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Models with gauge symmetry SU(3),. ® SU(3), ® U(1), have different candidates for dark matter, for
example, a heavy neutral fermion interacting with standard model particles through different mediators,
scalar and vector portals. At the same time, these portals can produce signals in the anomalous magnetic
moment of the muon that violate the present bounds on this quantity. Combining the requirement to have a
dark matter candidate in the SU(3), ® SU(3), ® U(1)y model with heavy neutral leptons and to explain
the anomalous magnetic moment of the muon we set constraints on the highest symmetry breaking scale of
the model. These bounds are competitive with the constraints from LHC and set a favored region that can
also be tested in future direct detection experiments, such as the LUX-ZEPLIN (LZ) experiment.
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I. INTRODUCTION

Different experimental results point to the incomplete-
ness of the standard model (SM) of particle physics as a
theory describing the constituents of nature. The observa-
tion of neutrino oscillations, explained only in the frame-
work of massive neutrinos [1], the discrepancy between the
SM prediction with the measured value of the anomalous
magnetic moment of the muon [2], the baryon asymmetry
of the Universe [3], and the conclusion that only 5% of the
energy content of the Universe is constituted by particles in
the SM [4], are some strong indications that physics beyond
the SM is needed.

The inclusion of matter with no interaction with light,
explaining the reason to be called dark matter (DM), as a
fundamental component of the theoretical model of particle
physics, has been considered mandatory in the last years
due to different observations, both at galactic and cosmo-
logical scales [5,6]. Several results have led to the con-
clusion that 27% of the energy in the Universe corresponds
to matter in a form not included in the SM [7].

Due to the unknown nature of DM, it is important to
construct theoretical frameworks to describe its interactions
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with SM particles, and this could have different degrees of
refinement.

In the first place, the description of DM interactions in
terms of effective field theories (EFT) constitutes a natural
tool to perform model-independent analyses in terms of
four-field operators for the interactions of DM with
nucleons [8], in the nonrelativistic limit. One advantage
of this treatment is the possibility to obtain stringent bounds
on the physics scale suppressing higher dimensional
operators [9].

The second possibility for a theory of DM-SM inter-
actions includes the most important mediator states, leading
to a better description of the kinematics of the interaction.
This step forward is done in the so-called simplified models
[10,11], where the interactions can be described in scalar or
vector channels for DM particles of any spin. This treat-
ment has been proved useful in the search for new physics,
where the interactions of a small number of new particles
give predictions for collider physics observables at the
Large Hadron Collider (LHC) [12].

Finally, complete models not only include DM particles
and the mediators of their interactions in their particle
contents, but (sometimes) a plethora of new particles. These
models could be considered extensions of the SM, and are
inspired by the most diverse ideas [13,14]. Usually, these
models are set to solve or explain issues of the SM, what
leads to the appearance of particles with the required
characteristics to be identified with DM.

In this work, we analyze a SU(3), @ SU(3), ® U(1)y
framework (3 — 3 — 1 model, for short) with heavy neutral
fermions, in order to find constraints on the scale of SU(3),
symmetry breaking, which determines the mass scale of
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new particles in the model, using the measured values of the
anomalous magnetic moment of the muon [15], the DM
relic density [7] and the exclusion limits set by DM direct
detection experiments [16,17], when the candidate to DM
in the model is one of the heavy neutral fermions.

In order to do this, we analyze all possible contributions
to the anomalous magnetic moment of the muon, taking
into account the calculation of the physical scalar states that
appear in the model, as calculated in [18], and which gives
new contributions due to the exchange of scalar particles,
when compared with the previous analysis performed in
[19] (using the physical scalars found in [20] based on an
approximation for the eigenstates of 3 x 3 matrices),
considering the contribution of only one of the neutral
scalars in the physical spectrum of the model. Our method
for calculating the neutral eigenstates induces a different
phenomenology for the physical scalars as, for example,
new interactions with leptons. This produces, as we will
show later, two new contributions to the anomalous
magnetic moment of the muon, not considered in the
analysis performed in Ref. [19].

We also make a comparison of the complete 3 —3 — 1
framework with simplified models, determining the dom-
inant channel for the interactions from the identification of
resonances leading to the relic abundance of the fermion
candidate to DM. This dominant channel turns out to be the
exchange of a heavy gauge boson in the model. After this,
we analyze the constraints on a simplified 3 — 3 — 1 model
with the fermion candidate to DM and the new gauge boson
as the mediator of its interactions with SM particles,
coming from direct detection experiments [16,17]. The
analysis of minimal models for DM-SM interactions has
been performed, for example, in [21], with fermions and
scalars as additional fields, with no additional gauge boson
in the models. On the other hand, the analysis of [22,23]
includes different collider and DM direct detection con-
straints in the framework of simplified models for DM, and
the calculation of contributions of new particles to the
muon anomalous magnetic moment, introducing new
scalars or fermions that can be in different representations
of the SM gauge group. Our approach is different from this,
in the sense that we determine first the dominant portal for
the interactions in the 3 —3 — 1 model, and then analyze
the results in the framework of a simplified model with a
gauge boson as the mediator of DM-SM interactions,
without including new scalar or fermion fields besides
the DM candidate.

This paper is organized as follows. In Sec. II we will
discuss briefly some motivations and characteristics of
models beyond the SM, emphasizing on simplified models
for the description of DM-SM interactions. In Sec. III we
present a summary of the 3 —3 — 1 model considered in
this work, in order to find, in Sec. IV, the contribution of
new particles to the anomalous magnetic moment of the
muon and, in Sec. V, the dominant portal for DM-SM

interactions. Furthermore, in Sec. VI we find constraints on
the mass of the mediator of DM-SM interactions, which can
be translated in lower bounds for the SU(3), symmetry
breaking scale, and compare these results with the favored
window coming from the contributions to the anomalous
magnetic moment of the muon. Finally, in Sec. VII, we
make a comparison of our results with previous constraints
found on the 3 — 3 — 1 model, mainly based on LHC data,
and present our conclusions in Sec. VIII.

II. SIMPLIFIED MODELS FOR THE DESCRIPTION
OF DM-SM INTERACTIONS

Models going beyond the SM try to solve some of its
problems or inconsistencies leading to different frame-
works with its own structure [24]. For example, in order to
solve the gauge symmetry problem, associated with the
chirality of electroweak interactions and the quantization of
electric charge, a unification of interactions or a grand
unified theory have been proposed [25,26]; for the solution
of the fermion problem, related to the existence of at least
three lepton families with hierarchical masses, superstring
theories [27] or braneworld scenarios [28] can give an
explanation; the hierarchy problem, associated with diver-
gent corrections to the Higgs boson mass, can be solved,
for example, in the framework of supersymmetry [29],
extended models [30,31], dynamical mechanisms for sym-
metry breaking [32] or large extra dimensions [33,34].

Disregarding the details of any of these models, it is very
desirable to have the possibility of embedding DM in their
particle contents, which will interact with SM particles
depending on the Lagrangian of the model. These inter-
actions are completely unknown at the moment, and can be
described in terms of simplified models, where the media-
tor state is called “portal” [9,10].

For models with a single candidate to DM, where a
discrete symmetry protects the lightest odd particle of
decaying, its interactions will depend on the particle types
of the DM and the mediator. For example, in the case of
fermionic DM, different from its own antiparticle and
represented by a field y interacting with SM particles
through a scalar S or vector U portal, the interaction
Lagrangian can be written, respectively, as [11]

csmf -
\/ivhff& (1)

L=g,pyS+)_
7

L =gy (VY - AUys)wUo + 9> Fro(VY = AYys)fU,,
7

(2)

where g, and g are couplings associated with the inter-
action of y with S and U, respectively, cg is a Yukawa-like
coupling associated with the mass m of the SM fermions
[, vy, is the vacuum expectation value of the Higgs boson,
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and Vy/, Aj (V{, AY) are vector and axial couplings of
fermionic DM (SM) particles.

In order to identify DM particles, several direct and
indirect experiments have been performed, are in progress
or under construction. In the case of indirect searches, the
detection of the decay or annihilation products of DM
particles is used as a probe for DM particles [35,36]. On the
other hand, in direct detection experiments the scattering of
DM particles could leave a signal in the detectors, which
can be in the form of energy deposition, scintillation
light or ionization [37]. A fundamental quantity in direct
detection experiments is the spin-independent scattering
cross section of a DM candidate with nucleons, which is
usually obtained in these experiments and which gives the
strongest constraints on DM observables.

Using the interaction Lagrangian in Egs. (1) and (2), this
spin-independent scattering cross section with protons, & SI
for the cases of scalar and vector portals, is given by [38]

l‘u/p 2 .2 mh fN

. L g2 e ok o scalar portal, 5)
O' =
4 b (2fpH(A=2)f0\2
u g . Jn
b o (%) vector portal,

where ,,, is the reduced mass of the fermion DM-proton
system, with masses m,, and m ,, respectively, fy (N=n, p)
is the effective coupling of DM with nucleons, mg and my,
are the masses of the scalar and vector mediators, and the
atomic and mass numbers of the target in a direct detection
experiment are denoted by Z and A, respectively.

III. THE 3-3-1 MODEL WITH HEAVY
NEUTRAL LEPTONS

In this section we present a review of a complete model
beyond the SM, for which a fermion DM candidate is
contained in its particle spectrum, and for which we will
calculate the contribution of new particles to the anomalous
magnetic moment of the muon, and results on DM
observables will be compared in terms of the simplified
model predictions just discussed.

This extension corresponds to a model with gauge
symmetry SU(3), ® SU(3), ® U(1)y, initially proposed
in [39-41], and which has been widely studied in the
literature [42—44], due to its appealing characteristics. For
example, the anomaly cancellation occurs only if the
number of families is exactly three or one of its multiples
[45], the quantization of electric charge appears naturally
[46], neutrino masses can be included easily in the model,
either by effective operators invariant under the gauge
symmetry [47] or by a double see-saw mechanism [48], the
strong CP problem can be solved and a nonthermal
candidate for DM (an axion) can be included in its physical
spectrum [48-51], and the model is very interesting from
the phenomenological point of view [52].

In this 3 —3 — 1 model, it is customary to define the
electric charge operator as a linear combination of the
diagonal generators (7, I) of the group SU(3), ® U(1)y
as Q =T;5+ pTg+ NI, where § is an embedding para-
meter which determines the U(1), quantum numbers and
electric charges of new particles.

Despite the multiple versions of 3 —3 —1 models
existing in the literature, in this work we will analyze a
version which does not contain exotic quark charges,

characterized by a parameter # = 1/+/3 [53], and contain-
ing heavy neutral fermions in the lepton triplets. The reason
for choosing this model in comparison with other versions
lies on the fact that this model contains scalar, fermionic,
and vector DM candidates, but only the lightest of these
particles can be considered a DM candidate, since all
belong to the same discrete symmetry group used to
stabilize DM [20]. This discrete symmetry will be pre-
sented after the introduction of the expression for the
Yukawa Lagrangian, when all the field contents of the
model have been introduced.

In order to cancel gauge anomalies, we distribute the
matter content of the model in the following way [54]: the
first two generations of left-handed quarks transform as
triplets, while the third generation transforms as an anti-
triplet, in the same way as left-handed leptons:

qir. = (u;,d;. J;)] ~(3.3,0),

gz = (ds3,—u3,J3)1 ~ (3, 3,1/3),
F]L:(lj,—I/J,E])zN(l,g,—l/3), (4)
with i = 1, 2 corresponding to the first and second quark

generation, j = e, p, 7 denoting the three lepton families,
and ~ is used to indicate the transformation properties
under the symmetry group. Note that the model contains
one new up quark (J3) and two new down quarks (/ ),
alongside with three heavy neutral leptons Ej;.

Right-handed particles are singlets under SU(3);, with
the following transformation rules:

Lig ~(1,1,-1), ik~ (1,1,0) (leptons),
ur~(3,1,2/3), a=1,....4 (up quarks),

dyg ~(3,1,-1/3), b=1,...,5 (down quarks), (5)
where the wusual quark generations correspond to

a,b=1,...,3.

Symmetry breaking in the model happens through three
scalar triplets 7, p, and y, with the following components
and transformation properties:
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0 +
" 2 P 1
n= n ~ 1a3’_§ ) P = P ~ 1a37§ )
7/]/— p/O
)(+
1
X = )(,0 ~ <1v3’§) (6)
0

~

interacting through a scalar potential consistent with
renormalization and gauge invariance, on which a discrete
symmetry Z, is imposed in order to bring simplicity to the
model and interpret the y scalar triplet as the one respon-
sible for breaking the SU(3), symmetry to the SM one,

V(n.p.x) = 1" n+wp'p + 1dx ' x
+amn)?+ ') + A0 x)?
+ 2400 (') + 25 ) (07p) + 6 (') (07p)
+ 420 n) () + 25 (o) (0Ta) + A9 (n'p) (1)
- \/Efeijk’?ipj)(k +H.c., (7)

where u; (i =1, 2, 3) are quadratic self-interactions that
can be determined from the vacuum properties, 4;
(i=1,...,9) are quartic couplings determining the spec-
trum of scalars in the theory, and f is a trilinear coupling
usually taken proportional to the highest energy breaking
scale in the model. The stability of this scalar potential was
recently analyzed in [55], where tree-level constraints on
the parameters of the model were obtained using coposi-
tivity conditions and current bounds on the masses of extra
particles.

The Yukawa Lagrangian, responsible to give mass to
quarks and leptons, is written as follows:

Ly =LY+ L5 + L4, (8)

where E'\ﬁ} (¢ =1, p, y) are the Yukawa terms correspond-
ing to each of the scalar fields in Eq. (6), and given by [56]

—LY = a;iqinuig + Pajqan’dig + vl in* e + Hee.
— L8 = a3;q3.p" ujr + Pi;@ipd;r + Hee.
— L% = PuGixdpr + @34 @0 uar + Viglix" Exg
+He., 9)

where different indices follows: i=1, 2,
Jok=1,...,3, b=4,5.

The scalar triplets in Eq. (6) are responsible to give mass
to all particles in the model. For example, physical scalars
appear as the massive eigenstates of the mass matrices
obtained when the scalar triplets get the vacuum expect-

ation values (VEVs)

run as

v 0 0
1] 1 1
<’7>:7§ (0) > <P>:7§ Tg) > <X>:E f )
(10)

and the components 7°, p°, and y° are decomposed into
their real (R, ,,) and imaginary (/, ,,) parts,

1 . 1 .
7//0:_(Rn+l117)7 pOZ_Z(R/)+lI/))v

-5

P =—(R,+il,),

V2

leading to the mass matrices

2 oy — —
24 v, + o Aevyv, — fv,  Av,v, — fU,

M% = /161]171),0 —fl}){ 2/1211/2, + be%Ll j-51),01))( _fvﬂ ’
Ayvgv, — fv, Asv,v, — fv, 24303 +fl;,,zw
(12)
fu,v,
fu,v
M% = fUZ S f”p (13)

Uy

fog f, T

The calculation of eigenvectors and eigenvalues of the
first of these matrices leads to three physical states h, H,,
and H; and their corresponding masses." Under special
assumptions on the entries of the mass matrix (12), trying to
reduce M3 to a block-diagonal form, the physical states
have been calculated in [19,20]. Under these simplifying
assumptions, the scalar H3 is identified with the real part R,
of the third component of the y scalar triplet, with no R, or
R, components. In the same way, the physical scalars 4 and
H, lack a component proportional to R,. In this way, the
substitution of the symmetry states in terms of the physical
states in the Lagrangian of the model lacks interactions
between the scalars i, H,, and H; with other particles in the
model, appearing from the Yukawa terms in Eq. (9), and
which will give sizeable contributions to physical observ-
ables as, for example, the muon anomalous magnetic
moment, as will be seen in Sec. IV. So, it is important
to keep all entries in Eq. (12) for the calculation of the
physical states h, H,, and H;, which will depend on the
three real components R,, R,, and R,, in such a way that all
interactions of the physical states are taken into account.

'We identify the lightest physical state & with the SM Higgs
boson.
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To get a more precise calculation of the physical
scalars and their interactions in the model, we have kept
the full matrix (12) and calculated its eigenvectors and
eigenvalues using the Rayleigh-Schrédinger perturbation
theory [57,58], in the same way as in Ref. [18], but
including the second-order correction to the eigenvectors.
To use this formalism, we write (12) as an analytic
perturbation [in the dimensionless parameter .-, where
v? = v} + 2 = (246 GeV)?’] of a matrix for which
eigenvectors and eigenvalues are easily calculated. More
specifically, we write (12) as

2
M — 12 [A0+EA1 i <1> Az], (14)
Uy Uy
where Aj, A;, and A, are the nonperturbed, first- and

second-order perturbations, respectively, given by the
following expressions:

v: -k 0
Ao =| -k klﬁ (U (15)
0 (; 225
0 .
A=| o e
by Ry, sy _kn

v, \ 2 Ag U,
22 (1_)'1> gk 2 0

v

A= | B op(%)* o o (17)

where we have made the substitution f = kv, for the
trilinear coupling in the scalar potential (7), in order to
avoid the introduction of a new energy scale.

The unperturbed masses of the physical fields 4, H,, and
H; are obtained as the product of the eigenvalues of the
matrix .4, and vf(, and are given by

(M) =0,
2
02 _ kv
(M) T2

nvp

0)\2
(M;,j) = 2302, (18)
and the physical fields, to the same order, are

0 _ Un Up
h0 = SRy + Ry,

o _ _Y% Uy
Hy = —"CR, + 'R,
HY =R,. (19)

The first-order perturbation A; gives no correction to the
masses in Eq. (18), but induces the following correction to
the physical fields:

/1411,% —2kv,v, + s v%

) = .
2300, 4
g — Unvp[k(v,% - ”5) + (s —/14)Un”p]R
2 v, (kv? = 2430,v,) “
O _ Uy lk(Agvg 4 (243 4 A5) 03) = 20,0, (K> + A344)] X
: 2230, (kv? = 2230, 1
L [k(Asv3 + (243 + A )v2) = 20,0, (K* + A345)] ‘
2250, (kv* —2430,0,) r
(20)

The matrix 4, induces the following correction to the
masses of the physical fields:

(M,

(2)
(M,

(2))2 _ (4/11/13 - ﬂi)v;‘ + 4k(/14l)21)p + /151),71}2) - 2(2k2 + 14/15 - 2].3/16)11%1)‘% + (4/1223 - )%)1};4)
2/131)2
)2 _ 0,0, [(k(v3 = v3) + (A4 = A5)v,0,)% 4 20,0,(4 + A — Ag) (kv = 2430,0,)]

s

v (kv? — 2430,0,)

2 k(Agvy + Asvp) [(Agvy + Asvp) — Akvyv,] — dkvgvp[k* 4 A3(A3 — Ay — As)] — 2430,v, (A0 + A30;)

s

(M) =

3 223 (kv? — 2230,0,) '

and the second-order perturbation to the physical states given by
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h? = F,(Ak, Vys Uy, ¥

) (R, = v,R,),

H<22) = Fy(A k, vy, v,,0,)(v,R, +v,R,),
HY =0, (22)
where the functions F,(4, k,v,.v,,v,) are given by
v,
Fi(Ak, v, 0,,0,) = =L [030,(A4 (s = A5) + 243(%6 — 241)) + 2k v, (0} — v})
2kAzv vy,
+ 0,0y (A5(A = As) + 22324 = 4g)) + k(A4 vy + 30305 (As — A4) — 250} (23)
and
V202
FZ(L k, Uys Uy, 7/)() = kv’ (kl]2 _}72;3%71]10)1))2( [020/1(14(25 - 24) + 2)“3(2/11 - ’16)) - 2k21},,1}/,(1)/2, - 1}%)
+ ’1),1’11;,(/15(/15 - 14) + 213(16 - 2/12)) + kvf,(/% - /14 - 2&1) + kU%U%(Z(/lz - ll) + 3(/14 - /15))
- k’l/;t(/% - 15 - 2/12)] (24)

Using these results, we can write the transformation
between the physical states h, H,, and H; and the
symmetry states R,, R,, and R, as

h i, ut, U, R,
H, | = Ug,l Ugl.z U12Y{3 Rp ’ (25)
Hj U 51 Ugi,z U§3 Rx

where the expressions for the components of the transforma-
tion matrix Uf’J can be read from Egs. (19), (20), and (22).
On the other hand, matrix (13) gives a pseudoscalar
particle H,, with a mass
k(vivl + v*v2)

My == (26)
0 vy,

and two Goldstone bosons G and G, eaten by the neutral
gauge bosons appearing in the physical spectrum, to be
discussed later. The transformation between these states
and the imaginary components /,, I,, and [, is given by

h h h
Hy Uty Ui, Uis\ (1,
_ h h h
Gz | = Uz Uz, Uss | | 1
h h h
Gz Ui, Us, Uss/) \Iy
) v,
V3402 0 V22
X PTx I
) vy 0 n
= N L 1,
1 1 1
L1 R R IZ
Vp, [atat—s Uy [ortats Uy [t
222 222 222
(27)

To complete the spectrum of scalar states in the theory,
the mass mixing matrices resulting from the charged
symmetry states in (6) give two bosons, labeled H3, and
Hi, and the neutral states without a VEV in the same
equation give an additional neutral scalar Hy, which can be
another possible candidate to DM in the model, stabilized
by the same discrete symmetry than the heavy neutral
fermion E,.

The gauge sector of the model consists, besides the SM
photon A and the mediators of weak interactions W+ and Z,
on a new charged gauge boson Y* and two additional
neutral fields V? and Z'. The first of these neutral fields can
also be made a DM candidate in the model (under the same
symmetry used to stabilize the heavy neutral fermion E,
and the neutral gauge boson Hy ), and the second of these
gauge fields appears from the 3 x 3 mixing matrix of
neutral gauge bosons, from which A and Z correspond to
the other two eigenstates.

For paramount importance for this work, the lightest of
the heavy neutral fermions in Eq. (4) can be made a DM
candidate in the model using a residual global symmetry
U(1); [20] appearing after the electroweak symmetry
breaking, with the following charge assignments

G(Ej"]3’jl,2’Y_vvo’n_’plo’)(/o’)(_) = _1’ (28)

which implies the existence of five neutral odd particles: the
three heavy neutral leptons E; (j = e, u, 7), the scalar Hy,
and the gauge boson V°. The lightest of these particles can
be identified as a DM particle stabilized by this symmetry,
and we will analyze the DM observables associated with
the heavy neutral lepton of the electron flavor in Secs. V
and VL

In the following section we will find the contribution of
new particles in this 3 —3 — 1 model to the anomalous

035029-6



CONSTRAINING THE 3 -3 — 1 MODEL WITH HEAVY NEUTRAL ...

PHYS. REV. D 103, 035029 (2021)

magnetic moment of the muon, in order to determine if the
physical spectrum can give a sizeable deviation of the SM
prediction of this precisely measured quantity, which can
be used as a sensitive probe for models beyond SM.

IV. CONSTRAINTS FROM THE MUON
ANOMALOUS MAGNETIC MOMENT

In order to set constraints on the scale of symmetry
breaking of the SU(3), group, we have used the compu-
tation of the contribution of new particles in the 3 —3 — 1
model to the anomalous magnetic moment of the muon,
defined as

gﬂ_z
=T

a (29)
where g, is the gyromagnetic ratio (or g-factor), in terms of
which the orbital magnetic moment of the muon is written

in terms of its spin S as

Hi = —=guhoS. (30)
where u, is the Bohr magneton. The usefulness of this
comparison lies on the fact that Aa, = a;" — a;™, where
a,” is the experimentally measured value and a;™ the SM
prediction, is a quantity measured very precisely in particle
physics [15], and which can be used in order to set
constraints on models beyond the SM [59].

In order to calculate the contribution of new particles in
the spectrum of the 3 —3 — 1 model considered in this
work, we need to identify the possible one-loop lowest
order type diagrams taking into account the exchange of
both neutral and charged bosons. The contributing dia-
grams are shown in Fig. 1, and the general expressions for
Aa,, associated with diagrams of this kind can be found in
[2]. A very complete calculation which also includes a
numerical code is available in Ref. [60].

The contribution of the exchange of neutral scalar
particles H,, Hs, and H, [Fig. 1(a)] has the form

x?(2 = x)

(b)

FIG. 1.

(©)

with S = H,,H;,Hy a label indicating the particle
exchanged (with mass M), and Ag = m,/Mg, with m,
the muon mass.

In Eq. 31), fs (S = H,, H;, Hy) represents the vertex
factor associated with the {~, 4™, S} interaction given by

U,y U,y Ul .y
szz—M”, fH3:—2‘3”, fﬂoz—ll £ (32)
V2 V2 V2
where y, = 2 is the diagonal Yukawa coupling of

n

the muon, and U{"J and Uﬁi are the i, j elements of the
transformation matrices (25) and (27), respectively. It is
important to note here that the nonvanishing components
U'Z3 and Ué“ , of the transformation matrices in Egs. (25)
and (27) induce two new contributions to the anomalous
magnetic moment of the muon when compared with the
previous calculation performed in Ref. [19], namely,
the ones coming from the interchange of the real scalar
H; and the pseudoscalar H,. The numerical calculation
of the contribution of the exchange of neutral scalar
particles (which can be seen in Fig. 2) has shown that
the one due to the scalar H5 is the most important one, as
this contribution lies in the experimentally measured
interval for Aa,

The contribution of the diagram where a Z' boson is
exchanged [see Fig. 1(b)] has two contributions, due to the
vector and axial couplings of this boson to the muon [62],
and is given by

, ! x*(1=x)
vz 2/ P G
[( w) 0 xl—x—i—/l%,xz

, 1 1- —4)=222x3
gy [t S 2
0 I —x+45x

22,

Ad? =
H 477:2

. (33)

where VZ and AZ are the vector and axial couplings of the
Z' vector boson to the muon [using the same notation in

= =, (31) Eq. (2)], and A, is the ratio of the muon mass to the Z’
1=+ Z5x mass. These quantities are defined as follows:
v g
Hy, /N Hy, Hy )\ Hy
W » \ 4% Y’ \ Y
o o " W E, o

Contributions to the anomalous magnetic moment of the muon in the 3 — 3 — 1 model considered in this work, for different

exchanged particles (a) H,, H3, or H neutral bosons, (b) Z' gauge boson, (c) Hi;, and (d) Hy charged scalar bosons, respectively, and

(e) Y* charged vector boson.

035029-7



C.E. ALVAREZ-SALAZAR and O.L. G. PERES

PHYS. REV. D 103, 035029 (2021)

'6 IIIIllII'IIIIIIIITIIIITIITIIII'

-10

-12

log|Aay,|

-14

16 B

-18

-20

2.0 4.0 6.0 8.0 10.0 12.0 14.0
vy (TeV)

FIG. 2. Contributions to Aa, of new particles in the 3 —3 — 1
model considered in this work. The contributions of H,, H3, and
Y;f are positive, and the contribution of all other particles is
negative. The horizontal black lines represent the current value of
Aa, (95% C.L.) [61].

, | —4s} : 1
vie SR A
cwSw/3 — 4s%, 1 —4sy
m
Ay = F 34
£ My (34)

where e is the electron charge, and sy, and cy are the sine
and cosine of the Weinberg angle, respectively.

Contributions from the exchange of the charged scalar
H ?}V shown in Fig. 1(c), are simpler than the others, due to
the presence of the muon neutrino in the loop. In the limit
m,, < my,, the contribution is reduced to

2 2
_fHWlHW

H
A =T

(35)

where fy, is the {u~, Hy,,v,} vertex factor, given by

m, m,
fi, =——— and Ay, =— . (36)
2(v; + v3) M4y,

The exchange of charged scalars Hy in Fig. 1(d) gives
the following contribution to the anomalous magnetic
moment of the muon

Hy Ay > [! x(1-x)(x+ep,)
s =t P et PO =x)(1—egn) +x
x(1-x)(x—ep,)
(e, Au, ) (1=x) (1 =€px) +x
(37)

(L) / ' dx

where the 4 and e parameters are

m
Ay £

=—— and ey, =
Y MHY Y m ’

with My, and M the H fand E , masses, respectively, and

f,‘f are the scalar (S) and pseudoscalar (P) couplings of the

{w= Hy}.E,} vertex, given by

1
fSHy = |:mE” & + m# v)(:| s
2(1)!2, + 0)2() Yy Up
1 v v
PSR S
2(v; + v3) Y Yp

Finally, as the charged gauge boson Yff has vector and
axial couplings (with the same strength) with x and E,,, its
contribution to the anomalous magnetic moment of the
muon, calculated from the diagram in Fig. 1(e), can be
written as

AaY:f%//@/l 23 (1+x) +22x(1—=x) (x(1+€2) —2€2)
] ) YT v R
4 Jo (eydy)*(1=x)(1—ey"x)+x
(39)
with
e m ME

=5 5. dy=—2, and e, =—2~, 40

Ty 24/ 25y Y My, Y m, (40)

where My is the mass of the Yf boson.

We have numerically calculated the contributions of all
these new particles in the 3 —3 — 1 model [Egs. (31) for
H,, H; and H,, (33) for Z,,, (35) for H3;, (37) for Hy, and
(39) for Yff] to the anomalous magnetic moment of the
muon, and obtained the results shown in Fig. 2, where the
contribution of each particle to Aa, is shown as a function
of the SU(3), symmetry breaking scale v,, on which the
mass of each of these particles is strongly dependent. For
the calculation of these contributions, we have kept all free
parameters in the scalar potential (7) of order one, and
assumed v, & v,,.

It is important to note here that the contributions of the
CP-even scalars H, and H;, and of the charged gauge
boson Yj, are positive, but the contributions of the CP-odd
scalar H, the neutral gauge boson Z/, and the charged
scalars Hi;, and Hy are negative. Additionally, note the
presence of two additional contributions to the anomalous
magnetic moment of the muon, not considered in the
previous calculation performed in [19], due to the exchange
of the scalars H; and H,, and appearing from the
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determination of the mass eigenstates of the matrices (12)
and (13) taking into account all their entries.

In order to make a comparison with the reported value of
Aa, [61], we have included in Fig. 2 the boundaries for this
quantity (at 95% C.L.), represented by horizontal black
lines. It is clear from this graph that the dominant
contribution comes from the CP-even scalar Hj;, which
is at least 2 orders of magnitude greater than other
contributions. From this graph it is possible to see that
the H; contribution lies in the interval experimentally
measured for values of the SU(3), symmetry breaking
scale such that

72TeV<Sv, S122TeV (95% CL.),  (41)
determining a favored window to look for the masses of the
new particles present in the spectrum, as we will do in
Sec. VI with the Z' boson.

An important remark before ending this section concerns
the possible modification of the results in Fig. 2 and the
constraint given by Eq. (41) when we take different values
for the A parameters in the scalar potential, which were
initially taken of order one, as was said before. We have
tested our results against the choice of parameters, and
found that random values of the A parameters in the scalar
potential in Eq. (7) give results with deviations not greater
than 5% from the ones presented here, when the p —y
coupling /5 in the scalar potential is of order one, which
maximizes the y — H5 coupling.

In the following section, we will discuss the results for
DM observables in the 3 — 3 — 1 model when we take the
heavy neutral lepton of the electron flavor, E,, as our DM
candidate, identifying the dominant channel describing its
interactions leading to a relic dark matter abundance
consistent with the measurements performed by the
Planck Collaboration [4], and making a comparison of
the results found in the complete 3 — 3 — 1 model with the
predictions of the simplified models presented in Sec. II.

V. IDENTIFICATION OF THE DOMINANT
PORTAL OF DM-SM INTERACTIONS

In order to make a comparison of DM observables in
the 3 — 3 — 1 framework with the predictions of minimal
DM models, we need to find the terms in the Lagrangian
with the structure presented in Egs. (1) and (2). Taking a
look at the full Lagrangian in the FeynRules [63,64]

E. X
P
E. Y

FIG. 3.
involving Y* and VO is less than 1%.

implementation of the g = 1/v/3 version of the model
[56] and using the calcHEP [65] package, we have found
that, in the case where the lightest odd particle under the
discrete symmetry corresponds to the heavy neutral fer-
mion of the electron flavor, E,, this particle interacts with
four scalars in the physical spectrum of the model, and with
four gauge bosons, leading to a relic £, abundance in both
the s and ¢ channels.

The physical scalars interacting with the heavy neutral
fermion E, are the eigenstates i, H,, and H; of the real
mass matrix (12), and the CP-odd state H, corresponding
to the massive eigenstate of the imaginary mass matrix (13).
The interactions of these scalars with E, give a sizeable
relic abundance in the s channel, as will be seen later.

On the other hand, the heavy neutral fermion E, interacts
with four vector particles in the model, the SM Z boson, its
heavier partner Z’, the charged gauge boson Y*, and the
neutral V°. The processes leading to an E, relic abundance
due to interactions with Y* and V° are performed in the ¢
channel, with vertex factors inversely proportional to the v,
vacuum expectation value, leading to a contribution less
than 1% of the total DM abundance, and for these reasons
are disregarded in the relic abundance computation. So, the
contribution from interactions with vector channels comes
from the s-channel interactions with the Z and Z' gauge
bosons. This new gauge boson has a mass depending
directly on the SU(3), symmetry breaking scale v,,

2 202 22 2
M2, — 9w (”p(cw—sw) v
7=

sty ), (42
3-45, 4 4c3, CW”*) (42)

where gy, is the SU(3); coupling constant.

In this way, we have seen that our DM candidate has the
possibility to interact with SM particles both through scalar
(h, Hy, Hy, and H,) and vector (Z and Z') channels,
allowing us to identify the dominant portal describing
the interactions of the heavy neutral fermion E,, through
the determination of resonances in the cross section
for processes leading to the candidate abundance,
E,E, <> XY, as the ones shown in Fig. 3. It has been
shown [66] that interactions of DM particles through SM
portals, mediated by the Higgs particle & or the Z gauge
boson are almost completely ruled out by current con-
straints, and, even though these interactions are present in
the 3—3—1 model with heavy neutral leptons, the
couplings of E, to these particles are strongly suppressed

s-channel diagrams for pair processes contributing to the relic abundance of E,. The contribution of the #-channel processes
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FIG. 4. Identification of the dominant portal for the interactions of
afermion E, as candidate to DM in the 3 — 3 — 1 model with heavy
neutral leptons. Resonances on the relic abundance are determined
by the position of the two red lines present in the figures: if the solid
black line, described by M = Myjediator/ 2, g0es through the white
stripe in the middle of the red lines giving a relic abundance
consistent with Planck results [4], the dominant portal is charac-
terized by the exchange of the corresponding mediator. The white
regions in the lower right corners of each panel correspond to points
on the parameter space where the lightest odd particle in the model is
a charged gauge boson Y*. The boundary between this region and
the blue one corresponds to a degenerate regime where annihilations
involving this boson enhance the heavy neutral lepton abundance.

by the highest energy scale v,, and for this reason are not
included in our analysis.

Consequently, we have constructed the plots presented in
Fig. 4, where we show a color map of the relic abundance of

the heavy neutral fermion E, in the plane My versus
Myfediators Where the color of each point indicates how
the relic density €233, compares with the reported by the
Planck Collaboration Qpy,,. [4]: blue points correspond to
Q331 > Qppanck, red points correspond to Q331 ~ Qppancks
and the white dots in the middle of the two red lines in each
diagram correspond to points where the relic density is
below Qpjanck- These graphs have been produced using the
micrOMEGAs package [67], using a modified version of the
FeynRules [63,64] implementation of the 3 — 3 — 1 model in
Ref. [56], including the calculation of the physical states £,
H,, and H; presented in Sec. III.

All plots in Fig. 4 were obtained when the coupling
parameters in the scalar potential (7) are of order 1, v, ~ v,
and we guarantee that particles belonging to the same
symmetry group that makes E, stable have greater mass.
Nevertheless, this is not always possible, as can be seen
from the white region in the lower right corner of each
panel in Fig. 4, which corresponds to points in the
parameter space where E, is no longer the lightest odd
particle under the discrete symmetry, which is now sub-
stituted by the charged gauge boson Y*. This degenerate
scenario is reached when the heavy neutral fermion mass,
Mg, is very close to the charged gauge boson mass,
My, and is observed in Fig. 4 as the boundary separating
the blue region (with DM abundance greater than Qpj,,cx)
and the white region, where the lightest odd particle is
now Y+

It is important to note here that, as the masses of E, and
Y* become closer, annihilation involving this particle can
change drastically the heavy neutral lepton E, relic
abundance [68]. This degenerate regime is different to
the general scenario depicted in Fig. 4, and its quantitative
characteristics are not going to be described here, but our
simulations for the scattering cross section with protons
will give constraints for this regime. Another point that is
worth mentioning is the appearance of some points with a
relic abundance consistent with the measured cosmological
parameter Qpy,, on the left part of the graphs. These points
correspond to the Higgs resonance on the scattering cross
section, and are always present in the model. Again, as
Higgs mediated interactions are almost completely ruled
out and E, interactions with the Higgs boson are strongly
suppressed, we are not interested in their analysis in
this work.

So, from Fig. 4, we can see that the dominant portal for
the interactions of E, is the Z’' portal, as the red bands
giving the relic abundance consistent with Planck results
[4] are placed symmetrically about the black line with
equation My = M /2, indicating a resonance for every
value of M, shown in the figure. This conclusion is
consistent with the analysis of Ref. [69], which found
constraints on the Z' boson mass using bounds obtained
from direct detection experiments, and requires no fine-
tuning on the parameters of the model.
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VI. CONSTRAINTS ON THE MASS OF THE
Z' BOSON AND THE v, VEV USING DM
DIRECT DETECTION EXPERIMENTS

Now that we have identified the dominant portal, we
proceed to the determination of constraints on the proper-
ties of our DM candidate coming from the XENONIT
direct detection experiment [16], and the future sensitivity
of the LZ experiment [17]. In order to do so, we need to
identify the parameters of the 3 — 3 — 1 model correspond-
ing to quantities entering in Eq. (3), calculated in terms of
the simplified models described by the Lagrangian in (2). It
is worth mentioning here the difference of this work, where
the DM candidate is a fermion with interactions mediated
by a gauge boson, with previous analyses in terms of
simplified models, as for example the ones in [21-23],
where the DM particle is a scalar, with interactions through
the Higgs portal or the exchange of fermions or scalars not
included in the SM.

The terms in the Lagrangian of the 3 —3 — 1 model
which correspond to interactions of E, with the vector
mediator Z’, in the form given in Eq. (2), can be written as

L3312 c1E (1 - VS)EeZL + eyt (c3 + VS)MZL
+ cqdy* (cs5 + cey°)dZ,, (43)

where the constants ¢;, i=1,...,6, are coefficients
depending on the specific parameters of the model, and
are given by

e(1-s%)
Cc1 = )
: 2cwSwy/3 — 4s%,

1
SRy

8
C3 = -1 +§S%V,
1

Cqg = —§C2,

cs = 253 + [(VITY)? + (VEIM)?1(3 — 4s3)
= (V§IM)?(3 = 2s3)).
ce = 4s%, — cs, (44)

where e, sy, and ¢y, were defined in Sec. IV, and V,C}(M are

the i, j components of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix of the quark fields.

Taking these considerations into account, we can make
the following identification of the parameters in (2):

g=c, (45)

vg; =1, A%L =1, (46)

z 25 g2 (47)
Cq Cq

A7 = -2, (48)

where we have replaced the indices for the DM candidate
(w), the mediator (U,), and the SM fermion (f) in Eq. (2)
for the corresponding particle names in the 3 -3 —1
model, E,, Z,, and u, d, respectively.

With this identification, we can proceed to the calcu-
lation of the spin-independent scattering cross section with
protons, in order to set constraints on the masses of the DM
candidate E, and the vector mediator Z’. In order to do this,
we have calculated o-f,l in two different situations: as given

by Eq. (3) (which we will call agl from now on), which
assumes that E, interactions are mediated only by Z’ and
there are no other particles in the physical spectrum
(besides SM particles), and considering the full particle
content of the 3 —3 — 1 model (henceforth called o7'"),
with all its possible portals, as done by the micrOMEGAs
package [67].

When performing this calculation, we have found that
the value of 6% is always greater than ¢3! by a fixed factor
of approximately 1.339. This factor comes from neglecting
the other contributing diagrams in the scattering cross
section of E, with quarks, which produce a destructive
interference with the diagram mediated by Z’, in all the
parameter space scanned in this work. So, in order to take
into account this difference and be able to compare the
results of the full 3 —3 — 1 model with the predictions of
simplified models, we have included a normalization factor
in Eq. (3).

In Fig. 5 we show the constraints on the E, and Z’
masses set by an extrapolation of the data from the
XENONIT direct detection experiment [16] (orange
region), and the future weakly interacting massive particle
sensitivity of the LZ experiment [17] (green), where the red
points have a relic density consistent with that measured by
Planck [4], and the vertical dashed blue lines correspond to
the favored region obtained from the contributions of new
particles in the 3 — 3 — 1 model to the anomalous magnetic
moment of the muon, as shown in Fig. 2, with M,
calculated using Eq. (42).

From Fig. 5, we can see that the measured value of DM
relic abundance can be accomplished in two different
regimes: the one dominated by the Z, resonance, charac-
terized by the red lines labeled (I) and (II) in the figure
and placed symmetrically about the resonant condition
Mg, = My ), and the degenerate regime, when the mass of

the DM candidate is very close to the mass of the Y* gauge
boson in the same discrete group which makes E, stable,

’In our numerical calculations, we have found the ratio
05’,31 /05 = 0.746846, with a standard deviation 1.5 x 107,
calculated over a sample with approximately 10° data of (713,31
and D'[Z,,, calculated simultaneously.
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FIG. 5. Constraints on E, and Z' masses set by XENONIT
[16], and the future sensitivity of the LZ experiment [17]. All red
points have a relic abundance in the interval measured by the
Planck Collaboration [4], and the vertical dashed blue lines
correspond to the favored region by the contribution of new
particles to the anomalous magnetic moment of the muon. The
red lines labeled (I) and (IT) correspond to the Z’ resonance on the
DM abundance, and the line (III) corresponds to an enhancement
on the relic abundance due to the degenerate mass regime,
where Mg ~ My.

labeled as (IIT) in Fig. 5. It is important to note here that this
last regime requires some fine-tuning in the parameters of
the model, in order to reach a degenerate mass sce-
nario, My ~ My.

Also from this figure we observe that, in order to make the
3 -3 -1 model a suitable framework including fermion
DM, there will be minimum values of My and M, which
satisfy the constraints on the DM relic density and spin-
independent scattering cross section with protons. Due to the
direct dependence of the Z" mass on v, given by Eq. (42), the
minimum values of the boson mass can be translated to
constraints on the SU(3), symmetry breaking scale, on
which all masses of new particles are strongly dependent.
The minimum values of the masses and the symmetry
breaking scale, for each of the bands in Fig. 5, are shown
in Table I, which shows the exclusion limits set by the two
different direct detection experiments considered.

TABLE 1.

The minimum values of M, are higher than the ones
presented in Ref. [70], where the authors extended the
analysis of decays of a new gauge boson to dilepton final
states performed in [71] to impose constraints on models
with an additional particle of this type, in order to find
lower bounds on the mass of the Z’ boson of the 3 —3 — 1
model. On the other hand, our bounds on M, are consistent
with the results of Ref. [72], which analyze LHC data on
flavor changing neutral currents and dilepton resonance
searches.

Finally, the favored window for the contribution of new
particles in the model to Aa,, giving the boundaries on v,
shown in Eq. (41), sets the following minimum and
maximum values for the mass of the Z’ gauge boson when
we use Eq. (42):

29TeV <M, <49 TeV (95% C.L.), (49)
which, when combined with the constraints found with the
results of the XENONIT [16] direct detection experiment
gives a narrower window for the mass of this new gauge
boson, with the same lower bounds shown in Table I and an
upper bound given by the maximum value in Eq. (49). It is
interesting to note that the minimum values of v, obtained
here are consistent with the ones obtained through the
analysis of vacuum stability of the scalar potential and the
constraints on the mass of new particles developed in [55],
even though the fermion content of the models is different.
On the other hand, with the comparison of the favored
region represented by the vertical dashed blue lines in Fig. 5
and the constraint of the future sensitivity of the LZ
experiment [17], we can set constraints on the highest
energy scale of the 3 —3 — 1 model with heavy neutral
leptons as a suitable framework with a fermion candidate to
DM, taking the additional constraint of the (g—2)
anomaly into account.

H

VII. SUMMARY OF CONSTRAINTS

To summarize all constraints on the mass of the Z' boson
or the highest VEV of the 3 -3 —1 model, we have
constructed Fig. 6, where the horizontal bars indicate the
excluded regions for M and v,, related by the expression
given in Eq. (42), as obtained from different analyses. The

Minimum Z’ and lepton E, masses required for the 3 — 3 — 1 model with heavy neutral leptons give a

relic E, density consistent with Planck [4], and evading the limits set by XENONIT [16] and the future sensitivity of
LZ [17], for the scenarios denoted, respectively, as (I), (I), and (III) in Fig. 5.

Experiment Regime M‘,}fn (TeV) M;‘,i“ (TeV) vf[ni“ (TeV)

XENONIT Lower resonance (I) 1.6 3.6 8.8
Upper resonance (II) 1.9 34 8.4
Degenerate region (III) 2.6 32 7.9

LZ Lower resonance (I) 3.6 7.7 19
Upper resonance (II) 3.9 7.6 19
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FIG. 6. Excluded values for the Z' boson mass and the v, VEV
set by different analyses: Z' decaying to dilepton final states in p p
collisions using data from LHC at a center-of-mass energy of § TeV
(dark green) [70] and 13 TeV (brown) [72], the exclusion limits set
on this work (yellow bars) for the spin-independent cross section of
fermion DM using XENONIT results [16], the negative results of
dilepton searches at the 14 TeV LHC, both to heavy (M ~ 1 TeV)
and SM fermions (cyan) [56] and, finally, the constraints set on this
work (light green) using the future sensitivity of the LZ experiment
[17]. The shaded vertical region shows the favored values

(95% C.L.) of v, and M, obtained from the analysis of the
contributions of new particles in the 3 — 3 — 1 model with heavy

neutral fermions to the anomalous magnetic moment of the muon.

shaded vertical region in Fig. 6 gives the favored values
(95% C.L.) of v, calculated from the total contribution of
new physical states of the 3 —3 — 1 model considered in
this work to the anomalous magnetic moment of the muon,
Aa,. In this graph, the green and brown bars show the
analyses of the process pp — Z' — 71~ using LHC data at
8 [70] and 13 TeV [72], the yellow bars show the
constraints set by the comparison of DM in the 3—-3—1
model with the predictions of simplified models, as
performed in this work, the cyan bars, giving the current
strongest constraints, show the bounds obtained by the
decay of Z' to heavy and light fermions in the 14 TeV LHC
[56] and, finally, the light green bars show the bounds
obtained from the future sensitivity of the LZ direct
detection experiment [17], obtained in this work.

It is important to remark here that the projected sensi-
tivity of the LZ experiment has the potential to rule out Z’
masses below 7.6 TeV, as shown in Table I, and this result,
combined with the favored window for Aa, shown by the
vertical shaded region in Fig. 6, could rule out the 3 — 3 — 1
model with a neutral fermion candidate to DM as a suitable
extension of the SM.

VIII. CONCLUSIONS

In this work we have found constraints on a 3 —3 — 1
model, with a heavy neutral fermion as a DM candidate,
coming from three different experimentally measured
quantities: the anomalous magnetic moment of the muon,

the DM relic density and the spin-independent scattering
cross section of DM with protons.

In order to do this, we have calculated the contribution of
new particles to the correction Aa, to the anomalous
magnetic moment of the muon, finding a favored window
for the SU(3), symmetry breaking scale of the model,
namely 7.2 TeV < v, < 12.2 TeV. The importance of this
symmetry breaking scale lies on the strong dependence
of all masses of new particles in the model with this
quantity.

On the other hand, considering a fermion DM candidate
in the model with a relic density consistent with cosmo-
logical observations, and from the analysis of the spin-
independent scattering cross section of this candidate with
protons (o), we were able to find minimum values of this
symmetry breaking scale due to its relation with the mass of
the vector portal of DM-SM interaction, a neutral gauge
boson Z,,.

In order to identify this particle as the dominant portal,
we have made a comparison of the values of 6331 the exact

P
value of ¢, considering all particles and interactions in the

3 —3 — 1 model, and af, the DM-proton scattering cross
section calculated from a comparison of the 3 -3 -1
model with the predictions of simplified models for DM
interactions.

The comparison of the 3 —3 — 1 model predictions for
the DM relic density and the spin-independent scattering
cross section with the measurements of the Planck [4] and
XENONIT [16] collaborations, and the combination with
the favored window coming from the measurement of the
anomalous magnetic moment of the muon [15] lead to the
bounds v < v, < 12.2 TeV and MP" < My < 4.9 TeV
for the SU(3), symmetry breaking scale and the Zj, boson
mass, respectively, where the values of vy and Mp"
depend on the regime associated with the production of
fermion DM in the model, and are of order 8-9 TeV and
3—4 TeV, respectively.

Finally, the comparison of the favored region for Aa,
with the future sensitivity of the LZ direct detection
experiment [17], ruling out values of wv, less than
~19 TeV and values of M, lower than 7.5 TeV, leads
to the conclusion that the 3 —3 — 1 model with heavy
neutral fermions can not be a suitable extension of the SM
when the DM candidate in the model corresponds to the
heavy neutral fermion of the electron flavor. In this case,
other neutral particles being odd under the same discrete
symmetry stabilizing DM, such as a scalar or a gauge boson
in the physical spectrum, could give different results.
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