation are given in Fig. 13

w /W’
0 Y
|
Y Y
+
A y
R o }
Y
f ¢0 N s h
N 7
\\ h //
\\\ ///
P <
' N
d N
// \\
T N
e, % B
V¢, o h
V ¢0 //, \\\ h.
¢0‘\§_ - h

w ¢3’/’ %W

where V denotes the SM vector bosons. The ¢3 annihilation
channels are same as the ¢ channels except the additional
channels of Fig. 14. The Feynman diagrams corresponding
to the co-annihilation channels are given in Fig. 15.
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