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PandaX-4T limits on Z' mass in 3-3-1LHN model

Vinicius Oliveira®” and C. A. de S. Pires’

Departamento de Fisica, Universidade Federal da Paraiba,
Caixa Postal 5008, 58051-970 Jodo Pessoa - PB, Brazil

® (Received 18 January 2022; accepted 15 July 2022; published 29 July 2022)

The framework of the so-called 3-3-1LHN model accommodates two different, but viable, scenarios of
dark matter. In one case, the dark matter particle is a heavy Dirac neutrino N;. In the other case, we have a
scalar, ¢, as a dark matter candidate. In both cases, the dark matter phenomenology, relic abundance, and
scattering cross section off of nuclei are controlled by exchange of Z'. We then investigate the impact on the
parameter space (My, My, 4 ) due to the recent PandaX-4T experimental result in both scenarios.

We obtain that the PandaX-4T experiment excludes scenarios with dark matter mass below 1.9 TeV.
Concerning Z', we find the lower bound M, > 4.1 TeV for the case where N, is the dark matter and
Mz > 5.7 TeV for the other case. This implies that the 3-3-1 symmetry is spontaneously broken above
10 TeV scale. We also comment on the contributions to the relic abundance of processes involving flavor-

changing neutral current mediated by Z'.
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I. INTRODUCTION

The nature of dark matter (DM) continues to be a
challenge to particle physics. At the moment, experiments
keep making great effort in trying to decipher its nature by
means of many types of detection [1-3] (direct, indirect,
and collider), while theorists interpret their results inside
theories that pose DM particles. Recently, the PandaX-4T
[4] experiment released its first report concerning dark
matter search by means of direct detection. Its null result
translates in a stringent limit to the dark matter—nucleon
spin-independent interactions.

The 3-3-1 with left-handed neutrino (3-3-1LHN) model
is an interesting dark matter model [5—17]. It is based on
the SU(3). x SU(3), x U(1)y (3-3-1) gauge symmetry
[18,19], which poses heavy Dirac neutrinos in its particle
spectrum. It carries three DM candidates in its particle
spectrum, namely, U, N 1, and ¢. The first is extremely
underabundant, while the other two, N; and ¢, are viable
DM candidates. Of course they cannot coexist. A kind of R
parity guarantees the stability of such DM particles. In this
work, we calculate, for both dark matter cases, the relic
abundance including flavor-changing neutral process with
7' and extract bounds on the mass of Z’ by confronting the
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theoretical scattering cross section off of nuclei with the
PandaX-4T result.

We organize this work in the following way. In Sec. II,
we present the essence of the model. In Sec. III, we
investigate the dark matter relic abundance and direct
detection experiment. Lastly, we summarize and draw
our conclusions in Sec. IV.

II. ESSENCE OF THE 3-3-1LHN MODEL

In the 3-3-1LHN model, the left-handed leptons come in
triplet representation, f, = (v,. €. N, (a=1,2,3).For
the quark sector, the third generation comes in the triplet
representation Qs = (u3, d5, u4)!, while the other two
come in an antitriplet representation of SU(3),, Q; =
(d;,—u;, d}), (i=1,2), as required by anomaly cancella-
tion. With exception of v;, all the left-handed fermions
have their right-handed counterpart [19]. The new leptons
and quarks are heavy particles with their masses belonging
to the 3-3-1 energy scale. For all these features and the
transformations of these fields by the 3-3-1 symmetry, see
Refs. [18,19].

The gauge sector of the model is composed of nine gauge
bosons and involves the standard ones W+, Z, and y and
five others called W'*, U°, U, and Z'. For their masses
and features, see Refs. [19,20]. The interactions of these
gauge bosons with all the fermions of the model are found
in Table I and Eq. (7) of the paper [8]. We use those
interactions here.

With the triplet of scalars 7= (°,77,7°)", p=
(pt. % p )T, and (4%, ., x°)7 the symmetries of the
model are correctly broken, and mass is generated for
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all particles. The potential composed of these triplets of
scalars was developed in Ref. [21].

We remark that the 3-3-1LHN model has three viable
DM candidates, namely, U° N, and ¢. Their stability is
guaranteed by a kind of discrete R-odd parity symmetry
P = (=1)3B-L)+25 where B is the baryon number, L is the
lepton number, and s is the spin of the corresponding field.
By means of this symmetry, the model poses a set of 3-3-1
particles that transform as follows:

(N Np.dj iy p'* 0 20~ W UY) - -1, (1)

We refer to these particles as R-odd particles. All the other
particles of the model transform trivially under R-odd
parity. Then, the electrically neutral R-odd particles Ny,
1, and U° are potential dark matter candidates.' The gauge
boson U? is extremely underabundant and naturally dis-
carded as dark matter. Regarding to N, and #/°, they interact

one with another by means of the term 'g/'l—)'fDEN 1° [7]. By
X

enforcing that one of them is the lightest R-odd particle,
then, it gets stable and becomes a good dark matter
candidate. In what follows, we obtain the abundance of
each candidate, their spin independent cross section and
confront them with the recent PandaX-4T.?

III. RELIC ABUNDANCE AND DIRECT
DETECTION

The marvelous characteristic of Weakly interacting mas-
sive particles (WIMPs) is that their interactions manifest at
the electroweak scale, which naturally leads to the appro-
priate relic density. Because of this characteristic, the WIMP
tends to thermalize with the standard model particles in the
primordial Universe. This happens when its interaction rate is
greater than the expansion rate of the Universe. The WIMP
decouples from the thermal bath when the rate of interactions
drops below the expansion rate of the Universe, being
cosmologically stable, its abundance keeps constant in the
Universe up to today. Additionally, the electroweak scale of
WIMPs interaction implies that it is experimentally acces-
sible. Nowadays, there are three potential ways to search
these particles experimentally [1,2,22,23], that is, indirectly,
directly, or collider. In this work, we will explore the bounds
of the direct detection experiment PandaX-4T [4] and, more
remarkably, constrain the mass of Z'.

A. Relic abundance

To obtain the WIMP abundance, we need to solve the
Boltzmann equation which gives the evolution of the

'We are assuming normal hierarchy among the heavy neutral
fermions Ny, N,, and Nj in such a way that N, is the lightest of
them.

*From now on, we employ the notation of Ref. [8] for all the
fields.

abundance of a generic species in the Universe as a function
of the temperature,

dy _ |ng.(T)
dr 45

M, = (ov)(Y? = Y3)). (2)

where g, is the effective number of degrees of freedom, M,
is the Planck mass, Y = n/s is the abundance or number
density (n) over entropy density (s) (while Y., is the
abundance at the equilibrium), and (ov) is the thermally
averaged cross section for WIMP annihilation times the
relative velocity.

The particle physics information of the model enters in
the thermally averaged cross section which includes all
annihilation and coannihilation channels. In this work,
we will assume that My < My, < My,, which makes
the coannihilation processes irrelevant® [24]. The ther-
mally averaged cross section for annihilation processes
(A+A > B+ B)is

_ 1 S \/i(s,m%,mi)
(ov) (271')6T/ds—s

~ (n3(1))? 32
X%WKI <\/75> /dQ|/\/l|2, 3)

where S is the symmetrization factor, 7T is the thermal bath
temperature, s is the Mandelstam variable, A(x, y, z) is the
Kallén function, K is the modified Bessel function of the
second kind of order 1, Q is the solid angle between initial
and final states in the center-of-mass frame, and | M |? is the
(not averaged) squared amplitude of the process.

The final relic abundance of a DM candidate is defined
to be

Q12 Mpy Y0
0.11 1GeV434x 10710’

(4)

where Mpy, represents the DM mass and the label °
indicates quantities as measured today, with QU h? ~
0.11 being inferred by the Planck satellite [25]. The Y°
can be obtained by integrating Eq. (2) from T =T, to
T = oo, where T, is the temperature of the Universe today.

Our results are obtained by using the package
micrOMEGAs [26], which computes the relic density numeri-
cally for a given model. The relevant processes which
contribute to the abundance of our DM candidates, N, and
¢, separately, are shown in Figs. 1 and 2. However, other
interactions participate in the annihilation process at freeze-
out as, for example, flavor-changing neutral interactions
that we also take into account (where the interactions were
obtained from Ref. [27]). Then, essentially, we implement

*However, even considering degenerate case (as done in
Ref. [8]) the coannihilation channels are irrelevant.
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FIG. 1. The relevant processes that contribute to the abundance of N; with f representing the standard fermions.
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FIG. 2. The relevant processes that contribute to the abundance of ¢ with f, ¢, and [ representing the standard quarks and charged

leptons, respectively.

those interactions in the package CalcHEP [28] that furnishes
the model files to be used in micrOMEGAs.

Firstly, we will handle the case where N; is the
DM candidate. In the left panel of Fig. 3, we show its
relic abundance for M, =4 TeV (blue curve), 5 TeV
(green curve), and 6 TeV (cyan curve). We reinforce that
in our calculation we took Mg_oqdparticies > My,, Where
M g_odapariicles TEPrEsents the masses of all other R-odd

particles. In that figure, the region in accordance with the
Planck satellite [25], Qh? = 0.11, is shown by the red
horizontal line. We can observe that the abundance of N, is
suppressed when My, = My /2, which means the reso-
nance of Z'. This fact tells us that the processes mediated by
the Z' boson are the most relevant ones. As the reader can
see below, direct detection requires My, > 1900 GeV.
In summary, for this particular case, N; fulfills all the

10° :
10° :
. Qh% =0.11
10~ 107 ,
> > > 2 ?"
, 10~ H
102 & & e i
<t 0 [\=) ”:
I I I
N N N i
= = p= =H

1500 2000 2500 3000 3500 1000 1200 1400 1600 1800 2000 2200 2400 2600

My,[GeV] My,[GeV]

FIG. 3.

Left panel: relic abundance for the heavy neutrino N; for M, = 4 TeV (blue curve), 5 TeV (green curve), and 6 TeV (cyan
curve). Right panel: relic abundance for the heavy neutrino N, for 3 TeV for I',, = O(1) GeV (pink curve) and T'p,

O(1073%) GeV

(yellow curve), showing the P, resonance. We vary the parameters 4,, 13, and A4 given by Eq. (4) of the paper [8] always respecting the
fact that My = 125 GeV (The expression for the Higgs mass involves 4,, 43, and A¢ as is shown in Eq. (12) of Ref. [8].).
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FIG. 4. The abundance of the scalar ¢ for two distinct values of M, (v,). The left panel accounts for M, = 5.0 TeV
(v, = 12.631 TeV), and the right panel accounts for My = 6.0 TeV (v, = 15.157 TeV). The variation of M (given by Eq. (14)
of Ref. [8]) is achieved by varying 4;. We also vary the parameters 1,, 45, and A4 given by Eq. (4) of Ref. [8] always respecting the bound

imposed by to My = 125 GeV.

conditions to be a dark matter candidate since it is stable
and provides the correct abundance of dark matter in the
Universe.

The interaction 7,N,U° requires M N, < Myo to guar-
antee the N stability. This implies that always My, < Mp,.
However, for some range of values of v,, we can have
Mo ~Mp , which implies that we can observe the
appearance of P, resonance when My ~Mp /2, as is
shown in the right panel of Fig. 3. The resonance only
appears when I'» ~ O(107%) GeV, which is represented
by the yellow curve in the right panel of Fig. 3. However,
our case gives I'p, ~O(1) GeV. Consequently, no one
resonance can be observed, which is represented by the
pink curve of the right panel in Fig. 3.

Let us now consider the case in which ¢ is the lightest
R-o0dd particle. In Fig. 4, we show its relic abundance for
the cases M, =35 TeV (green curve in left panel) and
6 TeV (cyan curve in right panel). The region in accordance
with the Planck satellite [25], Qh? = 0.11, is shown by the
red horizontal line. Observe that the abundance of ¢ is
suppressed when M, = M, /2, which represents the res-
onance of Z'. This reveals to us that the processes mediated
by Z' are the most relevant in this scenario. The reasons for
which we display M, in Fig. 4 within the range 1.9 TeV <
M, < 4 TeV are twofold: direct detection excludes light ¢,
while the trilinear interaction $HU° imposes that M, <
4 TeV (in the left panel) and M, <5 TeV (in the right
panel) in order to guarantee the stability of ¢. In summary,
¢ fulfill all the requisites to constitute the dark matter of the
Universe. It is important to note that the coupling of N
with Z’ is approximately twice as large as the coupling of ¢
with Z'. Because of this, the suppression of the abundance
of N| due to Z' resonance tends to be greater than ¢.

Thus, we conclude that the model has two viable dark
matter candidates that are exclusive unless degenerate

in masses. We remark here that the model poses inter-
actions among standard quarks (g) and Z’ that change
flavor [27,29-35]. We considered such contributions in the
calculation of the abundance. As they are suppressed by
the quark mixing matrix elements, then their contributions
are irrelevant for the abundance in both cases of N, or ¢ as
dark matter."

B. Direct detection

The holy grail of direct dark matter detection is the
assumption that the halo of Milk Way is composed by
WIMPs and then an infinity of them passes through the
Earth’s surface each second. WIMPs have cross section of
approximately weak strength, so it is to be expected that
they interact weakly with the Standard Model particles;
therefore, as the WIMPs are supposed to pass through the
Earth, they can be directly detected by their interactions
with the material (the nucleons, more precisely, the quarks)
that compose the detector. The rate of interactions per unit
of time per unit of mass of detector material, which can be
simply expressed as [22]

; (5)

where (v) is the average velocity of the incident WIMPs
relative to the Earth frame, ¢ is the WIMP-nucleus cross
section and my is the mass of target nucleus.

The WIMP interacts with the nucleus of the material that
composes the detector and deposits an energy Q that is
measured [1,36-42]. The WIMPs move in the halo with

“In regard to lepton flavor violation processes like y — ey,
once we are considering N , 5 in a diagonal basis, neither N; nor
W’ contributes to such processes. Then, we do not need to worry
about this here.
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FIG. 5. Processes which contribute to the WIMP-nucleon cross

section of N.

velocities determined by their velocity distribution function
f(v); then, the differential scattering event rate can be

written
dR:( Pa% >F2 /f dvdQ, (6
2mDMﬂN

where p, is the WIMP density near the Earth, mpy is
the DM mass, o, is the WIMP-nucleus cross section
ignoring the form factor suppression F(Q), and uy =
mpmmy/ (my + mpy ) is the reduced WIMP-nucleus mass.

As discussed above, the interactions among dark matter
and Z' are the most relevant ones. Because of the features
of these interactions, we will have two types of WIMP-
nucleus interactions: spin independent (SI) and spin de-
pendent. It is very well known that the SI ones are the ones
we must take into account. Then, we will probe here the
limits on the SI cross section of N and ¢.

The spin independent WIMP-nucleus cross section at
zero momentum transfer can be expressed as [1,22,26]

4 2
00 ="2(Zf, + (A= 2)f2)*, ™)

where Z is the atomic number, A is the atomic mass, and f,
and f, are effective couplings with protons and neutrons,
respectively, and depend of the particle physics input of a
given model. In most cases, the couplings to protons and
neutrons are approximately equal, f, = f,; then,

2
oy = oSN A2, (8)

n

where p,, is the WIMP-nucleon reduced mass and

o = 4“" W gy, 9)

with f" = f, ,, which is also called WIMP-nucleon

amplitude. Experiments tend to constraint the ¢!, which
is nucleus independent.

The processes which contribute to the spin-independent
cross section of N are shown in Fig. 5. In our calculation,
we took into account both contributions; however, we
remark that the process mediated by the pseudoscalar P, is
completely negligible in comparison to the one mediated
by Z'. This is so because its coupling involves a ys and
is suppressed by a tiny Yukawa coupling; see Ref. [8].
Additionally, in Fig. 6, we have the processes which
contribute to spin-independent cross section of ¢. Our
results were obtained by implementing all these inter-
actions in CalcHEP. We made use of micrOMEGAs to compute
o5 through Eq. (9).

After discussing a little bit about the direct detection
method and showing the processes which contribute to the
WIMP-nucleus cross section, we are able to show and
analyze the results for each candidate.

The main results of this work are shown in Fig. 7, which
consider the recent PandaX-4T result [4] (in agreement
with Fig. 4 of Ref. [4]). In the left panel of Fig. 7, we
present our numerical results for N-nucleon cross section
as a function of My, for Mz = 4 TeV (blue curve), 5 TeV
(green curve), and 6 TeV (cyan curve). To guarantee the
stability of N, due to the trilinear interaction v,N,U°,
we needed to assume My, < Mp. This is the reason why
the blue line in the left panel of Fig. 7 goes up to
My, = 3200 GeV. The black dashed line represents the
upper limit imposed by the recent direct detection PandaX-
4T experimental result. The region above the dashed line is
excluded by the PandaX-4T bound. The red triangles
represent the right amount of relic abundance. Then, as
the red triangles that overlap the blue line lie above the
black dashed line, we conclude that the correct abundance
and PandaX-4T bound exclude Z’ with mass of 4 TeV.

In the right panel of Fig. 7, we present our numerical
results for ¢-nucleon cross section as a function of M for

FIG. 6. Processes which contribute to the WIMP-nucleon cross section of ¢.
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FIG.7. The WIMP-nucleon cross section for Ny (left panel) and ¢ (right panel). The red triangles represents the right DM abundance,
for both cases. The black dashed line represents the upper limit imposed by the direct detection experiment PandaX-4T [4]. The light
gray band represents the +1¢ sensitivity band, which is in agreement with Fig. 4 of Ref. [4].

two values of M . As we can see in this figure, the correct
abundance and PandaX-4T bound exclude Z’ with mass of
5 TeV for any value of M.

As noted in both panels of Fig. 7, the allowed value of
the mass of Z’' is related to the mass of the dark matter
candidate. Then, in Fig. 8, we present the region of
parameter space (Mz, My, 4)), Which is allowed by the
recent PandaX-4T. In both figures, we can see, represented
by the blue region, all the values of the parameter space

(M7, My, 4)) that respect PandaX-4T and have the correct
abundance. Thus, we have a lower bound on the mass of Z’
depending on the mass of the dark matter candidate. For the
case in which N, is the dark matter candidate, we have that
the lower bound on the mass of Z' is M, = 4.1 TeV for
My, = 2.2 GeV. Itis represented by the dashed black line
in the left panel of Fig. 8. For the case where ¢ is the dark
matter candidate, we have that the lower bound on the mass
of Z'is Mz = 5.7 TeV for M, = 2.9 TeV.
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FIG. 8.
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Viable parameter space for the DM candidates N; (left panel) and ¢ (right panel) in the plane (M7, My, ) and (M, M ),

respectively. In both panels, the correct dark matter relic density (4> = 0.11) is represented by blue region, the cyan region represents
the underabundance (Q42 < 0.11) parameter space, and the green region represents the overabundance (A2 > 0.11) parameter space.
The red line represents the PandaX-4T direct detection experiment with its 1o sensitivity band represented by the hatched red area.
The red region is excluded by the PandaX-4T direct detection experiment.
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IV. CONCLUSIONS

In this work, we investigated the implications of
PandaX-4T bound on the parameters of the dark matter
candidates of the 3-3-1LHN model. First of all, the
PandaX-4T bound is not compatible with light dark matter.
In our model, when we assume that N is the dark matter
candidate, the PandaX-4T bound requires My 2 1.9 TeV.
For the other case where ¢ is the dark matter candidate, we
get M, > 2.8 TeV.

Another interesting result is that, due to the fact that all
relevant processes are mediated by Z', the PandaX-4T
bound may be translated into a lower bound on Z’ mass but
now related to the mass of the dark matter candidate. As
shown in the left panel of Fig. 8, the lower bound on the
mass of Z' is M, > 4.1 TeV (v, 2 10357 GeV), but this
requires My, = 2200 GeV. In the case where ¢ is the dark
matter candidate, this lower bound is yet even more
restrictive, rendering Mz > 5.7 TeV (v, > 14400 GeV)
for M, = 2.9 TeV. Observe that the bound on M is
more severe for the ¢ scenario. We highlight that the lower
bound on M, obtained here turns out to be more restrictive

than previous works existing in the literature [8], including
that imposed by the LHC [43-46].” Of course, we are aware
that such a bound on M is an implication of the
assumption that N; or ¢ is the candidate for the dark
matter of the Universe. A recent work on the subject, see
Ref. [48], found that future hadron colliders may severely
restrict M. If this is realized, then, according to Fig. 8,
N, and ¢ must be heavier in order to give the correct
abundance.® We finalize saying that the PandaX-4T bound
put the dark matter candidates of the 3-3-1LHN model in a
scale of energy that cannot be probed by the LHC in the
present running and pushed the lower bound on the mass of
Z' for a scale that surpasses the existing bound.
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