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We present a class of new physics scenarios wherein the Standard Model (SM) is extended with
a new SU(2)p dark gauge sector. These frameworks typically include a Zs parity under which
states transforming non-trivially under SU(2)p have different parity assignments. After spontaneous
breaking of the SU(2)p symmetry via a new scalar doublet, the ensuing massive vector bosons with
non-zero D-isospin are Dark Matter (DM) candidates. Non-renormalisable kinetic mixing in the
gauge sector or a Higgs portal are not required to connect the dark sector to the SM. We introduce
instead a Vector-Like (VL) fermion doublet of SU(2)p, the members of which are singlets of the
SM Electro-Weak (EW) gauge group, which mediates the interactions between the dark sector and
the SM itself. This class of Fermion Portal Vector DM (FPVDM) allows multiple realisations,
depending on the properties of the the VL partner and the scalar potential. As a practical example,
here, we discuss in detail a realisation involving a VL top partner assuming no mixing between the
two scalars of the theory. We then provide bounds from collider and astroparticle observables. The
origin of the Zs symmetry in this class of models can be justified in the form of a dark EW sector
or through an underlying composite structure. The new class of FPVDM models we suggest here
has a large number of phenomenological applications depending on the mediator properties and can
be used for collider and non-collider studies alike, some of which we outline here for future studies.
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I. INTRODUCTION

The Standard Model (SM) of particle physics describes fundamental particle fields and their interactions under
strong, Electro-Magnetic (EM) and weak forces using the symmetry principle of gauge invariance. Further, through
the so-called Higgs mechanism, triggering Electro-Weak Symmetry Breaking (EWSB), the last two forces are actually
unified into one, the Electro-Weak (EW) one. Given the particle content and charges under the gauge group of the
SM, SU(3)c x SU(2)r x U(1)y, some of the particles in it are stable either due to the (unbroken) gauge symmetries
themselves (like the gluons and photon) or due to the fact that they are the lightest obeying a conservation law (charge
or number conservation) such as the electron and its neutrino. The latter is of some importance here, as the analysis
of the gravitational interactions at different scales in the Universe carries the prediction of the existence of matter
without EM interactions, called Dark Matter (DM), for which a particle interpretation is a natural possibility in the
framework of the SM. Herein, the only viable candidate is the aforementioned neutrino, alas, it is not compliant with
corresponding experimental observations. Hence, leaving aside other shortcomings of it, there is an obvious need to
surpass the SM.

We consider here DM as a vector (spin-1) gauge particle. Such a theoretical construction is extremely well motivated
and also constrained in the possible model building choices (see, e.g., [IH24] for discussions of both Abelian and
non-Abelian vector DM, in particular using non-renormalisable kinetic mixing terms or Higgs portal scenarios). Our
proposal consists in suggesting a set-up where non-Abelian vector DM does not necessarily require non-renormalisable
kinetic mixing or a Higgs portal. We propose instead a fermionic portal consisting of, in a minimal construction, a
doublet of Vector-Like (VL) fermions under a new “dark” SU(2) group, which are however singlets under the SU(2)p,
group. Scenarios with VL portals have also been explored in [25] [26], but for scalar DM candidates. The charge under
a new dark gauge group for the DM candidate can induce a phase of dark matter genesis in the early universe (see for
example in the U(1)p case [27]). We do not study this possibility in the following as it goes beyond the minimal model
set-up we wish to discuss here. There is also no mandatory reason for a fermionic mediator, but it is an interesting
possibility which can be moreover theoretically motivated [28] 29] and is restrictive [30H33]. In the SM the presence
of fermions reduces the custodial symmetry of the gauge sector and makes the W* and Z states unstable. In our
Fermion Portal Vector Dark Matter (FPVDM) model, the elements of the fermionic doublet have opposite Zs parity.
This parity is assigned to the different members of SU(2)p multiplets and assumed to be different depending on their
D-isospin. A discussion of the origin of such a Zs parity will be given in the following. A description of the class of
models we propose and, in particular, of a minimal set-up is given in the following sections together with a study of
the main implications (a selection of such results is presented in Ref. [34]).

The plan of our paper is as follows. The next section describes our model in all its aspects while the following
one concentrates on the origin of the Zs symmetry. We then look at the phenomenology of a particular realisation
of our model, dictated by simplicity and with interesting collider features, wherein we invoke a top-quark portal and
eliminate any mixing between SM and dark Higgs bosons.

II. THE DARK SECTOR AND ITS INTERACTIONS WITH THE STANDARD MODEL

We consider an extension of the gauge sector of the SM consisting of a new non-Abelian gauge group for which no
renormalisable kinetic mixing terms are allowed. Extra contributions to the kinetic mixing may arise at loop level,
depending on the structure of the Higgs sector, but they are suppressed in our case as discussed further in this section.
We will consider the SU(2) group, which is the simplest non-Abelian group in terms of number of generators, and
in the following it will be labelled as SU(2)p since it is associated to the dark sector. The gauge bosons associated
to the SU(2)p breaking are labelled as VP = (VBJW VDo VB_M), where, here and in the following, the superscript
identifies the electric charge and the subscript the isospin under SU(2)p (D-isospin). The full covariant derivative,
including the SM terms, is:

D, =0, - (i\%WfTi +igWSTy + z’g’YBH) - (if/%VBiHT,% T igDVBOMTg,D) , (2.1)

where g and ¢’ are, respectively, the weak and hypercharge coupling constants, gp is the SU(2)p coupling constant, T3
and Y are the weak-isospin and weak-hypercharge, respectively, while T5p is the dark-isospin associated to SU(2)p.
The indices of the Tp matrices act only on the SU(2)p elements and are diagonal with respect to the SU(2)r, ones
while the indices of the T matrices act only on the SU(2) elements and are diagonal with respect to SU(2)p.



Two complex scalar doublets are responsible for the spontaneous breaking of the gauge symmetries of the model:

+
oy = ZO > — (D) = % O) (scalar doublet breaking SU(2);, x U(1)y) ,
v
0 0 (2.2)
op = D¥i/2 | — (@p) = \% (scalar doublet breaking SU(2)p) .
YD-1/2 >\ vp

A 7Z, parity is introduced to stabilise the actual DM candidate, which is then associated to the lightest Zs-odd
particle of the model. It is now assumed that different members of the same SU(2)p multiplet have a different Z
parity. Possible theoretical motivations for this assumption will be developed in section [TI}

The connection between our dark sector and the SM is achieved by two new VL fermions, which are singlets of
SU(2);, and form a doublet under SU(2)p, labelled as ¥ = (¢¥p, ). This fermion contains a Zs-odd component
and a Zs-even component which, without loss of generality, can be identified with the T5p = +1/2 and Tzp = —1/2
D-isospin components, respectively (the latter can mix with SM fermions if they share the same quantum numbers).
The mass and interaction Lagrangian of the fermion sector is therefore:

— L= MgV + (yfiMoy M + /U op M + hoc) (2.3)

where ffl\l/{% generically denotes a SM left-handed doublet or right-handed singlet, y is the Yukawa coupling of the SM
and y’ is a new Yukawa coupling connecting the SM fermion with ¥ through the ®p doublet. The particle content
of the model is summarised in tab. [l

Scalars | SU(2) U(1)y | SU@)p || Z2

¢+
by = e 2 1/2 1 +
0
- ¢D+l — i
®p = 0 2 1 0 2 N Fermions | SU(2). U(l)y |SU@)p || Z»
_1
D3 . SM
w,v 1 1
ENV % I I
’ L
Vectors ‘ SU2) UQQ)y ‘ SU(2)p H Z3 uSM, SM 1 20 1 +
Wit + dF 1 —i-1] 1 +
W, =|w; 3 0 1 + P —
- U= 1 2
B, 1 0 1 +
V8+u o
VMD: VBOM 1 0 3 +
VB_, -

TABLE I. The quantum numbers under the EW and dark gauge group SU(2)p of the particles of the model. For SU(2). and
SU(2)p, the isospin and dark-isospin representations 7" and T, and their third components T5 and T5p are provided.

The most general dark Lagrangian is composed of field strength tensors for the vectors (SM and dark), the kinetic
and mass terms for the fermions and the scalars, the Yukawa terms and the potential for &5 and ®p:

Lp > _i(vﬁu)ﬂB,WﬂB"D,Vgi + PN M + WiV + | D@y |* + |Du@p|? = V(®w, Pp)
— WiNeu RN + Y UL p RN + h.c) — My WV (2.4)
The covariant derivative has been shown in eq. and the scalar potential is:
V(®p,®p) = —p20L &y — n2®L0p + AN @LOH)2 + Ap(@L00) + Aoy, @L oy &L O) . (2.5)

The potential contains a quartic term representing an interaction between the Higgs boson ® g and new scalar ®p
but, as it will be clearer in the following, even for Ag, ¢, = 0 the fields in the dark sector still interact with the SM
through the VL fermion mediator, thus the model does not necessarily require a Higgs portal.



We discuss now in more detail the origin of the kinetic mixing at loop level. The two scalar doublets are secluded
with respect to one another in the sense that the SM one has no dark quantum numbers (singlet with respect to
SU(2)p) and the SU(2)p one has no SM quantum numbers (singlet with respect to the SM). The operator giving
rise to kinetic mixing in the effective Lagrangian is a dimension-eight operator, in our case, of the form

%Fsngybq);Ii(aa)ij(I)Hj(I)TDk(ab)qu)Dl ; (2.6)
where 0% is a Pauli matrix (generator of SU(2);) and o® is a generator of SU(2)p. Here, Fj, and Fg"b are the
field strength tensors of SU(2)r and SU(2)p, respectively. The kinetic mixing term is obtained upon inserting the
Vacuum Expectation Values (VEVs) the Higgs doublets but, as already indicated, the operator is suppressed through
the fourth power of the large scale A. Concerning the origin of this effective operator in our model, the suppression can
be estimated with a one-loop two-point function mixing the two types of gauge bosons, SU(2)r, x U(1) and SU(2)p.
The fermion loop with four Higgs VEV insertions (two from @z and two from ®p) allows to connect the two types
of gauge bosons and is expected to be of order:

2,12 2,2
, 2.7
167T2M\% ?cy Y 9g9gpv vp ( )

where My is the mass of the VL fermion ¥ with both weak hypercharge and SU(2)p quantum numbers coupling
with a Yukawa type term 3’ to the Higgs sector.

A gauge mixing term is also possible using the quartic term in the scalar potential A, ¢ D@L@ H @L@ D, but its
contribution is more suppressed as it arises at two loop level.

A. EW and dark symmetry breaking

The minimum of the potential reads as

2 2 A A A
V((DH’ (DD)IIIiIl - _'ui'UQ - @U% + 7'U4 + 7D'U4D + 'I)Hq)*D U2U2D (28)
2 2 4 4 4
and the minimization conditions are
1 1
v(—p? + M? + §>\¢H¢DU,23) =0 and vD(—M2D+)\Dv%+§>\q>Hq>Dv2) =0 (2.9)

while the two non-trivial stationary points are

AApp? —2X 2 AAp2 — 2\ 2
v=+ DA (I;HCDDALD and wvp =+ ad q;H@Du : (2.10)
DD = A3 o DAD = A3 o

They are minima if the corresponding Hessian matrix is positive definite (i.e., if its eigenvalues are both positive,
being a symmetric matrix),

2 2 | Aepep 2
T (3)\1} — p* + =P, Ad &, VUD > 7 (2.11)

2 2 | degep 2
Ad®pVUD 3Apvp — pp + —5Lw

which, together with the requirements for v and vp to be real, leads to the following conditions for the Lagrangian
parameters:

/\@H@D <0and A >0 and A\p > 0 and A%{)H‘I)D < 4\)\p
uw#0and pp #0 and < or . (2.12)
Aoyap, > 0 and 2)\;1% > )\q>Hq>D,u2 and 2)\D,u2 > A¢H¢Du%

Finally, if the Higgs quartic coupling vanishes, A¢,, 3, = 0, the system simply reduces to two independent potentials,
V(®u,®p) =V(®y)+V(Pp), where the two terms have identical structure, corresponding to the SM one, and where

the minima are simply defined as:
2 2
v=+ “7 and vD:i,/&‘—D. (2.13)



B. Particle spectrum of the model

The model contains new scalar, fermion and vector states. The scalar and fermion ones can mix with SM objects,
potentially affecting observables primarily sensitive to the SM itself. In this section, the structure of each particle
sector is thus carefully described.

1. Fermions
The fermion component with T5p = +1/2 gets only the VL mass, therefore
Meyyp = M\p , (214)

while the other fermion masses are generated after both scalars acquire a VEV. The fermionic mass matrix reads as
follow:

! : v O
ﬁfn(_EMwL)MF<$ ) with MF< V2 ) : (2.15)
R Y V2 4

This mass matrix describes the mixing of a VL fermion with a SM fermion but, unlike in well-known VL scenarios
where the new states mix with SM fermions via the Higgs boson, in this case the mixing is driven by ®p and the
non-zero off-diagonal element is proportional to vp. The mass matrix can be diagonalised by two unitary matrices,
Vi R, leading to the mass eigenstates f and F', where f identifies the SM fermion and F' its heavier partner:

Ll = (fLFL)M§E (IJ;JZ ) = (fLFL)V] MrVir (;Z) : (2.16)

3 0 5in 6 0 in 6
The two rotation matrices Vyr = Co_b fLo SIOrL and Vi = CO_S fRSIMUSR diagonalise the products
—sinfyr cosfyr —sinfyr cosfrr

MEMI and MH M, respectively, and the mass eigenvalues are:

1
m%F =7 {y2v2 + 9?03 4+ 2M2 F \/(y2v2 + 203 +2M2)% — 8y2v2M\%} . (2.17)

The fermion sector contains therefore the SM fermion with mass my, a Zs-even partner with mass mr and a Zy-odd
partner with mass my,. The mass hierarchy is my < my, < mp.

It is possible to trade the Yukawa parameters for the masses of the physical fermions {m s, my,,mr} as:

(e~ )m, — )

mem
y=v2LE = (2.18)
Moy pV MypVD
The mixing angles can also be expressed as function of the masses as:
2 2 2 2 2
m4 mg —m mi —m
sin® 07, = 2f %, sin® 0y = % . (2.19)
my,, mE —my my — mj

The left-handed mixing angle is suppressed by the m? / mfbD ratio. This feature is different from usual scenarios where
a SU(2)p-singlet VL fermion is added to the SM and allowed to mix with SM fermions and where the right-handed
mixing angle is suppressed [35]. In this case, despite the fact that ¢ is a singlet under the SM gauge group, the mixing
is driven by the SU(2)p fermion doublet ¥ and the SU(2)p scalar doublet ®p, the elements of which are also singlets
under the EW gauge group and hence involves a right-handed SM fermion.

Finally, the new fermion sector is completely decoupled in the limit mp = my,, for which y = ysm = \@%,
y' =0, sinfs; =sinfyr = 0, so that the pure SM scenario is restored.



2. SU(2)p gauge bosons
The kinetic Lagrangian of &z and ®p evaluated at the minimum of the scalar potential reads as follows:
. 1 1 2
L o0n D (Vo) Mg Vi + 192U2WJFW_ + gg%U%(VBo)Q + %U%VB+V87 ; (2.20)
where VSMH = (B, Wj)T The SM gauge bosons are not affected by the new ®p scalar, and therefore their masses

correspond to the SM values. The gauge bosons of SU(2)p are all degenerate and their masses are

D
my =myg, =myg = %UD . (2.21)

The only electrically neutral and massive Zs-odd states of FPVDM scenarios are the SU(2)p gauge bosons V3,
which are thus identified as DM candidateﬂ The degeneracy in mass is broken by the different fermionic loop
corrections from f, F' and ¢ p corresponding to the different Zo parities of the SU(2)p gauge bosons, as shown in
fig. [I] For this reason, and for making the notation more compact, we will label the two gauge bosons as:

V/ V/

VD VD

Vv’ V!

FIG. 1. The Feynman diagrams contributing to mass corrections of SU(2)p vector bosons, V' (left) and Vp (right) at one loop
level. Zj-odd particles are highlighted in red.

VS, =Vp with mass my,
V5, =V’  with mass my-

The detailed discussion of 1-loop calculation is given in appendix [A] Here we show that the mass splitting Amy =
my, —my can be written in a compact form in terms of the parameters

mi —m m m
€ = 71:‘ 3 wD’ 62 = 72‘]0’ 63 = ‘QD 3 (2.22)
mg me mg
in the approximation of €, €, €3 < 1:
1
Amj €ghm3 [(20 + 3e3 — 15€3 + 20eze3) + 10(2¢2 — €3 — 2eqe3) log €3] 4 0(e, €2, €3) (2.23)

V= 64071’2va

For practical purposes, the expression for Amy can be further simplified by neglecting e and e3 and keeping the
leading term in €, which leads to the following simple form:

2,2 2. 2 2 _ 2
Am! — gpMy _  gpmygp MF — My,
vV — 2 - B) 3 .
32m2my, 32m4my, mi

(2.24)

The radiative mass splitting between the Vp and V’/ bosons plays a very important role in the determination of
relic density and DM Indirect Detection (ID) rates. The range of validity of the approximations for Amy presented
above depends on the specific realisation of the FPVDM model and the model parameter space. A detailed discussion
of the respective numerical results for Amy is given in section [[V] for a specific case study.

! In principle, the introduction of VL neutrino partners could make the Zz-odd member of the VL doublet a DM candidate, but a mixing
in the neutrino sector would require further new physics to account for neutrino mass generation. This non-minimal scenario is not
considered in the present analysis though.



3. Scalars

The scalar potential of eq. is constructed starting from the 8 degrees of freedom of all the scalar fields of the
theory: 4 for ® and 4 for ®p. The theory contains 6 massive gauge bosons: Z, W+, V/ and Vp (with two opposite
D-isospin values). Therefore 6 Goldstone bosons are needed to give the corresponding longitudinal components. Two
degrees of freedom are left, which correspond to physical massive scalars: the SM Higgs boson, h, and a further
CP-even scalar, H. By denoting the neutral scalars in the interaction eigenstates in terms of their components in the
unitary gauge as

¢ = %(v +hi), (2.25)
80()D—1/2 = \%(UD + 1), (2.26)

the Lagrangian terms for scalar masses can be written as:

Av? LTI h
Ly, = (hi ¢1) ( oo, > P ) ( ' > : (2.27)

2
=Poyvp  Apvp ¥1

The mass eigenvalues can be obtained by diagonalising the mass matrix via a rotation matrix Vg = .
—sinfg cosfg

cosfls sinfg >

and are
miH =+ A\pvd F \/()\’U2 —Apv})2+ 23, 0,200 (2.28)
while the mixing angle is
2 2)\ _ 2.,2 hY
sinfg = \/QmHU Tk D7D (2.29)
my —my

Even in the absence of explicit mixing induced by the quadratic term, i.e. even if A\¢,,4, =0, h1 and ¢; can mix at
one-loop via the their interactions with fermions. The consequences of this mixing, which can also affect Higgs-related
observables, go beyond the scopes of this analysis, and will be treated in a future work.

C. Flavour structure and Cabibbo-Kobayashi-Maskawa (CKM) matrix

The previous treatment assumed the presence of one VL SU(2)p doublet interacting with one SM fermion, without
specifying the flavour structure involved. If the full flavour structure of the SM is considered, different possibilities
might arise. A VL fermion can interact with one or more SM flavours and there can be multiple VL fermions.

The most general Lagrangian, representing the previous possibilities, is

L, = M[I]U]U[ + MéDJDJ + MgEKEK
+ Y@ Pruiy + yiVein @i Pndyy + yi L OrlR' + hec.
+ (y;)IjUIL(I)D’LL]S-%[ + (yé)JjDJLCDDdJS-%[ + (yl/)KjEKL(I)DljS-II\%/I + h.c. s (230)

where &5 = i@y, 4,7 = 1,2,3 are SM flavour indices and I, J, K run over the flavours of the VL partners. The SM
Yukawas have been diagonalised exploiting the flavour symmetries and the SM CKM matrix (i.e. the CKM matrix if
no VL states were introduced) and VCKM has been introduced to parametrise the misalignment between the flavour
and mass eigenstates in the down sector.

The most generic mass matrices read as follows:

yi v | i ytliVCZJjKML 0iJ ylzL 0iK
My = 2 , Mp = Sl , Mp= 2 : (2.31)
<(y;)1 e Mé) (o) | M} ()22 | M

The mass matrices can be diagonalised by two unitary matrices Vi, and Vg, with dimension 3 4+ {I, J, K} depending
on the fermion type. If the same VL fermion interacts with multiple flavours of SM fermions, the most constraining



effects are represented by modifications to SM observables, induced by Flavour Changing Neutral Currents (FCNCs)
[36, [37]. If for each SM fermion there is a VL partner, the matrix proportional to 3’ is diagonal as well and no
mixing is induced between different SM and VL flavours, thus fermions from the dark sector only interact with the
corresponding SM flavour. In the following we will limit the analysis to this simpler scenario.

An important property of this construction is that the CKM matrix of the SM receives contributions from new
physics. In fact, the SM charged current is

_ 9 ;-sMi I I3x3] 0%/ agMt
o = G U ( o [o77 | \ D!

[/ 3J i
_ 9 i ool i [ Vexwm |0 di
= —=(ug, up YV, Var ; (2.32)
V2 B0 ol dy
such that the entries of the measured CKM matrix are given by
Vil = (VJL)ingIl(MdeLj . (2.33)

D. FPVDM parameter space

The Lagrangian parameters of the model are the following:
e gauge couplings: g, ¢, gp;
e Scalar potential parameters: u, A, ip, Ap, Ae, 3,3

e Yukawa couplings and VL quark mass: y,y’, my,;

e Vokwm parameters.

Assuming that the new VL fermion interacts only with one SM flavour, these parameters can be traded for the masses
of all the physical states, the weak coupling constant g (or equivalently, the fine structure constant agy), the new
gauge coupling gp, the mixing angle between the scalar fields g and the measured CKM parameters. A complete
set of parameters is therefore:

{g,mw,mz}, {9p,mv,}, {mn,mg,sinfs}, {ms,mp,my,} and Voxw , (2.34)

but, since g, mw,mz, myu, my and Vekm are precisely measured SM parameters, we are left with the following six
independent new physics parameters, namely:

gDamVDvaaSin 037mF7m'¢'D . (235)

Approximating the CKM as a diagonal matrix for simplicity, the relations between the Lagrangian parameters
connected to the new physics components and the input parameters take a very simple form:

2 2
v=TW 0 =TV (2.36)
9 9D
2
A= &gni%v(mi cos? Og + m? sin” fg) | (2.37)
2
Ap = 8512 (mj sin® O + m3; cos® 0g) | (2.38)
Vb
9 9o .
>\(1)H‘I)D = m(m% — m}%) S 295’ 5 (2.39)
1 1
p? = 3 (m% cos® Og +m? sin? 05 + igip Tn‘;s (m3, —m3)sin 295) ) (2.40)
1 1
wh =3 (mi sin2 0 + m2 cos? g + 5%’—7’:W (m% —m2)sin 295> , (2.41)
Vb
gmymp
__gmyme 2.42
Y \/imemW ( )
gp\/(my —m2 ) (m2,, —m3)
y = - : (2.43)

\/im"l’DmVD
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The minimisation conditions of the scalar potential in eq. (2.12)) are automatically satisfied. If A\, 5, < 0, which

2 2
corresponds to my, > myr, the condition A3 4 < 4X\p translates into Tlﬁmgi 2

R m3m? > 0, which is always true,
2
while, if Ag, e, > 0, the conditions 2Au3, > Ag 0, 4% and 2App® > Ae 0,43, translate into §-Z-mim3; > 0 and
w
2
% nng m3im3; > 0, respectively, again automatically satisfied.
Vv,

For a perturbative analysis of the parameter space we need to identify the regions where coupling parameters do
not become too large, in order to make sure that all predictions on the model are reliable. A complete loop description
of all the sectors of the model is beyond the scope of this analysis and therefore we assume that perturbativity is
achieved by the requirement for all couplings of the FPVDM model to be (optimistically) below 4. For example, the
requirement A < 47 defines the maximal value of my for a given value of the scalar mixing angle, g, as shown by
the blue contour in the left panel of fig. [2 The same figure presents contours for the gp/my, ratio in the {mg,0s}
plane corresponding to Ap = 47, which indicates the perturbativity limit on the respective parameters.

The perturbative constraints on the Yukawa couplings y and y’ imply that the ratio between the masses of the

new fermions F' and ©p cannot be too large. The condition for y reads as nTTF < 47r‘/§Tme. At the same time, the
D
Yy’ < 4w condition is defined also by the gp/my,, ratio, as one can see from eq. (2.43). Both constraints from y and

y' perturbativity requirements are presented in the right panel of fig. [2in the (my,, nTTF) plane. In our analysis of
D

the parameter space we indicate the respective regions where perturbativity constraints are violated.

s my=my, my=4 V27melg
2 T T T — 10%
— value of gp/my, (GeV™") /
which gives Ap=4T
3|
8
10-1——
\ E§
n I \ |
m 4 [ .‘, " f‘f \LL
" [ S
| ‘ :10"'2
res T W11 e e Ny ML v SRPN
8 AN | | ‘\ ‘ 10j
\:‘ : | E
| 1 r
W : i
my (GeV) my, (GeV)

FIG. 2. Left: the maximum value of mpyg and minimum value of 05 for A\ < 47 and A\p < 47 as function of mg‘f’ . The regions
D

corresponding to Ap < 4 are to the left of the green lines. Right: the maximum value of the mg/m., ratio as function of
my, and 95 , and under different hypotheses about which SM fermion interacts with the SU(2)p doublet ¥, to satisfy the
D

m

perturbativity conditions {y,y’} < 4.

III. ON THE ORIGIN OF THE Z; PARITY

One of the main open questions of the construction presented in this analysis is the origin of the Zs parity. In
section [II| this parity has been assigned to the different members of SU(2)p multiplets and assumed to be different
depending on their D-isospin. However, a theoretical origin of the parity would provide a robust ground for the
consistency of the model. In this section we explore two options for explaining the origin of the Zs parity.

The first involves the existence of a further U(1)p extension of the gauge group in the dark sector, which would

generate a mirror version of the SM EW sector, the two of which can be connected by the mixed (<I>T<I>)(<I>];)<P D)
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quartic term in the full potential and by the gauge kinetic mixing between U(1)y and U(1)p. In this scenario the Z
parity would be associated to a dark-charge all in all analogous to the EM charge of QED, thus giving literal meaning
to the notation V), and V. for the SU(2)p gauge bosons in the dark sector.

The second involves the existence of a strongly-coupled sector whose condensates form the particle in the low energy
regime, in particular, a residual parity for the composite sector is present due to the specific vacuum alignment present
in this kind of models (which would typically also imply an extended Higgs sector). A detailed discussion is given in
[38] and further used in [39] for the case of a scalar DM candidate.

A. A dark EW sector

In this scenario the SM is augmented with a dark sector constructed starting from a dark gauge group Gp with
same structure as the EW gauge group of the SM. The gauge group is spontaneously broken as:

g = QSM X (]D = SU(?)L X U(l)y X SU(Q)D X U(l)YD — U(I)EM X U(l)D . (31)

The gauge boson associated to U(1)yp is labelled as B?)o;u The full covariant derivative is:

D, =0, — (i\%WjﬂTi +igW3Ty + ig’YBu) - (if’/%vgigg +ign Vo, Tsp + ingDB,%O#) , (3.2)
where g and ¢’ are, respectively, the weak and hypercharge coupling constants, gp and g/, are the SU(2)p and U(1)yp
coupling constants, T3 and Y are the weak-isospin and weak-hypercharge, T5p and Yp are the dark-isospin associated
to SU(2)p and the dark-hypercharge associated to U(1)yp and where the indices of the Tp matrices act only on the
SU(2)p elements and are diagonal with respect SU(2);, while the indices of the T matrices act only on the SU(2)
elements and are diagonal with respect to SU(2)p.

The unbroken U(1)p continuous symmetry is associated to a conserved charge, labelled D-charge, defined as:

RQp=Ts5p+Yp. (3.3)

Notice that the D-charge is not associated with the electric charge: electrically neutral particles can be D-charged and
vice versa. The only assumption to be made in this scenario is that all the SM states are neutral under the conserved
D-charge @Qp. This however does not necessarily imply that all the states of new physics are charged under U(1)p or
that they must be neutral under the conserved SM charges.

The fields responsible for the breaking of the gauge symmetry are the two scalar doublets & and ®p described in
section [[} Since @ is singlet with respect to the dark gauge group and ®p is singlet with respect to the EW gauge
group, given the absence of gauge kinetic mixing terms, no mixing is induced between the fully neutral gauge bosons
W2, By, VD, and Bjy,, In complete analogy with the SM, by counting the number of bosonic degrees of freedom,
one massless gauge boson is predicted in the dark gauge sector and the other dark gauge bosons receive different
masses. We can thus define the mass eigenstates yp, Z% and W2 with values

M, =0, (3.4)

1
My = 2\d + o vp (3.5)
My = %DUD , (3.6)

such that the masses of the DM vector VB:I: and of the D-charge-neutral gauge boson V)(@)o receive a splitting propor-

tional to % gpup. The particle content of the model is summarised in tab.
The presence of two U(1) gauge groups, however, allows for the existence of a renormalisable and gauge-invariant
kinetic mixing term, such that the Lagrangian of the U(1)y x U(1)yp sector is:

1 1
- EKM = iBuVBILV + ZBD;U/B%U + %BWJB%V ) (37)

where Bp,,, is the field tensor of U(1)yp and ¢ is the kinetic mixing parameter. The diagonalisation of the kinetic
terms can be obtained through the rotation [40]:

Br o\ 1%252 0 cosf), —sinby BY (3.8)
B -1 sinf cosOy BY ’
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EW Dark Unbroken
SU@)L Uy |SU@)p U@vo || UMen U

Scalar fields

ot 1 0

= 2 1/2 1 0
0.1 0 1

op=| Dtz 1 0 2 1/2
Q0D7% 0 0

Fermion fields

SM
M = ( ’gﬁ) 2 1/6,-1/2| 1 0 Tss+Y; 0O
d,l T,
uft, M 1 2/3,0 1 0 Tsp+Ys 0O
d M 1 -1/3,-1 1 0 Tss+Ys O
PP 1
— 1 2 1/2
T < v Qu / Qu 0
Vector fields
W,k 0
Wu=| W3 3 0 1 0 0 0
4% ~1 0
B, 1 0 1 o || o 0
VDO+;L 0 1
Vo = | VBou 1 0 3 0 0 0
VB 0 ~1
Bbo, |1 0 1 o || o 0

TABLE II. The quantum numbers under the EW and dark gauge group SU(2)p x U(1)p of the particles of the model. The
charges of the unbroken groups U(1)em and U(1)p are also provided.

The kinetic-mixing term induces a modification in the mass mixing matrix of the fully neutral gauge bosons. Upon
diagonalisation, two massless eigenstates are obtained, corresponding to the SM photon and to a massless dark photon,
and two massive eigenstates, corresponding to the Z boson and to a massive Z’ boson. The full expressions of the
mass mixing matrix and of the mass eigenstates can be found in appendix [B] Expanding the mass eigenstates of Z
and Z’ for small €, the lowest order terms assume a simple form:

02 (% + g2 — gdv?
MQ{g2+g’2<1+ DD €2>}+O€4 , 3.9
774 (9% +9)1v* = (9p + 95)vh ) (39)
02 9202 — (g2 + ¢2)v?
Mz =-L2 {92 + g7 <1+ DD/ D 62>]+(9 et 3.10
7= [t (U g e g ot )] O 1

which in the e — 0 limit (no kinetic mixing) reduce to the SM value and eq.(3.5)), respectively. The implications of
this scenario and the derivation of its experimental bounds are beyond the scope of this analysis and are reserved for
future developments.

B. A composite origin

In the case of composite models the discrete symmetries allowing the stability of the DM particle depend on
the model building details of the composite sector. However, this does not mean that the DM candidate and the
corresponding discrete symmetries are an arbitrary choice. The composite effective chiral Lagrangian is invariant
under a parity changing the signs of all the pseudo Nambu-Goldstone Bosons (pNGBs), as they appear in bilinear
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terms in the Lagrangian. Furthermore, these models contain by construction explicit symmetry breaking terms, so
more scrutiny is needed to understand if a pNGB can be stable due to a residual parity and therefore be used as a
particle describing DM. The origin of the non-invariance with respect to parity (and also charge conjugation) is due
to the choice of the vacuum while the strong techni-sector at the origin of these models is instead parity invariant
as it is VL with respect to the composite gauge dynamics and the SM gauge group. Once possible parities acting
on the pNGBs are identified, these models require a careful check of their invariance, including the Wess-Zumino-
Witten terms. In explicit realisations studied in the literature, e.g., in [38,39], a stable pNGB multiplet allowing the
description of DM can indeed be found.

IV. A CASE STUDY: TOP PORTAL WITH NO MIXING BETWEEN h AND H

This section is dedicated to a specific realisation of the model. It is assumed that only one VL partner exists, and
interacts exclusively with the SM top quark, plus it is further assumed that the Higgs bosons h and H do not mix,
i.e., g = 0. These choices significantly simplify the expressions of the Lagrangian parameters, which read:

2mw m?2 g2m2
U:Tv M2: Tha A= 8m2h7 (41)
w
2my, o m%, gQDm%I
Up = a0 y Up = T? )\D 8m%/D ) )‘q>H<I>D - 07 (4 2)
v \/ﬁmtpmw yt mtD 7 yt \/imtp myp ’ .

where the Zs-even(-odd) partner of the top quark has been labelled T'(tp), the SM Higgs sector is left unaffected by
the new scalar, and ®p has a potential completely analogous to the Higgs one. The hierarchy between the masses in
the fermion sector is the same as discussed in section @ ie. my <my, < mp, but H can have any mass allowed
by experimental bounds, including being lighter than the SM Higgs boson in principle.

The respective new physics parameter space for this model is five-dimensional:

gD7mVD7mH7mT7mtD . (44)

We chose this realisation as a case study since, on the one hand, it is minimal while, on the other hand, it allows
to explore a scenario where a non-Abelian dark sector is not connected to the SM via a Higgs portal at tree level.
Furthermore, connecting the dark sector only with the SM top quark allows for an exploration of multiple interesting
signatures at collider while reducing the impact of constraints from direct detection.

As anticipated in section the mass splitting between my,, and my/, Amy = my,, —my-, plays an important
role for DM phenomenology. First of all, we have that Amy > 0 in the whole parameter space of the model, with the
approximate expressions for Amy, given by eqs. and . Since my,, > my, VpVj — V'V’ process for DM
annihilation will always take place for any point in the parameter space to crucially contribute to the list of processes
defining relic density and to extend the viable parameter space from the relic density constraints point of view. The
VoV — V'V’ process will also contribute to the DM indirect detection signal.

Numerically, the value of Amy varies in a very wide range, as it scales as g% and it is proportional to m3. — me.
One should also note that Amy does not depend on my. In fig. [3| (left) we present the iso-contours for Amy in the
{mi,,my, } plane for gp = 0.1 and mr = 1600 GeV, while in fig. [3[ (right) we show how Amy evolves as function of
my,, for the specific value of m;, = 1590 GeV, all other parameters being the same. The value of my is chosen to be
safely above the current upper limit on VL top partners at the LHC [4I]. For our particular choice of gp and mr,
Amy can be as large as 1 GeV, while its minimal value reaches zero for a vanishing value of mqp —my,,. In both frames
we present a comparison of the exact one-loop result for Amy and its approximations given by eqs. and .
It is possible to see from fig. |3 (right) that the approximate formulae are very accurate for a small mp —m;, splitting,
but break down for my,, close to the m; 4+ m,, threshold, where the one-loop corrections are highly non-linear with
respect to the expansion parameters used in approximate expressions for Amy . Moreover, for small values of my,,
the one-loop mass corrections can be large, making the evaluation of Amy unstable perturbatively. Therefore, we
indicate the region where one-loop corrections to the masses of Vp and/or V'’ become larger than 50% by the hatched
area.

The lifetime of V' does not directly depend on Amy . However, the Zo-even SU(2)p gauge boson can also be long
lived, if the DM is light enough. The only tree-level interaction of V/ with SM particles is with top quarks, due to its
mixing with T'. If the mass of V' drops below the ¢ threshold, it can only decay directly to a three-body or four-body



14
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FIG. 3. Values of the mass splitting Amy = my, —my- in the (m:,, my, ) plane for a specific choice of gp, mr and mpg (left
panel) and as a function of my,, for a specific value of m,,, (right panel). The red, green and blue curves correspond to results
from exact expression, approximated formulae eq. and eq. @7 respectively. The region where one-loop corrections to
the masses of Vp or V’ become larger than 50%, so that a perturbative treatment is questionable, is also highlighted.

final state with T bosons and b quarks via the off-shell top quarks, or decay to a bb final state at one-loop, see the
Feynman diagrams fig. left). The latter, although suppressed by the loop factor, becomes dominant due to the
smaller phase space, as shown in fig. centre and right). This loop-induced diagrams prevent V' to live too long to
spoil Big Bang Nucleo-synthesis (BBN) but, when the gp coupling is small, the tp mass approaches the decoupling
limit (m¢, = mr) and the DM is light, so V' becomes long lived at colliders. Therefore, it could provide a signal for
searches of long-lived neutral bosons decaying into bb pairs.

gp =0.05, m¢, = 1500 GeV, mr=1600 GeV gp =0.05, m¢, = 1599 GeV, mr=1600 GeV
W+ 1073 10-12 1077k 10-8
t(*) b 1074k 10-11 1078 | 31077
% —~ 1075 -10 —~ 107°F {10-6
B % 10 = % 10 —
() G 10} 100 @l ji0s £
W= > 107} 108 " S 10uf 1102 ¥
b
-8 / -12
10 J’ —— oneloop {1077 bl | —— oneloop {1073
10-° tree level } 10-6 10-13 | tree level 3 10-2
—— total | —— total
10710} A - . . . . . 10-5 1071k A . . . " " o1
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 160]0
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FIG. 4. Left: Tree-level and one-loop diagrams for V' decay. Center and right: decay width and lifetime of V' at tree and
one-loop level for gp = 0.05, mr = 1600 GeV and different values of m;,.

In the following sections, this model is tested against multiple observables from cosmology, direct DM detection
experiments and LHC searches. For this analysis we implemented the Lagrangian of the model in the LANHEP [42]
and FEYNRULES [43] packages while model files have been generated in CALCHEP [44], FEYNARTSs [45] and UFO [46]
formats. The implementations have been cross-validated against each other and are available in the HEPMDB [47]
repository. In addition, the LANHEP model files were cross-checked in both Unitary and t’Hooft-Feynman gauges
within CalcHEP. We used MICROMEGAS v5.2.7 [4§] for calculating DM observables and for setting the corresponding
limits (see section[[V A)) as well as for the evaluation of some LHC processes. The model implementation in UFO format
has been used in MG5_AMC [49] for the determination of the complete set of LHC constraints (see section [V B].
The FEYNARTS model files from LANHEP were used to generated one-loop corrections to masses of SU(2)p gauge
bosons by FEYNCALC [50], FEYNHELPERS [51] and PACKAGE-X [52]. A simplified version of the model has been
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implemented to calculate cross-sections at one-loop level in MG5_AMC and FORMCALC9.8 [53].

A. Constraints from DM relic density, direct and ID

There are many non-collider experiments dedicatedly searching for signals of DM in space and on the Earth which
play a very important role in limiting the DM parameter space and in the identification of viable DM models. These
experiments are devoted to the precise determination of DM relic density as well as to Direct (DD) and Indirect
Detection (ID) of DM. In particular, the PLANCK experiment has measured the relic density with a precision better
than 1% [54]:

Qplanckp? = 0.12 4 0.0012. (4.5)

In our analysis, we will select points that satisfy this constraint, bearing in mind that points which predict a relic
density below PLANCK constraint could still be allowed if new sources of DM exist besides Vp.

For DM DD we use the limits from XENONIT [55]. The XENONIT experiment provides the most stringent upper
limit (compared to LUX (2017) and Panda-X (2017), see Fig.5 in the reference [55]). Afterwards, we will refer to
the DD limit as the one from XENONI1T. The result from XENONIT is reported as DM-nucleon’s cross-section as a
function of DM mass with the range of Mpj; = [60,1000] GeV. We have evaluated the DM spin-independent cross-
section off proton by using the MICROMEGAS package. In order to compare MICROMEGAS’ result with XENON1T
limit, we rescale the cross-section by

. Q
o1 = (o ) o (4.6)
DM

and exclude points for which g1/ axenoan > 1.

ID DM searches are being performed by many experiments, including Fermi-LAT [56], IceCube [57], ANTARES
[58], etc. However, these experiments rely on the DM local density and velocity distribution as well as the propagation
of the particles in the galactic plane, and, therefore, the respective predictions are affected by various uncertainties
of astronomical nature. To be independent of these uncertainties, in this study, we use the Cosmic Microwave
Background (CMB) limit on DM ID based on PLANCK data. We consider the product of the DM-self annihilation or
the DM decay into SM particles. By studying the effect of energy injection from DM annihilation products (electrons,
positrons, gamma-ray, neutrinos and anti-protons) to the galactic medium which is sensitive to the CMB anisotropies,
the upper limit on the energy injection measured by PLANCK is:

3
Pann < 3.2 x 10728 % at 95% C.L., (4.7)
with
flov). 1 Q 2
_ J i DM
Pann - Z MDM (Q%lﬁﬂ(:k) ’ (48)
j

where (ov). is the thermally averaged partial annihilation cross-section for the j channel while f"ff is the energy
fraction of bM annihilation transferring to the plasma for the jth channel. To construct the quantlty P.nn, we use
MICROMEGAS to calculate (ov) ; for all possible channels and neglect those that contribute to the total annihilation

cross-section less than 0.1%. The effective fraction of energy ijﬁ' was thoroughly studied and provided for almost
all DM annihilation processes into two SM particles in the final state in [59] [60]. For non-SM particles in the final
state of 2 — 2 processes, for example Vp,Vp — V', V'/V' H/H, H, we make the approximation feff o=~ ~ ;g.
This approximation is reasonable because each Vp/H eventually decays into 3 pairs of quarks anti-quarks and the
energy fractions stored in each quark anti-quark pair (u,d, s, c,b,t) are not significantly different. The annihilation
cross-section in eq. is rescaled by (Qpy/Qb12n%)2 due to the two DM particles in the initial state.

We have finally checked that the model does not spoil predictions from BBN when the life time of V'’ is too long, such
that it decays during or after BBN, eventually spoiling the observed neutron to proton density ratio. For my: < 2my,
the dominant decay to bb via the loop-induced process discussed above makes V" lifetime much shorter than the value
excluded by BBN. So, in this respect, BBN does not exclude any region of the parameter space of our model that is
allowed by relic density constraints.
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B. Collider constraints

In the scenario under consideration the top quark is the only SM particle which interacts with the dark sector.
Processes involving top quarks in propagators or final states are therefore affected by new physics contributions. The
model contains a complex vector DM candidate but two different kind of mediators: the VL and Zs-odd top partner
tp and the two Zs-even bosons H and V', which however can only be produced at the LHC via interactions with the
top quark or its Zs-even partner t’.

A list of relevant signatures for the scenario are provided in tab. I A mono-jet signature can only arise at loop
level, while the t¢ + E} and t{tt one can receive both tree- and loop-level contributions, which might be of similar
size depending on the regions of parameter and phase space. Given the preliminary and explorative nature of this

Process ‘ Representative diagrams
J BEEEEY—>—"VV Vb 9 v
. . o) .
mono-jet (only loop) t/Totp }I, H—‘rﬁzzv }b, + jet from ISR or from loop
J TTETE VWV, Vb g v
g9 t
9 , t
_ . g D V ) ,r Vb .
tt+ Eqrguss 9 'I)}E}Iulxx E__ }IL‘]I)]L\\
/” Vb H Vb
g t
g i
titt
g TBTEO——T - - - - - h 9 o5TTT
V/
! AV H
RV’ and V'V’ (only loop) /T t/Tto » ---“tﬁl,:
!
g ToTTT V' J-oo500 VWV VY g STV v

TABLE III. List of relevant processes at the LHC. Z2-odd particles are highlighted in red. Due to its purely VL nature, tp
cannot interact with the scalars.

analysis, in the following, we perform a recast of current LHC searches only for the tree-level processes to obtain
constraints on the parameter space of the model.

The simulations are performed at Leading Order (LO) with MG5_AMC [49] in the 4-flavour scheme using the
NNPDF3.0 LO set [61] through the LHAPDF 6 library [62] (LHA index 262400). No resonant propagation of new
particles is imposed, to allow for the inclusion of interference and off-shellness effects when relevant. For the tf+ Emiss
signature, in the region of a small mass gap between tp and Vp, where m;, — my, < my, simulations are performed
for the 2 — 6 process pp — WHbW ~bVpVp. The recast is done through the MADANALYSIS 5 framework and the
searches considered for the recast are different depending on the process:

o for the tt+ E%}‘iss processes we used a CMS search for top squark pair production decaying to DM, in final states
with opposite sign leptons and missing transverse energy ER' [63], recast in [64].

e for the tttt processes we used a CMS search for four top quarks in final states with either a pair of same-sign
leptons or at least three leptons, in addition to multiple jets [65], recast in [66].

In both cases, the searches target the very same final states predicted by our model, and are therefore ideal for
determining constraints from collider.

The loop-level diagrams can be relevant especially when the particles which decay to the final states are produced
resonantly: in this case the loop suppression can be compensated by the lower multiplicity in the phase space. For
the AV’ and V'V’ processes we have only computed cross-sections using a simplified version of the model suitable for
one-loop calculations in MG5_AMC, to estimate if they can be tested against data from current searches.
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We explore the viable parameter space of our model as well as the effect of the cosmological and collider constraints

by performing a comprehensive scan over the 5D parameter space in the following ranges:

1073 < gp < 4rm
10 GeV < my, < my,

my < my, < mrp < 10* GeV

10 GeV < my < 10* GeV

(4.9)

In fig. 5| we present the results of this scan showing projections into various planes: (mv,,gp) (a), (mmg, mv,) (b),

(Mip,myy,) (¢) and (mep,, gp) (d).
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FIG. 5. Excluded and allowed region of the parameter space of the model from the full five-dimensional scan of the parameter
space projected into (mv,,gp), (mw,mvy,), (M, mv,) and (me,, gp) planes. The white areas represent: top-left corner of
panel (a) — non-perturbative region of the parameter space; panel (b) — kinematically inaccessible my,, > m;, region.

corresponding to generic DM annihilation (via VpVp — V'V’ and t-channel VpVp — ¢t processes), resonant (H)
annihilation and DM—tp co-annihilation regions respectively. The representative Feynman diagrams for these channels
are shown in fig. [} In these regions the relic density constraint from PLANCK is satisfied within 5%. The grey colour
indicates the under-abundant DM relic density region. From fig. a) one can see that the generic DM annihilation
(diagrams (a)—(c) of fig. [6)) determines a narrow strip in the (gp,mv,,) plane indicating the correlation between gp
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and my,, to arrange the right amount of DM. For values of gp below this band these processes cannot provide large
enough cross-section for DM annihilation and this leads to the excluded over-abundant DM region indicated by the
red colour. One can clearly see this region in all panels of fig. [5] for large DM masses. However, there are additional
processes which provide an effective DM annihilation and respectively low DM relic density, consistent with PLANCK
data. One of them is VpVp — H resonant annihilation, representative diagram for which is shown in fig. @(d) This
process allows one to extend the viable parameter space into the lower region of gp (by up to two orders of magnitude)
indicated by the cyan colour. This can be clearly seen in fig. b), which presents the cyan H resonant band which
goes across the whole parameter space in the (mgy,my, ) plane.

Another process, the DM-tp co-annihilation channel (see representative diagram in fig. @(e)), provides viable pa-
rameter space even for lower values of gp for my, > m; and m;, values below 2 TeV. The respective region is
indicated by the blue colour, which can be clearly seen especially in (ms,,my,) as a narrow resonance band. At
the same time, when my, is above 2 TeV, neither DM-{p co-annihilation nor H-resonant annihilation are effective
enough to provide low enough relic density for gp values below the generic DM annihilation region. Therefore, the
region with low gp and large my,, is excluded due to the over-abundant relic density indicated by the red colour.

Furthermore, notice that the regions with low my, and large gp values are partly excluded by DD and/or ID
experiments as indicated by magenta and orange points, respectively. The region of DM masses which can be tested
and excluded by the LHC is presented by the violet region. This parameter space, which can be seen in all panels
of fig. |5} is related to constraints on the tt + EX signal at the LHC coming from ¢pfp pair production. For the
masses of tp below about 900 GeV this signal would be observed if there is enough phase space for tp — Vpt decay.
This process is important in setting one of the main collider constraints on the model under study.

The four projections presented in fig. [5] allow one to understand better and reveal the non-trivial shapes of the
allowed and excluded regions over the 5D parameter space of the model. For example, the orange colour, which
presents the DM ID exclusion region, takes place for my,, < 20 GeV (fig. [a,b,c)), gp < 0.06 GeV (fig. [ff(a,d))
and mg < 3 TeV(fig. [5{b)). In Fig. fig. f|(b), one can see that DM ID exclusion takes place (besides the low my,
region discussed above) also along the very middle of the cyan band, where my, = my /2. Indeed, in this case, DM
effectively annihilates through the H state into ¢, V'V’ or gg, distorting precise CMB data, which therefore also limit
the model parameter space. This region cannot be clearly seen in other panels, where it is presented just by randomly
scattered points.

h g
Vb v’ Vb v’ Vb MWWVWW——1 Vo o Vs T bt
Vb tp ] == %
Vb V! Vb v’ Vo manb——; VP g P W2,k
(a) (b) (d) (e)

()

FIG. 6. Representative contributions to relic density. From left to right: 4-leg; t-channel DM annihilation; DM annihilation
via resonant H; DM-mediator co-annihilation. Zs-odd particles are highlighted in red.

In order to assess the relative role of the different constraints in identifying the allowed region of parameter space of
our model we identify different benchmarks, characterised by fixed values for the masses of the Zs-even top partner,
mp = 1600 GeV, and of the new scalar, my = 1000 GeV, as well as different values of the new gauge coupling
gp = {0.05,0.1,0.2,0.5}. These choices have the following rationale: 1) the gauge coupling can either assume a small
value for which constraints from over-abundant relic density only allow tiny regions of the parameter space or a larger
value for which such constraints become weaker; 2) the Zs-even partner of the top is heavy enough to evade current
LHC bounds based on pair production and considering decays into SM final states [41]; 3) the mass of the H state is
large enough for it to decay into a top-quark pair. This affects the relative contribution of the diagrams mediated by
H in table [Tl

The complementarity of cosmological and collider constraints can be represented in the {m;,,my,} or {m;,,1 —

Vp } planes. The former, shown in fig. [7} allows us to highlight the low my,, region while the latter, shown in fig. E

me
emphasises the small mass gap region between tp and the DM particle. The interplay between relic density constraints
and LHC bounds is largely sensitive to the gauge coupling value. For smaller values of the gauge coupling, gp = 0.05
and gp = 0.1, the measured amount of relic density is reconstructed only for light DM masses, my,, ~ O(10) GeV,
and in a narrow region where the mass splitting between ¢t and the DM is small, less than ~ 10% of m, .

In the small my, region, strong constraints from ID limit the allowed parameter space to m;, values approaching
mr, i.e. the region where the mixing between 71" and ¢ becomes small. ID constraints however disappear for increasing
values of gp, corresponding to a reduction of relic density values, due to the scaling reported in eq. (4.8]). Furthermore,
the region with small my,, and either minimal or maximal mixing in the fermion sector is excluded by DD constraints.
The weakness of such constraints are expected due to the suppressed interactions of the DM with the gluons in the
nuclei, only possible at one-loop level via mediation of the top or its partners through the diagrams shown in fig. [0}
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FIG. 7. Combination of constraints from LHC, relic density ID and DD in the {m.,,mv,} plane for mr = 1600 GeV,
mp = 1000 GeV and different values of gp. The coloured regions are excluded. The measured relic density value is reconstructed
on the borders of the excluded region. When constraints from ID are absent, cross-sections for AV’ and V'V’ production
processes are shown. The non perturbative region corresponds to corrections to the gauge boson masses larger than 50%.

Co-annihilation processes become effective in the region where the mass gap between Vp and tp is tiny and in a
narrow region centered around my, = mg /2, where H is produced resonantly and decays into gluons via top and T'
loops. In these areas the relic density is drastically reduced, becoming under-abundant. The small bell-shaped area
visible in the middle of each panel of fig. [8| with gp < 0.5 corresponds to the process in which T is produced resonantly
and decays into SM final states Wb, Zt or ht, see fig. [} If the gauge coupling becomes large enough, it becomes
eventually impossible to reconstruct the measured value of the relic density and the entire allowed parameter space
of the model corresponds to an under-abundant relic density. In this case, the theory would not be able to explain
the whole observed DM content of the universe and other sources of DM would be needed.

The LHC bound comes exclusively from the t£+ E%“SS signature, dominated by the pair production of tp states. The
bound is almost independent of the mass of ¢p and constrains the region 250 GeV < my, < 850 GeV, independently
of gp, until the mass difference between tp and the DM becomes small: in this case the missing energy component
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FIG. 8. Same as fig.[7|in the plane {m.,,1— %}, to highlight the region where the DM and ¢p have a small mass splitting
D

Contours corresponding to the lifetime of tp (in a region where it can be long-lived) are also shown.
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FIG. 9. Representative diagrams for direct detection processes. Zz-odd particles are highlighted in red.
of the events decreases and the sensitivity of the relevant CMS search reduces, allowing the small mass gap region.

Effects coming from the width of ¢p are negligible, as the tp is narrow in the whole parameter space for each choice of
gp- The 4-top-quark search does not show any sensitivity over the whole parameter space, regardless of the value of
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gp. The loop processes of hV' associate production and V'V’ pair production are not testable at current luminosities,
as their cross-sections are always well below ¢ 2 O(10 fb) in the region where relic density is reconstructed. Higher
luminosities and/or higher energies would be needed to be sensitive to such final states.

A very interesting feature of this scenario emerges for small values of gp in the small region where the DM and
tp have a small mass gap: the decay width of ¢p becomes significantly small, such that tp becomes long-lived (its
lifetime in the small mass gap region is shown in fig. 7)) and can be probed by dedicated searches at the LHC or future
colliders. Different T' or H masses would not modify this qualitative picture.

As a general conclusion, the combination of the relic density and LHC bounds always favours the region with large
tp mass if the mass difference with the DM is large, or any allowed value of m,,, if the mass splitting between tp
and the DM is tiny. This specific realisation of the model is in any case an example dictated by its simple features.
Including mixing in the scalar sector, further VL partners or further interactions of the same VL representation would
enlarge the possible signatures and change the complementarity between different observables in constraining the
model, potentially opening up further new interesting signatures.

V. CONCLUSIONS

To summarise, in this paper, we have defined a new class of FPVDM scenarios based on an additional SU(2)p dark
gauge group connected to the SM symmetry structure through a VL fermion mediator. As such, this scenario does
not require a Higgs portal mediating the interactions between the dark sector and the standard one. A spontaneous
breaking of the SU(2)p symmetry provides the mass to the triplet of the respective gauge bosons. Two of these,
which possess a Zs symmetry, different from that of the SM, become DM candidates. This Z, symmetry, providing
stability to the DM state, can naturally be interpreted in the context of a dark EW sector or of the possible composite
nature of the dark sector. Furthermore, such a model is renormalisable and therefore does not contain gauge kinetic
mixing, although appropriate (mass) mixing in the gauge sector is normally present.

This general framework allows for multiple realisations, depending on the specific properties of the VL partner and
the actual form of the scalar potential. As a simple example, herein, we have studied the case of a VL top-quark
partner and no mixing between the SM Higgs doublet and the new scalar sector, which we have therefore called
a ‘top portal’. We have explored the phenomenology of such a minimal scenario and have provided bounds from
both collider (chiefly, the LHC) and astroparticle (relic density, DD and ID) observables sensitive to the presence of
DM, specifically discussing the role of the new states and interactions. In doing so, we have found that LHC and
non-collider search experiments have significant complementary power to decode the scenario under study provided
that several interesting signatures are observed. The signals could include direct or circumstantial evidence of the
simultaneous presence of VL ¢p and T quarks and/or the new H and/or Vp and V' bosons from SU(2)p in both
open (i.e, real) and closed (i.e., virtual) production of such new physics states.

In fact, the specific BSM scenario introduced here presents one with the unique possibility of a multi-prong approach
to a variety of distinctive signatures which would serve the purpose of enabling one to delineate all its key features.
While we defer the detailed quantitative treatment of this approach to future publications, we highlight here what
would be the salient features of it. The presence of a VL top companion T and its dark counterpart ¢p subject to
QCD interactions opens the obvious possibility of establishing their evidence at the LHC, through strong production
processes. Furthermore, the additional Higgs and gauge states, as they couple to each other, would offer complemen-
tary evidence of such an extended dark sector, specifically, of its symmetry breaking pattern. Besides the generic
mono-jet signature from Vp pair production (first row of diagrams in table , which is hard to use to measure the
model parameters, including the DM mass itself, there are several important complementary signals. Among these,
there is associated production of Vp pairs with a tf one, yielding £+ E, granting certain sensitivity to the presence
of V' and H propagation. This can be achieved via the study of the momentum recoiling against the top-antitop
system in the transverse plane (second graph in the second row of diagrams in table . Indeed, the same final state
may also make manifest the presence of the dark state tp in a peculiar form, when it becomes a LLP exhibiting a
displaced vertex, wherein a charged track (or invisible neutral dark hadron) would decay into the DM itself and SM
hadrons and/or leptons. A measurement of the (proper) decay length of this signature could offer one the chance of
extracting the value of the ¢p width and use this information to decode related model parameters. Furthermore, the
presence of V' and H states would be even clearer in 4¢ final states (diagram in the third row in table , especially
when the transitions V' — tf and H — tf are resonant. All such processes are potentially accessible at Run 3 of the
LHC already. Furthermore, when the High Luminosity LHC (HL-LHC) option of the CERN machine will become
available, also hV' and V'V’ production and decay would be accessible (fourth row of diagrams in table [[TI). Finally,
it is worth to mention that, if the V' mass is below the ¢ threshold, it can be long-lived and dominantly decay to
bb pairs through loop-induced diagrams. In this case, RV’ or V'V’ production would provide new striking signatures
such as associate Higgs boson production together with a displaced bb resonance or pairs of bb displaced resonances,



22

respectively.

As a further outlook to our work, we would like to emphasise the following. The minimal realisation of a FPVDM
scenario adopted here has already significant potential to explain astrophysical DM phenomena as well as to exhibit
smoking gun signals at the LHC. However, non-minimal FPVDM models, which structure depends upon the concrete
realisation of the mediator, Higgs and/or flavour sectors, would imply an even richer set of predictions and could well
be used to explain currently observed data anomalies. For example, if the VL fermion interacts with the leptonic
sector of the SM, it might explain lepton flavour anomalies at the LHC [67] or in (g — 2),, [68] while at the same
time provide novel physics cases for future eTe™ colliders [69H72]. Finally, upon allowing for mixing in the scalar
sector, further VL partners and/or additional interactions of the same VL representation, would open up a long
list of possibilities for future studies, both theoretical and experimental. This would allow one to also explore the
complementarity between collider and non-collider observables in such scenarios in ever greater depth than can be
afforded by the minimal realisation tackled here.
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Appendix A: Mass splitting at one loop

At tree level, the neutral and charged components of SU(2)p gauge triplet are degenerate in mass as one can see
in eq. . Nevertheless, the radiative correction at one-loop level breaks their mass degeneracy. The difference
between my,, and my takes place due to the T'—t¢ mixing and the different Z, parities of the members of the SU(2)p
fermion doublet, which results in distinct particles circling in the loops. In the limit ms — m;, there is no mixing
between the T' — ¢ quarks, and the radiative corrections give zero contribution to masses of new vector bosons.

Loops involving the two scalars h and H are non-zero in case of mixing in the scalar sector. However, the contribution
of such loops is identical for Vp and V' and therefore they will not be considered in the calculation of mass differences.
We provide only fermion-loop diagrams in Unitary gauge, but we have cross-checked the results from both Unitary
and Feynman-'t Hooft gauges to ensure that our results are gauge-independent.

In fig. [1] all possible self-energy diagrams with fermions circulating in the loops for Vp and V', contributing to a
two-point function at one loop, are reported.

The self-energy amplitude of a vector boson can be decomposed into two components: the transverse and longitu-
dinal ones.

LoV H oV
iy (p?) = (g‘“’ - pp]; )iﬂg(pQ) + <pp§ )iﬂé(ﬁ) : (A1)

where H‘T/ and H‘L/ are the transverse and longitudinal amplitudes, respectively. Here we use a symbol V to indicate
either Vp or V'.
We define the pole mass according to the position of the propagator’s pole at one loop level, given by

mb?' = \/m2 + Re(I17) , (A2)

where my is the tree-level mass, which is the same for both Vp and V', and we have suppressed the argument of the
7 function. In order to find the physical mass splitting between Vp and V', we expand eq. (A2) in a power series.

mi = my 2(1)” (2) (*52)" (a3)

and truncate it at first order.
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With the above argument, the pole mass splitting reads

pole pole 1 (Re(ng) - Re(Hg’) )

Amy =m —m =
\% 1
D 2 my

The transverse II7 function for fermion loops is given by:

ermion 1
I = 2 [(CF + CRY(A (M) + Ao (M)

— ((C} + CR)®P* — M} — M3) + 4C,Cr M M>) By(p®, M7, M3)

where the C and Cg is the left-projected and right-projected couplings of F'F'V vertices, respectively. The Ag, By
and B; are Passarino-Veltman scalar functions defined by

2 2
Ao(m) = m? + m?log % +— (A6)
2 2 2 2 2
p“+mi—m m " 1
Bo(p*,m3,m3) =2 + f(p*,m3,m3) — Tﬁog m—% + logm—% + - (A7)
B1(p2 m2 mg) _ _f(pZa m%,m%) ((m% - m%)Q +p2(p2 - Qm% - QTTL%))
bR 12p?
B (3(m? — m3)? + 8p* — 21m3p? — 21m3p?)
36p2
((m —m3)* — 3(mi —m3)p® — 3(m3 —m3)p* +p°)  m}
+ log —
24p* 2
1 2 2 o (1 I
+ﬁ(3m1+3m2—p ) g"‘logm*% ; (A8)
where
A(m2,m2, p?) m2 +m3 — p? + V/A(m?, m2, p?)
2.2 oy 1, M3, 1 2 1, M3,
f(p am17m2) - p2 IOg 2m1m2 )
A(mi,m3, p*) = (mf —m3)? —2(m? +m3)p? +p* . (A9)

Here we use the modified minimal subtraction MS renormalisation scheme, p is the renormalisation scale and % —

% —~g +log4m. The fermion parts of IT functions (where the T superscript will now be suppressed for simplicity) are
given by

H%;mion — H%);t + HI%/E;’T , (AIO)
H{s{mion — H?}t’ + HT;D/,tD 4 Hi}? + H€7/T , (All)
where
ot = 9L ging , Ot = —IL ging , oinT = ID o , ot = ID 056
L V2 fL R V2 IR L V2 fL R V2 IR
9o . gp . 9D
obt = —5 sin® by, cht = —= sin®Oyp, Clpto — gtoito o (A12)
CZ’T = 9713 sinfyr, cosbyy, CféT = %D sinfyr cosOyg, Cg’T = —g?D cos? 01, C};T = —%D cos® Op .

We can find a very simple and elegant formula for mass splitting by substituting eqs. (A5)), (AL0) and (A12)) into
eq. (A4)), and then writing the result in terms of

2 2 2 2
ms —m m m
i
e=—L L2, e=—k, @a=—%. (A13)
m m m
T T T

In the approximation that e, €3, €3 < 1, the mass splitting reads

Am L

V= meg%m?p [(20 + 3e3 — 15€2 + 20€2€3) + 10(2€2 — €3 — 2e2¢€3) log €3] . (A14)
D
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It is possible to simplify the above result further by keeping only the leading term of € as

2,2 m2 _ m2
Amfy = I T T (A15)
32 my, mi

Appendix B: Mixing structure in the gauge sector for the dark EW sector

Defining Vi, = (B, W2, B, Vo H)T and using analogous notation as eq.(2.20]) for the fully neutral gauge boson
Lagrangian term after EW and dark symmetry breaking,

Ekin
Vo

0 \T Aq2 10
vup 2 (Vbo)” Myo Vio (B1)
the entries of the mass mixing matrix in the gauge sector are:

(9"%0% + gBvhe?) cos? Oy, — gReV1 — €2 sin 20,03 + g3 (1 — €2) sin® O3,

2 —
MVUDO|11 - 8(1—¢€2) (B2)
9 9 gg'v? cos Oy,
MVOD0|12 = MVOD0|21 = *ﬁ (B3)
9 9 g3vE ((1 = 2€%) sin20), — 2ev/1 — €2 cos 26,) — ¢'* sin 20;,0°
MV%th - MV%0|31 - 16 (1 — €2) (B4)
1 €cos 0, .
MioD0|14 = M%OD0|41 = gnglD’UQD (m — Sll’lek) (B5)
2,2
g°v
Mi]o)o|22 = 3 (B6)
2 2 gg'v” sin 0y,
MV%0|23 = MV%0|32 = ﬁ (B7)
Mg, s = Myl =0 (BS)
9 g3 (1= €2) cos? 0,03 + g2ev1 — 2sin 20,03, + (g'*0? + gZv}e?) sin’ 6,
Mo |33 = (B9)
Do 8(1—¢€?)
2 9 1, esin by,
MVOD0|34 = MV0D0|43 = —gngD’UD COS@k -+ \/17_762 (BIO)
2,2
gHv
My laa = =555 (B11)

The mass eigenstates corresponding to the eigenvalues of the mixing matrix are v, vp, Z and Z’. Their masses do
not depend on the rotation angle 6 and read:

My =My, =0 (B12)
1
M3 5 = 3 g*v? + ghvh + = (9’2112 + 9203 T VKo + Kae? + IC464)] (B13)
where the I functions are defined as:
Ko = ((9*+ ) v* = (93 + gb) vh)” (B14)

5)
6)

Ka==2[g*(g* + g 2" + gb (9D + 95)vD — (6> (29D + 9B) + 9™ (9D + 29D) ) v*v}]

Ko = (407 - ghud)?

W @
= =

and the sign in front of the square root is chosen to reconstruct the SM value of the Z mass for e — 0 and (g2 +4d 2) v? >
(95 +9b) vb-
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