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Abstract

Since the electric charge in the standard model is theoretically not quantized, we may have a variant of it,
called dark charge. Similar to the electric charge, the dark charge neither commutes nor closes algebraically
with SU(2)1. The condition of algebraic closure leads to a novel gauge extension, SU(2); @ U(l)y ®
U(1)y, where Y and N determine the electric and dark charges, respectively, apart from the color group.
We argue that the existence of the dark charge, thus N, leads to novel scenarios of multi-component dark
matter, in general. The dark matter stability is determined by a residual (or dark charge) gauge symmetry
isomorphic to an even Zj, discrete group, where k is specified dependent on the value of the neutrino dark
charge. This residual symmetry divides the standard model particles into distinct classes, which possibly
accommodate dark matter, but each dark matter candidate cannot decay due to the color and electric charge
conservation. We analyze in detail three specific models according to k = 2, 4, 6 and determine the simplest
dark matter candidates. For small U (1) coupling, the two-component dark matter scenarios implied by
the dark charge successfully explain the dark matter relic density and the recent XENONIT excess, as well
as the beam dump, neutrino scattering, and astrophysical bounds. Otherwise, for large U (1) 5y coupling, we
have multi-WIMPs coexisted beyond the weak scale.
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1. Introduction

The standard model of particle physics [1] has been enormously successful in describing
most of the observed phenomena. However, the explicit evidences of neutrino oscillation [2,3]
and dark matter existence [4,5] cannot be explained within the framework of the standard model.
This proves that the standard model must be extended in order to account for the new physics
beyond.

The existing experiments of dark matter relic density, direct/indirect detections, and particle
colliders have not revealed any detail of particle picture of dark matter. Obviously, many ded-
icated theories often assume dark matter to be composed of a single particle kind, such as a
WIMP [6,7], while there is no any reason why only a single particle kind of dark matter is pre-
sented. Since the constituent of dark matter is still eluded, a scheme of multi-component dark
matter seems to be naturally in comparison to the rich structure of normal matter within an atom.
Indeed, the possibility that dark matter consists of more than one type of particle is very attrac-
tive [8-39], with intriguing results for galaxy structure [40,41], multiple gamma-ray line [42],
boosted dark matter [43—-49], and dark matter self-interaction [50,51], as well as those motivated
with neutrino mass generation [52-62].

We wish to suggest that the structure of dark matter and the origin of neutrino mass can be
simultaneously understood from a very fundamental aspect of the standard model, that is the
electrodynamics. As shown in [63], since the electric charge (Q) is theoretically not fixed, there
may exist a variant of it, interpreted to be a physical dark charge (D), which coexists with the
electric charge, driving the model extension with implication for neutrino mass and dark matter.
As an indication, the most U (1) gauge extensions that mix with the hypercharge (Y) actually
imply such a dark charge to be a dequantization version of the usual electric charge. Analogous
to the electric charge, the dark charge neither commutes nor closes algebraically with the SU (2) 1,
weak isospin, 7; (i = 1, 2, 3). By algebraic closure condition, or symmetry (flipping) principle,
this leads to the full gauge symmetry, SUQ3)c ® SU2)L ® U(1)y ® U(1)y, where the last
two U(1)’s factors determine the electric charge and the dark charge through the 73 operator,
ie. Y =0 — T3 and N = D — T3, respectively, where the QCD group has been included for
completeness. Additionally, to cancel the U (1) y anomalies, three right-handed neutrino singlets
must be included, which have a dark charge identical to that of the usual neutrinos, whereas both
kinds of the neutrinos have vanished electric charge [64]. These right-handed neutrino singlets
obtain large Majorana masses according to the N-charge breaking, while they couple to the
usual neutrinos via the Higgs field. As a result, appropriate small neutrino masses are induced in
terms of a canonical seesaw mechanism. Especially, the seesaw scale that breaks the N-charge,
combined with the weak scale which breaks the weak isospin 7;, defines a residual discrete
symmetry of the dark charge D = T3 4+ N, which manifestly stabilizes dark matter candidates.”

In the literature, to make dark matter candidates co-existed (i.e. co-stabilized) responsible
for multi-component dark matter, discrete groups that are larger than a parity, e.g. a non-simple
Z» ® Z), group, have often been assumed by ad hoc. We show in this work that such stability
mechanism originates from the residual gauge symmetry of the dark charge, as mentioned, and
that it generically leads to novel scenarios of multi-component dark matter. Indeed, depending
on the value of the neutrino dark charge, §, the residual gauge symmetry may be correspond-

2 Dark matter stability mechanism is different from the matter parity that results as a residual gauge symmetry, see e.g.
[65—74], because the dark charge does not commute with the weak isospin, while the matter parity induced by B — L
breaking does.
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ingly isomorphic to a discrete group Zy, where k is an even integer. Such a residual symmetry
divides the standard model particles into various classes, which may accommodate dark matter
candidates to be simultaneously stabilized. We analyze in detail three concrete models according
to k =2,4, 6. The model with k = 2 implies a single dark matter candidate, while the remaining
two cases for k =4, 6, as well as the models with a larger value of k, provide multi-component
dark matter. We prove that the dark matter candidates can have an arbitrary mass—not necessar-
ily lighter than the charged leptons and quarks—although both the dark matter and the normal
matter transform nontrivially under the same residual symmetry, a consequence of the electric
and color charge conservation. This is opposite to the previous announcement [63] as well as
differing from the most extensions for dark matter. However, the dark matter candidates in the
model with k = 4, except for the case of scalar dark matter, must be lighter than the W boson,
due to the dark field self-interactions that potentially lead to a dark matter instability. As multi-
component dark matter is commonly implied, we choose the models with k = 4, 6 for further
experimental investigation. We figure out the viable parameter regime satisfying the dark matter
abundance, direct detections, particle colliders, as well as astrophysical bounds.

The rest of this work is organized as follows. In Sec. 2, we construct the model for a generic
dark charge. In Sec. 3, we determine the residual discrete symmetry, showing that it may be
isomorphic to a Z; with even k value. Then, the simplest candidates of multi-component dark
matter are identified according to several k values. In Sec. 4, we present the phenomenology of
the model, including neutrino mass, Z’ constraint, U (1) y running coupling, and that the schemes
with k = 4, 6 responsible for two-component dark matter are experimentally investigated. Fi-
nally, we summarize the results in Sec. 5.

2. A model of dark charge

In the nature, electric charges of fundamental particles come in discrete amounts, equal to
integer multiples of an elementary electric charge, called electric charge quantization. However,
if the electric charge is theoretically not quantized, i.e. not discrete, it is dequantized, i.e. arbitrary
or continuous. This term is eventually associated with the theories, such as the electrodynamics
and the standard model, that do not explain the quantization of electric charge. The former theory
obeys the charge quantization, if a magnetic monopole is presented, proposed by Dirac long
ago [75]. But, the monopole has not been observed yet. The latter theory implies the charge
quantization, if all hidden symmetries, e.g. L, — L for a,b =e, u, T and B — L, are violated.
Otherwise, they make the hypercharge, thus the electric charge, free, such that Y — Y 4+ x5 (L, —
Lp) + y(B — L) is always allowed, called dequantization effect [76,77].

Indeed, in the standard model with the gauge symmetry,

SUB)c®SUR)L®UM)y, ey
the electric charge is related to the hypercharge through the weak isospin by
0=T3+Y. 2)

The standard model does not predict the quantization of the electric charge because—while the
value of T3 is quantized due to the non-Abelian nature of SU(2); Lie algebra—the value of
Y is completely arbitrary on the theoretical ground of U(1)y group, since [Y, Y] = 0 for any
Y. For phenomenological purpose, Y is often chosen to describe the observed electric charge
values, while does not explain them. Additionally in the theoretical side, the value of Y can be
constrained by the anomaly cancellation and the fermion mass generation for each family, but



D. Van Loi, N. Manh Duc and P. Van Dong Nuclear Physics B 983 (2022) 115924

it is dequantized when including three families or right-handed neutrinos into account [78-82].
The reason is that the standard model always contains anomaly-free hidden symmetries, such as
L, — Ly fora,b=e, u, v or B— L for including the right-handed neutrinos, that subsequently
make Y free, as mentioned.

We consider the latter by introducing the three right-handed neutrinos, v, g, to the standard
model and assume Y (v,r) = §. The conditions of the anomaly cancellation and the fermion mass
generation require Y (e,g) =6 —1, Y (lyr) =86 —1/2, Y (ugr) = 2—-68)/3, Y (dyr) = —(146)/3,
and Y (qu1) = (1 —28)/6, where ly; = (var ear)” and gar = (uar dar)T [63,64].° We call § to
be the parameter of dequantization. Namely, for § = 0, the hypercharge and the electric charge
are properly recovered as in the normal sense, so we relabel ¥ = Y|s—o and Q = Q|s—¢ for
convenience in reading. Whereas, for § 7 0, we obtain the new charges as corresponding variants
of the electric charge and the hypercharge, by which we define D = Q|s-0, called dark charge,
and N =Y |50, called hyperdark charge. One has a similar relation to Eq. (2),

D=T;+N. 3)

As the electric charge, the dark charge D neither commutes nor closes algebraically with the
weak isospin, which indicates to a novel gauge extension, such as

SUB)c®SUR) UMy @U)n, “

where N thus determines D in the same way that Y does so for Q, respectively.

It is easily realized that N was studied in the literature as a combination of xY + y(B — L)
for x =1 and y = —§, since both Y, B — L are anomaly-free. However, the interpretation of the
dark charge D as well as this combination to be a dequantization of the electric charge did not
appear until our proposal [63,64]. An important result is that D implies dark matter stability;
additionally, the dark matter can be unified with normal matter in SU (2); multiplet, because
the dark charge D is noncommutative, which differs from the most extensions. Let us stress that
dark matter must be stabilized over the cosmological timescales. For instance, if a dark matter
particle with a mass between the weak and TeV scales decays to two lighter particles, the relevant
coupling strength that couples these fields must be around ~ 10720, Indeed, the current bound
of dark matter lifetime is at least a billion times longer than our universe’s age, leading to a
corresponding coupling strength ~ 10723 [83]. Such tiny coupling, that is much smaller than
the Dirac neutrino coupling ~ 10~!2, is not naturally stabilized against quantum contributions,
which might only be understood by symmetries.

The full fermion content supplied with the hyperdark charge under the gauge symmetry in
Eq. 4)is

\}L 1 1
o= " )~(1,2,—2,8— =], 5
=)~ (12500 3) ©

()2l
ver ~ (1, 1,0, 6), 7
eqr~(1,1,—-1,6 = 1), 8)
ugr ~ (3,1,2/3,2/3 —§/3), ©)]
dyr~@3,1,-1/3,-6/3 —1/3), (10)

3 We redefine a (and b) to be a family index, that labels both leptons and quarks, without confusion.

4
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where a = 1, 2, 3 is a family index, and § is arbitrarily nonzero, § # 0. The left and right fermion
fr.r have the same dark charge, which coincides with the hyperdark charge value of the right
component above, since D(f) = D(fr) = N(fg) due to T3(fg) =0.

It is easily verified that all the anomalies are canceled out for each family, independent of
8, as shown in Appendix of [64]. There, we also indicated that the anomalies are canceled out
for different dequantizations, such as U(1)y — U(l)n, @ U(1)n, ® --- ® U(1)n,, according
to 6 — 81,82, -+, §p, respectively. Multi-component dark matter is naturally recognized, since
each U (1)y’s factor presents an independent stability mechanism (see below). However, within
one factor, the U (1) breaking also supplies the schemes of multi-component dark matter. That
said, the multi-component dark matter is a generic result of the electric charge dequantization.
Hereafter, only the latter case is taken into account.

To break the gauge symmetry and generate appropriate masses, the scalar content is intro-
duced as

o+ 11
¢=(¢0)N(1,2,5,5), x ~ (1,1,0,=26). (11)

Here, the new field yx is necessarily to break U(1)y, producing Majorana vg masses via the
couplings x vrvg. Additionally, ¢ is the usual Higgs doublet, which has the dark charge identical
to the electric charge, such that both of these charges are not broken by the weak vacuum. The
vacuum expectation values (VEVs) are given by

(¢>=<g>» <X)=A, 12)
7 V2
satisfying

A > v =246 GeV, (13)

for consistency with the standard model.
3. Residual dark charge

The gauge symmetry is broken via two stages,

SUB)cR®SUR)LRAUMy U (1)y
A
SUB)c®SUR)L®U(Dy ® Ry
v
SUB)c®U1)p ®Rp.

In the first stage, only U (1)y is broken by the VEV of x, because of N{x) = —V28A #0.

But, this breaking is not completed. Indeed, a residual symmetry of N is defined as Ry = eloN,
since itis a U (1) y transformation. Ry conserves the vacuum, Ry (x) = (x), leading to e /2% =
1, or « =k /6 for k integer. We deduce

RNzeian/a =(_1)kN/8' (14)

In the second stage, the VEV of ¢ breaks all SU(2); ® U(1)y ® Ry, except for the color
group, because of T;(¢) = %ai (¢) #0 and Y{(pp) = N{(¢) = (0 v/Zﬁ)T # 0. However, the
breaking is also not completed. Indeed, a conserved charge after the breaking must take the
form,
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Table 1
0, D, and Rp values of fields.
Field 0 D Rp
; 0 5 -1
¢ -1 5—1 (—1)k6=1/8
" 2/3 2-8)/3 (—1)k(2=8)/38
d ~1/3 —(1+8)/3 (_1)—kG+1)/35
X 0 —28 1
ot Wt 1 1 (—1)k/8
90, A 0 0 1
X=a;T; +bY +¢N, (15)

that annihilates the weak vacuum, X (¢) = 0. This yields a; = a> =0 and a3 = b + ¢, hence

X=bT3+Y)+c(T3+N)
=bQ +cD, (16)

where Q = T3+ Y and D = T3 + N are defined as before. Additionally, Q, D commute,
[Q, D] = 0, and separately conserve the weak vacuum (similar to X), i.e. Q(¢) = D(¢) = 0.
Hence, the residual symmetry X is Abelian by itself and factorized into

Ux=UM)®U)p, a7
according to a transformation, !X = ¢??2¢i¢P multiplied by those of Q, D, respectively.

The first factor U (1) g is well known to be the electromagnetic symmetry, which is the residual
symmetry of SU(2); ® U(1)y, obviously conserving the x vacuum, since Q{x) = 0. The second
factor U (1)p is a residual symmetry of SU(2); ® Ry, which similar to Ry, must conserve the
x vacuum. In other words, ¢/“P(x) = (x) leads to e~"2¢% = 1, implying ¢ = a = knr/8. This
restricts U (1) p to Rp defined by

Rp = ekmDI6 — (_1)kD/3, (18)

to be a residual symmetry of the dark charge D = T3 + N, thus of SU(2); Q U(1) .

It is clear that Rp is shifted from Ry by the weak vacuum, not commuted with the standard
model symmetry, a consequence of the existence of noncommutative dark charge. Rp would
distinguish particles with different weak isospin values and give a potential unification of normal
matter and dark matter in the same gauge multiplet [63]. This feature compares with supersym-
metry, which does so for both kinds of matter (with different spin values) in supermultiplet.
Rp differs from the most U (1) extensions in the literature, which actually lead to commutative
discrete symmetries, like Ry, by contrast.

For comparison we collect the electric and dark charges as well as the Rp values of all fields
in Table 1, where A commonly denotes all the gauge fields corresponding to the gauge symmetry
in Eq. (4), except for the W boson. Additionally, the generation and left/right chirality indices
have been omitted since the relevant fields have the same Q, D, and Rp values, respectively.

From Table 1, it is clear that if X =0, then Rp =1 for all fields and every §, which is the
identity transformation. To search for the residual group structure, we find the minimal value
of |k| # O that still satisfies Rp = 1 for all fields. Such value of k£ depends on § and obeys the
following equations simultaneously,
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Table 2
Rp values of all fields when § is fixed, where k is arbitrarily integer.
Field Rp— 7 Rp — Z4 Rp — Zg
E=-1) =2 @é=1
v (=DF =Dk (=DF
e 1 (—Dk/2 1
u (-n7k 1 (—D¥/3
d 1 (=1)~k/2 (=1)~2k/3
X 1 1 1
¢t Wt (=n7* (—Dk/? (—DF
#0, A 1 1 1
k=2ny, (19)
k(5 —1)/8 =2ny, (20)
k(6 —2)/38 =2ns, 21
k(8 +1)/38 = 2n4, (22)
k/8 = 2ns, (23)

where n1 2345 =0,%1,£2, .. are integer. From the first equation, kX must be even integer, i.e.
k==+2,44,+£6, ..

First, considering the case of |k| =2, we get n; = £1 and subsequent relations

ny =2 —3ny, n3=1-—2ny4, ns=3n4 — 1. 24)

We also obtain a corresponding value of §, denoted by
1 1 11 11 1 1
C3ma—1 720 4757 7°8 107117

Similarly, considering the next cases with |k| =4 and 6, we obtain the corresponding values
of 8, denoted by

& (25)

o2, 21 121 2 6)
4_3n4—2_ Ty T Ty T
1 1 1 1 1 1 1
86 = S e Sy g s S 27)
ng— 1 227374757677

respectively. Notice that §4 contains in part the values of §> which correspondingly reduce to the
first case and must be omitted. Moreover, d¢ also includes values of §, and a part of §4 which
reduce to the first or the second case and must be eliminated too.

In other words, there are different values of § resulting in Rp =1 for all fields according to
the minimal solution of |k| = 2, 4, or 6, except the identity k = 0. This implies that the residual
symmetry Rp is automorphic to a discrete group, Z», Za, or Zg, respectively, providing dark
matter candidates. To be concrete, in Table 2, we show three specific cases, giving the results
as expected. Notice that unlike the minimal value of k according to Rp = 1 for all fields, we
have restored k, without confusion, to be arbitrarily integer characterizing transformations of
(18) within each residual group Rp.

Of course, there are values of § that lead to the residual symmetries higher than the given ones,
such as Zg, Z19, Z12, and so forth. They would imply more the stabilized dark matter components

7
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Table 3

Field representations under the Z, group.

Field gs Z
v 1 1M
e -1 1@
u 1 10
d -1 1@
X 1 1M
¢+ , wt 1 1 2)
¢0 A 1 1 (1)

than the chosen ones. Such generalization to a higher discrete symmetry is not trivial, but not
discussed further in this work.

3.1. The model with § = —1

The second column of Table 2 indicates Rp = 1 for all fields and for the minimal value of
|k] = 2, except k = 0. Hence, the residual symmetry Rp is automorphic to

Zy={1,g}, (28)

where g = e "0 = (—1)"P and g*> = 1.

Because the spin parity, Ps = (—1)%, is always conserved by the Lorentz symmetry, we
conveniently multiply the residual symmetry with the spin parity group S = {1, Ps} with PS2 =1,
to perform a new group Z> ® S, which has an element

gs=gx Ps=(=1)"""%, (29)
satisfying g% = 1. Therefore, we have

2y ={1, gs} (30)
to be an invariant subgroup of Z> ® S, and decompose

Z:Q8=[(Z2288)/2:]® 2. 31

Since [(Z> ® S)/Z2]1 = {{1, gs}, {g, Ps}} is conserved if gg is conserved, we can omit it, inter-
preting the Z, group as a residual symmetry instead of Z.

The field representations under Z, are summarized in Table 3. Notice that Z, has two
one-dimensional irreducible representations, 1 and 1®, corresponding to gs = 1 and —1,
respectively, as usual.

From Table 3, the model with § = —1 implies scenarios of a single dark field, labeled W1,
which transforms nontrivially under 25, i.e. gg = —1, such as

W, ~(1,1,0,2d;) (32)
for a fermion or
v, ~(1,1,0,2d1 + 1) (33)

for a scalar, where d; is integer. For simplicity, throughout this work, we assume dark matter
candidates to be spin-0 bosonic and/or spin-1/2 fermionic fields, transforming as the standard
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model singlet.* This result is similar to the previous interpretation obtained in [63,64]. Therefore,
we obtain the simplest dark matter candidate to be either a fermion or a scalar with d; = 0.

We would like to stress that W can have an arbitrary mass, which does not decay to the usual
particles. First, all U1, e, d, ¢, and W+ are Z; odd. Next, ¥ is color and electrically neutral,
whereas the rest (e, d, ¢, WT) carry a color and/or an electric charge. The color and electric
charge conservation demands that W cannot decay to such a colored and/or electrically charged
state. Indeed, by contrast, suppose that W; decays to a final state. This state must be color and
electrically neutral, as W is. Additionally, the Z, conservation requires that the final state must
be combined of an odd number of the odd fields (e, d, ¢+, WT). Since ¢ is eaten by W and
that W+ decays to (e*, v) or (d¢, u), the final state includes only (e, d) as possible old fields.
Thus, the decay process takes the form,

U — xe” +xet +yd+yd 4+ zu+7u +-- -, (34)

where the dots stand for the remaining fields (if any) that are electrically and color neutral and
Z, even. The conservation laws imply, i) x + X + y+y=2n+1 (22 odd), ii) —x +x — y/3 +
v/3+2z/3 —27/3 =0 (electrically neutral), and iii) y +z — y — Z = 3n’ (color neutral), for n, n’
integer. The last two equations lead to —x +x — y + y 4+ 2n’ = 0, which combined with the first
equation, yields a contradiction to be 2(x + ¥ + n’) = 2n + 1. In other words, the symmetries
SUB)c, U(1)g, and Z; jointly suppress the decay of the Wy dark matter, if it has a mass larger
than the ordinary odd particles (e, d, ¢+, W™). Hence, the ¥ dark matter can have an arbitrary
mass, and its stability is different from the most extensions.

3.2. The model with § =2

From the third column of Table 2, it is clear that Rp = 1 for all fields with minimal value of
|k| =4, except k = 0. Thus, the residual symmetry Rp is automorphic to

Zy={1,1,12,1%), (35)

where t = ¢™P/2 = (—1DP/2 and * = 1.
For convenience, we multiply the residual symmetry with the spin-parity group S = {1, Ps}
to perform Z4 ® S, which has an invariant subgroup,

Zy={1,15,13, 13}, (36)

where tg =t x Ps = ¢/™(P/2¥29) = (—1)P/2+25 and t{ = 1. Therefore, we decompose

ZiQS=E[(Z4a® S)/24] ® Z4. (37)

Since [(Z4 ® S)/Z4] = {{1, ts, t§, tg}, {t, Ps, 12 x Pg, 13}} is conserved if Z4 is conserved, we
can consider Z4 to be a residual symmetry instead of Z4 (note that Pg is always preserved).
The field representations under Z4 are given in Table 4 (third column). Here, Z4 has four one-
dimensional irreducible representations, 1(1) according to tg = 1, 1(2) according to ts =i, 1(3)
according to rg = —1, and 1® according to g = —i, with i to be imaginary unit.

It is noted that Z4 contains an invariant subgroup Z, = {1, té} with the corresponding quotient
group Z/2 =2Z4/7Zy = {{1, té}, {ts, tg}} = {[1], [ts]}, where each coset element [x] consists of

4 Introduction of SU(2) 1 multiplets leads to a unification of normal field and dark field by the gauge symmetry due to
the noncommutative Rp, as mentioned. This possibility is interesting, but is out of the scope of this work and skipped.
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Table 4

Field representations under Z4 and their transformations under Z, ®
Zé.

Field tg Zy t% [ts] 7 ® Zé

v 1 1M 1 1,1} 1M g 1M
e —i 1(4) -1 (—i, i} 1(2)®l(2)
u 1 1(3) 1 (-1, -1} l(l)®l(l)
d i L(Z) -1 {i, —i} 1(2) ®l(2)
X 1 1 1 {1,1} 1M g1M
¢t Wt i 1@ - {i, =i} 121
¢°, A 1 1w 1 {1, 1) 1M e1M
Table 5

Three kinds of dark field implied by Z4.

Field Z4 Fermion Scalar

W, 19 (1,1,0,4dy — 1) (1,1,0,4d, + 1)
U3 14 (1.1,0,4d3) (1,1,0,4d3 +2)
vy 1@ (1,1,0,4dy + 1) (1,1,0,4dy +3)

two elements of Z4, the characteristic x and the other t§x.5 However, Z4 is not isomorphic
to Zy ® Z),. Additionally, one can verify that the fields transform the same under Z and Z,
identical to the previous model with § = —1, because t§ is identical to gg, while [ts] is always
isomorphic to tg. They are also included in Table 4 as the last three columns, for clarity.® That
said, the Z4 basis is necessarily to supply multi-component dark matter, while the Z> ® Z
group is basically reducible to the single dark matter. Extra comment is that if one allows two
factors U (1)n, ® U(1) N, according to 6 — 81,2, as mentioned, they yield a residual Klein group
Zél) ® Zéz) with the factors determined by independent dark charges Dj >, respectively. This
supplies a scheme of two-component dark matter whose candidates transform nontrivially under
the Z,’s factors, respectively, similar to the present Z4 with only one §.

From Table 4, the model with § = 2 implies three kinds of dark field, as determined in Table 5,
where d» 3 4 are integer. It is able to show that Z4 is the smallest (i.e. Z;) cyclic symmetry that
allows a scenario of two-component dark matter [39,18,13]. Among the solutions, we consider
here the two scalar dark fields to be the simplest candidates of dark matter, as resupplied in
Table 6.

In this case of the model, the usual fields e, u, d, ¢+, and W transform nontrivially under
Z4, analogous to the dark fields. Since ¢ is eaten by W™, while W+ decays to vet or ud®,
a potential decay of dark matter need not consider these bosons in the product, similar to the
previous model. So if dark matter decays, the final state only includes (e, u, d) plus others that are
trivial under Z4 and neutral under the electric and color charges. On the other hand, dark matter
that transforms as 1® or 1 cannot decay to usual particles, since it is odd under tg = gs, thus

5 Hereafter, because the models with § = —1, 2, 1 are distinct, the notations used for labeling discrete groups and their
presentations may be identical among the models, without confusion.

6 Hereafter, although the representations denoted by corresponding dimensions, as underlined, may appear the same
across different groups, they must be distinguished as always supplied under their own group, which should not be
confused.

10



D. Van Loi, N. Manh Duc and P. Van Dong Nuclear Physics B 983 (2022) 115924

Table 6

The simplest dark matter candidates implied by Z4.

Field Spin tg Zy
®2~(1,1,0,1) 0 i 1@
®3~(1,1,0,2) 0 1 1®

suppressed by the t§ conservation, similar to the previous model. Dark matter that transforms
as 1(3) cannot decay to a state that contains a single field of e, u, d, because of the electric and
color charge conservation. Also, it cannot decay to a state that contains any two of e, u, d, since
the charge conservation restricts such state to ete™, ufu, and dd, but this is not allowed by
Z4. Moreover, a final state that includes three of them is only eud® or udd, but not allowed by
Z4. And, a final state that has four of them is only euud, e*ddd, or others as combined of two
states of two (e, u, d) fields above, but discarded by Z4. Finally, a final state that contains more
than four of them must be eeuuu or combine the above states due to the charge conservation,
which are all suppressed by Z4. Hence, SU(3)c, U(1) g, and Z4 do not permit any dark matter
decaying to ordinary particles. Notice that the dark fields may have self-interactions; for example,
the case of the simplest dark fields above includes a Lagrangian term, dD;d)%. The two dark fields
are simultaneously stabilized responsible for two-component dark matter, if the mass of @3 is
smaller than twice that of ®».

3.3. The model with § =1

From the last column of Table 2, we derive that Rp = 1 for all fields with the minimal value
of |k| = 6, except for k = 0. Hence, the residual symmetry is automorphic to

Ze=1{1,p, p*, p*, p*. P}, (38)

where p = ¢'"P = (—1)? and p® = 1. Following [63,72], we factorize Zg into

Z6=272Q® Z3, (39)
where Z» is the invariant subgroup of Zg, while Z3 is the quotient group of Zg by Z», given by
Z,={1,p), (40)
Zy={[11,1p°1. [p*]}. (41)

Here each (coset) element of Z3, denoted by [y], contains two elements of Zg, the characteristic
y and the other py as multiplied by p3, thus [1] = [p>]1={1, p*}, [p?1=[p’]1 = {p?, p°}, and
[p*1=1[p]l={p, p*} are well understood.

Since [p4] = []72]2 = [pz]* and [1)2]3 = [1], Z3 is completely generated by the element,

[p*1=1e?"P] = ["], 42)
where w = ¢/>"/3 defines the cube root of unity. Whereas, Z; is generated by the element,
p3=ei37TD=(_1)3D. (43)

It is noted that 3D is always integer, since p® = 1.
The theory conserves both the residual symmetries, Z, and Z3, after symmetry breaking.
Notice that Z, has two one-dimensional irreducible representations, 11 according to p3 = 1 and

11
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Table 7

Field representations under Zg = Zr ® Z3.

Field P’ (p*1={p?. p°} 2, ®2Z3
v -1 1,-1}—>1 1@ 1M
e 1 (1,1} > 1 1M g1
u —1 (0, —0} > o 19 1@
d 1 {0, 0} > o 1D g1
X 1 {, } 1D g 1(1)
ot Wt —1 {1, —1}—>1 1<2>®1<1>
#0, A 1 1L1—1 1D g1M

1® according to p3 = —1, whereas Z3 has three one-dimensional irreducible representations,

1M according to [p2] = [11={1,1} or {1, =1} — 1, 1® according to [p?] = [w] = {w, w}
or {w, —w} = w, and 13 according to [p?] = [0?] = {0?, ®?} or {®?, —w?} — w?. Here, the
representations of Z3 are independent of the values p> = =41 that identify those of Zg in a coset;
hence, the representations of Z3 are determined by a homomorphism of Zg representations to
those of Z3, such as [p2] = [r] = {r, £r} — r, corresponding to 1V, 1® and 1® forr = 1, w,
and w?, respectively.

The representations of all fields under the Z; 3 groups are computed, given in Table 7. It is
clear that the 1 representation of Z3 is not presented for the existing fields. But, let us note that
the antiquarks transform as 1®, since 1®* = 1, and vice versa.

Furthermore, because the spin parity is always conserved, we conveniently multiply the resid-
ual symmetry with the spin parity group, to form

Z6®S=(Z:8 ) ® Za. 44)
Here Z> ® S contains an invariant subgroup,

P ={1, Py}, (45)
with

Py = p* x Ps = (=1)’P*2. (46)
Hence, we have

Z6®S=[(Z2®8)/P1Q P Q Zs. (47

Since (Z, ® S)/P ={P, {p3, Pg}} is conserved if Py (or P) is conserved, we consider the
remaining factor,

Z6®SDP®Z3 (48)

to be the relevant residual symmetry instead of Zg. The quotient group, Z3, and its representa-
tions are remained, while P has two one-dimensional irreducible representations, l(l) according
to Pyy =1 and l(z) according to Py = —1. Thus, representations of all fields under P and Z3
are (re)supplied in Table 8.

From Table 8, we see that the model with § = 1 provides three kinds of dark field, in which
the first kind transforms nontrivially under P and trivially under Z3, the second kind transforms
trivially under P and nontrivially under Z3, and the last kind transforms nontrivially under both

12
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Table 8

Field representations under P ® Z3.

Field Py [p?] PQZ3
v 1 1 1M g1M
e —1 1 1@ g1M
u 1 © 1D g1@
d -1 w 1(2) ®l(2)
X 1 1 1 g1
o W ) 1 12 1M
¢0,A 1 1 10 g 1M
Table 9

Distinct kinds of dark field implied by P ® Z3.

Field P®Z3 Fermion Scalar

Ws 1@ 1M (1,1,0,2d5) (1,1,0,2d5 + 1)
W 10 g1@ (1,1,0,2dg +1/3) (1,1,0,2dg +2/3)
= 1210 (1,1,0,2d7+£2/3)  (1,1,0,2d7 £1/3)
Table 10

Simplest dark matter candidates implied by P ® Z3.

Field Spin Py [p?] P®Z3
Fs~(1,1,0,0) 1/2 -1 1 12 g1M
Fg~(1,1,0,1/3) 1/2 1 w 10 g1
O7~(1,1,0,—1/3) 0 -1 w? 199103

P and Z3. Therefore, these kinds of dark field are determined in Table 9 as W5 ¢ 7 fields, respec-
tively, where ds ¢ 7 are integer.

Among these solutions, we assume the simplest dark matter candidates corresponding to the
most minimal N charges, summarized in Table 10. The model responsible for two-component
dark matter will be based upon F5 and Fg, which are self-interacted through a heavier dark field,
®;. The necessary condition for Fs and Fg to be co-stabilized is that the net mass of F5 and Fg
must be smaller than that of ®7, i.e. ms5 4+ me < m7, where ms ¢ 7 are the mass of F5 ¢ and ®7,
respectively.

The phenomenology of this model is completely different from the U (1) p_; extension [72],
since the ordinary particles transform nontrivially under Py, in the same with the dark fields (cf.
Table 8). Additionally, it happens similarly for Z3, where the quarks are nontrivial as the dark
fields. The electric and color charge conservation is necessarily to ensure dark matter stability.
And, the dark matter components can have arbitrary masses, which need not be smaller than the
e, u,d masses. Let us see.

Since Py is identical to gg, the stability of the dark matter component Fj is always ensured
by the SUQ3)c, U(1)g, and P symmetries, independent of its mass, analogous to the case of
the dark matter W; in the model with § = —1. Whereas, the SU(3)¢c and Z3 symmetries are
responsible for the stability of the dark matter component Fg, where only quarks u, d transform
nontrivially under Z3 as Fg. Prove: Since Fg as a dark matter is color neutral, it cannot decay to
any colored state, such as those that include a single quark. The SU (3)¢ conservation requires
a color-neutral final state if resulting from a decay of Fg, by assumption. Hence, this final state
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containing quarks (otherwise, suppressed by Z3) must be composed of ¢°q and/or gqq. However,
these combinations are trivial under Z3, implying that the final state is invariant under Z3 which
cannot be a product of Fg decay to be a contradiction. In other words, the SU(3)¢ and Z3
symmetries suppress the decay of Fg, even if Fg has a mass larger than that of quarks.

4. Phenomenology
4.1. Neutrino mass generation

The charged leptons and quarks gain appropriate masses through the Yukawa couplings with
the usual Higgs field ¢, similar to the standard model.

However, the advantage is relevant to the generation of neutrino masses. Indeed, the neutrinos
VL, R possess the Yukawa terms,

. 1
[:Dh;blanﬁva—l- EfavvavaRX + H.c. 49)
Substituting the VEVs, v obtain a Majorana mass matrix, mg = — £ A/~/2, while VLR Teceive
a Dirac mass matrix, m p = —h"v/~/2. They are given through the mass Lagrangian,
1 0 (mplav \ ( V5
LD —= (Vg ¥¢ a bL ) 4+ H.c. 50
2( at Var) <(mD)ba (mR)ab ) \ vor (50)

Since v <« A, we have mp < mp. Hence, the observed neutrino (~ vy, ) masses are given by
the seesaw mechanism,

02
V2A
while the heavy neutrinos (~ vg) have a mass proportional to m g at A scale.
The breaking of the hyperdark charge N is necessarily to generate small neutrino masses,
proportional to n, ~ v2/A, where A is large, compared with the weak scale. This breaking (or
seesaw) scale, A, is constrained by the particle colliders below.

my = —mpmg'mh =h () ()T (51

4.2. Collider searches for Z'

The U (1) gauge boson, Z’, obtains a mass,
mz >=2|5[gn A, (52)

where gy is the U (1) y gauge coupling, and that small contributions due to mixing effects from
the kinetic mixing term and the weak breaking are neglected.
The field Z’ couples to the usual fermions and vg via the Lagrangian,

L5 —gnIN(fL) fuv* fr + N(R) fry™ fR1Z), = Fy™ 1% (f) — 8Z (Nys1fZ),.  (53)
where we define
! 1 ! 1
gt ()= —&NIN(fL) + N(fR)), g5 (H= —38NIN(fL) = N(fo)] (54)

This applies for usual fermions, except for neutrinos. By the seesaw mechanism, the usual neu-
trinos v >~ vy, and the sterile neutrinos v’ >~ vg are distinct (Majorana) particles. Hence, g% A()

are computed by suppressing N (vg), whereas g‘z,/ A (V") are achieved by omitting N (vz).
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If mz is smaller than the highest collision energy of the LEPII experiment, /s = 209 GeV,
the particle Z’ may be resonantly produced at the LEPII. The agreement between the experimen-
tal measurement and the standard model indicates that gy < 1072, up to a factor of § [84].

If mz > 209 GeV, the process ee™ — f f gets an off-shell contribution of Z’, described by
the effective Lagrangian,

2N N £
W@yuq)(ﬁmﬁ)
Z/

+(LR)+ (RL)+ (RR). (55)

Taking f = u, 7, the LEPII searched for such chiral structures, yielding a strong limit for Z’
mass per coupling to be
mzy
16 —1/2[gn
which translates to A > 1.5|(25 — 1)/§| TeV [85].

The LHC searched for dilepton signals through pp — f f for f =e, u, r, mediated by Z’,
which provide a mass bound about mz = 4 TeV for Z’ coupling similar to Z. This indicates to
abound for A ~my /2g ~ 3 TeV, where g is the SU (2) coupling [86].

All the above searches imply a bound on the new physics scale to be A ~myz /gy > O(1)
TeV. Note that Z’ has not been considered, decaying to the dark fields. By contrast, if Z’ decays
to some dark fields, such bound is more relaxed.

Let us remind the reader that although A is constrained at TeV, the Z’ mass, mz ~ gy A, may
be small, as gy is small, and vice versa.

£eff D

>6TeV, (56)

4.3. U(1)y running coupling

Notice that the interactions of dark fields with U (1) 5 gauge portal, as well as dark field self-
couplings, govern the dark matter observables. Here, such interaction of a dark field, called X,
with Z’ is given by the Lagrangian, either £ D )_((iy”DM —mx)X or LD (D“X)T(DMX) —
m%( Xt X, for X to be a dark fermion or scalar, respectively, where D, =9, +ignNx Z;L is the
covariant derivative, and Ny is the hyperdark charge of the dark field. Due to the cyclic property
of discrete symmetry, Nx may be arbitrary, similar to the ones given via dj 3,.. 7 above. One
may wonder that the theory is not well defined for large Ny.

First of all, opposite to non-Abelian charges, Abelian charges are completely arbitrary, as also
mentioned from outset. Additionally, the Lagrangian of a U (1) 5 gauge theory always conserves
a scaling symmetry,

gy —> gy =8n/c. N —> N'=cN, (57)

where g, and N’ are the coupling and charge after transformation by any value of c. Thus, one
may work in a basis, such that gy is infinitesimal, while N is rarely big, leaving the physics
unchanged. Further, the running of gy along with energy scale u satisfies the RG equation,

1dgn /o= B(gn) = —(gx/16mH)by, (58)
where the beta function,
2 2 1
bN=_§ZN§—§ZN§—§ZN§, (59)
L R S
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is summed over the left and right chiral fermions and scalars, respectively. The RG equation
preserves the above scaling symmetry as a result. This implies that a theory with large N behaves
similarly to the normal ones, when the energy scale slides. A special feature of the Abelian theory
is by < 0 forevery N. Hence, the coupling gy decreases when p decreases. Given that the theory
is well defined at the Planck or grand unification scale, i.e. gy N ~ 1, it works perturbatively and
is predictive below such a large scale.’

As a consequence, we divide the dark matter phenomenology into two cases. If gy is small,
the relevant dark matter may have a large hyperdark charge. This would imply a large signal
strength for dark matter when scattering with electrons, as shown below (see also [72] for B — L
model). By contrast, if gy is large, the charge N should be small as of usual particles. In this
case, the Z’ portal effectively governs the WIMP components, co-existed beyond the weak scale,
also shown below (see also [71] for noncommutative B — L model).

4.4. Small U(1)y coupling: probing the XENONIT excess

Recently the XENONIT collaboration announced an excess in electronic recoil energy rang-
ing from 1 to 7 keV, peaked about 2.3 keV, with a statistical signification above 3o, with 285
events produced above the expected background of 232 + 15 events [89].

This excess may be manifestly explained within the scenarios of two-component dark matter
obtained in this work, given that one dark matter component is boosted with a velocity of 0.1¢
order [90-98]. Additionally, the U (1) 5 coupling constant, gy, is small enough to evade the low
energy experimental bounds, simultaneously this enhances the charge of boosted dark matter,
thus its signal strength as measured by the XENONIT [72].

In the model with § = 2, both the dark matter components &, 3 populate our galaxy, possess-
ing densities set by their annihilation to the usual leptons and quarks through the U (1) gauge
boson portal (Z'), as well as the self-annihilation between them by the self-couplings, dD;Qb% and

(Cbgsz)(cbg ®3). If $5 3 have masses, called m3 3, respectively, such that my < m3z < 2ma, O3
is boosted in annihilation ®,®, — ®3Z’, while @, is boosted in annihilation ®3P3 — D, d5.
Whereas, if m3 < m», only the component @3 is boosted through the annihilations, ®,®, —
®3P3, 37’ Above, Z' has a mass to be smaller than those of ®; 3 due to the small gy. The
boosted dark matter is either both @, 3 or only @3, depending on their relative masses.

In the model with § = 1, the dark matter component Fs contributes to the whole cold dark
matter, set by its annihilation to Fg via the self-interaction F5Fg®7, where mg < ms. The com-
ponent Fg has vanished relic density due to its annihilations to Z" as well as the usual particles.
However, Fyg is presently produced, boosted in the annihilation of the cold dark matter Fs due to
the F5Fg®d7 self-interaction, similar to the thermal process. In this model, only the boosted dark
matter component is Fg.

In all of the mentioned models, the boosted dark matter subsequently scatters on electrons in
the XENONIT experiment, causing the observed effect, as enhanced by the large charge of the
boosted dark matter. The next phenomenology happens quite the same. Hence, we take only the
model with § = 1 into account, hereafter.

7" An exception is that the hyperdark charge may not be unified with the normal charges in a GUT framework, since it
necessarily results from a dequantization of electric charge. However, such charge possibly originates from a string [87]
or a flipped GUT [88].
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Table 11
Couplings of Z’ with usual fermions, given through
Eq. (54).
! !
f 8% (f) g5 (f)
Ve, Y, Vr —gn/4 —gn/4
et —gn/4 —gn /4
u,c,t —gn/12 gn/4
d,s,b 5N /12 —gn/4
F; Fs Fs Z'
|
|
Y<I>7 Fg
|
|
i
Ff FE F A

Fig. 1. Dark matter conversion and annihilation of the second dark matter. The second process has an extra u-channel,
but undepicted, for simplicity.

The Lagrangian of the considering model includes
LD Fs(iy"d, —ms)Fs + Fs(iy" Dy — me) Fs
+(D" ®7)" (D, ®7) — M5 DI O + 2(iy" Dy — m,)e
+(yFsFs®7 + H.c.), (60)

where Dy, = 3, +ignyNZ,, is the covariant derivative. Note that Fs ¢ are vectorlike, while the
electron e is chiral (cf. Table 11), and that the dark field masses obey m7 > ms5 + mg and ms >
meg, as mentioned. We have fixed Fs5 ~ (1, 1, 0, 0), thus it has only self-couplings to other dark
fields and gravity interaction with normal matter, as desirable. Whereas, Fg and &7 may possess
generic hyperdark charges, i.e.

Fe~(1,1,0,1/342n), &7~(1,1,0,—-1/3 —2n), 61)

for n integer, which differ from the minimal basic charges in Table 10 by even numbers, similar
to the ones in Table 9. This is always allowed by the cyclic property of residual Z3 and P groups
and obviously that they do not change the representations of the fields.

The cold dark matter Fs obtains a correct density by its #-channel annihilation to the second
dark matter, i.e. F5F5 — FgFg, exchanged by the ®; dark field, as depicted by the left diagram
in Fig. 1. Fg strongly couples to the U (1) y gauge boson Z’, by which it has a vanished density
given by the right diagram in Fig. 1. Note that Fg also annihilates to the usual particles via Z’
portal, but it is small, compared to the given channel to Z’, since its hyperdark charge is large.
The densities of Fs5 ¢ are explicitly computed at the end of this section. Presently, Fg is boosted
via a process similar to the left diagram in Fig. 1, and subsequently this fast dark matter scatters
on electrons in the XENON T experiment via the diagram in Fig. 2, by the Z’ portal. The mildly
boosted (i.e., v ~ 0.1¢) phenomenon happens when ms = mg, and we also assume ms ¢ > m, to
satisfy the BBN and CMB bounds [99].

By the process in Fig. 2, the electronic recoil energy approaches Eg < 2m,v* for mg > m,
and agrees with the XENONIT if F is boosted with v> = (m3 — m2)/m% ~ 1% [90]. The
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F@ F6
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Fig. 2. Scatter of the boosted dark matter with electron.

transferred momentum is |¢| = Eg/v ~ 40 keV. In the limit of the Z’ mass to be much larger
than |g|, the Fg-e scattering cross section is given by [100]

4(1/3 4 2n)2m?
o, = SN/ 4”) Me . (62)
Snmz,

Since myz ~ gy A, the cross-section is enhanced for large boosted dark matter charge, as ex-
pected.

In the literature, two potential sources that produce the flux of boosted dark matter have been
discussed, namely (i) dark matter annihilation in the current galaxy center/halo and (ii) dark
matter capture and their annihilation in the sun. However, the second source does not significantly
contribute to the flux in our model, because the cold dark matter F5 ~ (1,1,0,0) is a gauge
singlet which does not interact with the sun matter, such as nuclei, at tree level. Through 1-loop
effects that include both Fg, ®7 contributions, the field Fs effectively couples to Z’, such as

gyy?

LD ——
48n2m,2,

2
m —
In =3 [Fsy"9" Fs(0,Z, — 8,Z),) + H.c.]., (63)
mz
with g}, = [1/3 4 2n|gy, in agreement to [43]. This induces a spin-independent scattering cross-
section of F5 on nucleons via Z’ exchange in the sun,

2

1 2 8nY m% & 47 2

o= 215 () s e (o
Z/

where we take m7 2 1 GeV, the log function is of one order, and the squared momentum trans-
feris t = —2mp , ER ~ —mZZ,, since the recoil energy typically Eg < 2mp,nv2 ~ 1 keV and
mz ~ 1 MeV, as shown below. Additionally, we have the reduced mass pp , =mp ,ms/(mp , +
ms) < 1 GeV, the Z’ vector couplings to nucleons gpmy =103)gn /4~ 1077 (see below for gN
value and gj, ~ 1), and y < O(1) due to the perturbative limit. The sun will reach a capture-
annihilation equilibrium, such that the scattering cross-section sets the flux of boosted dark matter
to be [91]

o 5 Opn 1 GeV\?
@%‘;“:7.2x10 em™?s 1(10—41;cm2)< . > , (65)
which is much smaller than the following galaxy source and is neglected.

Hence, the dark matter is not captured/accumulated in the sun core over time, i.e. the capture-
annihilation phenomenon is not enhanced by the sun. The boosted dark matter flux in our model
only comes from the first source (i). We assume that the dark matter obeys an NFW profile [101].
The Fg flux from full sky is given by [43]
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2
B 42 1 ( (ove) FsFs—FeFs \ (1 GeV
Op =1.6x10""cm =5 <5x 10-26 cm3s1) ( o , (66)

where (0 Urel) s Fs— Fy s 15 the thermally-averaged dark matter annihilation cross-section at
present time, computed below in (89), and 1 GeV belongs to the dark matter mass range in-
vestigated, but not necessarily indicated to a benchmark. The flux of the fast dark matter Fg that
comes from all the sky due to the F5 cold dark matter annihilations in our galaxy would cause a
signal rate at the XENONIT detector. The total number of signal events can be estimated as

Nsig = Zegr X nxeV X T X 00 X P, 67)

in agreement to [91]. Here, Z.gr ~ 40 is the effective number of recoil electrons in a Xenon atom,
which is governed by electrons on N, O shells; nx.V = M /mx. is the number density of Xenons
in the detector, multiplied by the fiducial volume of the detector, which equals the detector-to-
Xenon mass ratio; T is the total operation time; and notice that M T = 0.65 tonne-years relevant
to the current XENONIT data.

As shown below, the present-day dark matter is dominated by Fj, set by its dominant an-
nihilation to Fg in the early universe, hence constraining the cross-section (o Vrel) Fs Fs— Fg Fg =
5 x 10726 cm3s~! for the correct abundance. With this condition, from Egs. (66) and (67), the
relation between the number of signal events and the scattering cross section is derived to be

Nsig _ 160, (1 MeV>2. 68)

100 ~ 3pb

The dark matter mass satisfies ms > m, and it can get mass values up to GeV scale; above the
1 MeV conveniently put does not mean a benchmark value. Noting that mz ~ 2gy A for the
model with § = 1, we deduce

Nsig e 2 ime\? (3 Tev\*
2 n64x 1074~ 2n) (= : 69
00 377) s A (69)

Required to explain the number of signal events, Nsje ~ 100, the hyperdark charge of dark
matter is large,

A 2
n| ~1.98 x 100 (@) ( ) ~1.98 x 105, (70)

ms

me 3TeV

where both A and m5 have a lower bound, A > 3 TeV and ms > m,, as mentioned. Additionally,
from Eq. (70), the dark matter charge required is increased, when the dark matter mass ms and/or
the new physics scale A are larger than the given bounds.

In this case, we approximate the beta function through by >~ —(5/3)(1/3 + 2n)2, yielding the
RG equation,

ag;\, 5 /3
Hoou ~ agn2®N:

(71)

where gi, = [1/3 +2n|gy slides as the usual couplings. Defining the hyperdark charge coupling
strength, o)y, = ggvz /41, we obtain the solution,
1 1 5 n

— = — —In—, 72
oy ays 6T ug (72)
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where ¢ indicates to those at the large (GUT or Planck) scale. Imposing a perturbative limit for
the hyperdark charge interaction at the large scale, say oy ; =1 at ug = 10'0 GeV, it leads to
O‘;v ~ (.08 at scale u ~ 1 MeV of interest, or in other words,

[1/342n|gy = 1. (73)
Combining this equation with the condition N, = 100 required to explain the excess, we get
mz ~1.81 x 103(gn/ms)'/> MeV>/2. (74)
From Eq. (73) and Eq. (70), we obtain a bound for the U (1) gauge coupling,

gn <252 1077, (75)

From Eq. (74) and Eq. (75), the mass of the Z’ boson is correspondingly bounded by

my < 1.28 MeV, (76)

since ms > m,. This bound is very close to the sensitive limit of beam dump experiments, which
detect the signal of the decay Z' — eTe™, that requires mz > 2m, ~ 1 MeV [102,103]. That
said, Z’ is always viable below such mass limit since the beam dump experiments are not able to
find it, in spite of what size gy is.

Notice that m 7/ and gy are further constrained by the neutrino-electron scattering, horizontal
branch stars, and supernova 1987A experiments, similar to the B — L model [72], which are
signified as follows. The neutrino-electron scattering due to the Z’ exchange yielding a bound
gn <107 for mz ~ MeV is obviously suppressed by the condition (75). The experiment with
horizontal branch stars studies energy loss, carried by Z’, implying a bound m 7 > 0.34 MeV for
g satisfying (75), but being above the excluded regime gy ~ 1078-107!1, as constrained by the
supernova 1987A. The BBN supplies a lower limit on g, which would exclude the viable lower
region with gy < 107!1, according to m ~ MeV. In summary, in addition to the XENONIT
constraints in (76) and (75), the astrophysical and cosmological experiments restrict

mz > 0.34 MeV and gy > 1078, (77)

Because Z’ is light, potentially affecting the BBN measurement, in what follows we will discuss
the BBN bound, for clarity.

Since the dark matter components F5 g are above the BBN bound given at MeV, we need only
examine two cases of Z’ mass. If the Z’ mass is also above this BBN bound, no sub-MeV hidden
states exist. Hence, no new relativistic degrees of freedom are presented during the BBN. Only
constraint from the BBN is that Z’ decays into the standard model fast enough, larger than the
Hubble rate, in order to avoid late dissociation process. Thus, the decay Z’' — e*e™, vv¢ before
T ~MeV,say I'(Z' — eTe™,vv°) > H(T ~MeV), requires

gn > 0.46 x 1072 (MeV/mz)'/? ~0.46 x 107°. (78)

If the Z’ mass is below the BBN bound, the field Z" does not significantly contribute to the
allowed number of relativistic degrees of freedom during the BBN at the standard model tem-
perature. Indeed, after the neutrino decoupling, a significant population of Z’ may be generated
through inverse decays, such as vv¢ — Z’, known as a freeze-in mechanism. Note that in this
regime, a population of Z’ derived through the reaction ye® <> Z'e* or ete™ <> Z'y is inef-
fective, because such process is suppressed by a factor o >~ 1/137 relative to the present process
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vv¢ < Z' and therefore is safely neglected.® Once the Z’ population is in equilibrium with the
neutrino population, it will maintain the distribution through the active decay Z’ — vv° and the
inverse decay vv¢ — Z’. Until the temperature drops to T, ~ mz /3, at which time Z’ decays
out of equilibrium, as the inverse decay is kinetically suppressed, the active decay Z’ — vv® po-
tentially produces a net contribution to the effective number of neutrinos, Nesr. This contribution
is viable, since the decay products of Z’ have an energy E, ~ mz: /2, generally larger than 37,
implying a final neutrino distribution to be more energetic than that found in thermal equilibrium.

The momentum distribution functions of Z’ and v, labeled f7 and f, respectively, obey the
Boltzmann equations, such as [104]

af af (EZ/+pZ/)/2
7' 7' mz Uz

- HPZ/ = - dEVF(EZ/’ElJaEZ, _EU)’ (79)
ot apz Ezpy

(Ezf—Pz’)/2

f, of, r r ’

v v mzL z Pz
- — H = dpz F(Eys,E,,E;—E,), 80
o1 Dv e~ Evpy / Dz E, (Ez,Ey, Ez v) (80)

‘(m2Z//4[7V)_[7v‘

where F(x,y,2) = fz ([l — WL = @] — L) @I+ f2(0)], Tz = gimy /64n
is the rest frame width, and H = a/a is the cosmic expansion rate with a the scale factor. The
energy densities of the decay particle and the products are obtained by

oo o0
8z 2 8v 2
or =52 [ VdprErse. b= [ PldpiEaf, Q)
0 0

where gz = 3 and g, = 2 are the number of spin states of Z’ and v, respectively. When the
temperature drops below mz//3, the inverse decays are forbidden and the entropy of Z’ popula-
tion is transferred to other species. If only neutrinos and photons exist, the effective number of
neutrinos is

8 (11\*? p,
Negr == — —, 82
off = 5 ( 1 ) S (82)

where p,, differs from the SM value due to the entropy transferred from Z’ decays. The deviation
of the effective number is

e ¢]

360
ANer= 223 / dyoy2(fo — 1), (83)
0

which is integrated over comoving momentum of v, y, = ap, /MeV, where ff D — (14 ¢ew)”!
is the distribution function of a free-streaming decoupled neutrino. The numerical investigation
of the Boltzmann equations (79) and (80) in the fast decay regime I';» > H(m ) was already
done in [105], with noticing that at very high temperatures f = 0, and its result would apply
to our model without change. That said, the deviation of the effective number of neutrinos is
ANegr >~ 0.21. This value is suitable to the Hubble tension between local measurements and

8 The process e e~ <> Z’ does not occur for cosmic temperatures and m 7 below 1 MeV, so it would not be included.

Also, similar processes that thermalize Z" with the light quarks (u, d) are ineffective in comparison to Vv <> Z’.
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temperature anisotropies of CMB, reported in [106]. Notice that the fast decay regime I'(Z —
vv°) > H(my) under consideration requires

gn = 0.53 x 107°(mz /MeV)/? ~0.53 x 1072, (84)

different from the previous case of the Z’ mass. Hence, the new light state Z’ may be presented,
which does not alter the BBN measurement.

It is noted that Fs ¢ are populated and follow a thermal distribution before the freeze-out of
the dark matter. Hence, Z’ must also be populated, since it is annihilated in by Fg, and should
have enough interactions with the standard model sector to keep the dark matter in thermal equi-
librium until freeze-out. However, the freeze-in mechanism discussed above is valid only if gy is
sufficiently small such that the Z’ population will not reach equilibrium with the standard model
thermal bath in the very early universe, by contrast.” The condition for Z’ not to reach equilib-
rium with the heavy leptons (i, t) and the heavy quarks (c, b, t) at early times can be considered
as ny(ov),+,-—yz < H(my), because the annihilations of 7, ¢, b, to yZ' are quite smaller
than that of  due to the suppressions of larger fermion masses and/or smaller y, Z’ couplings.
Correspondingly, the condition requires

1.66. /2= 12
gn 54(—5’*@) ~ 107", (85)
a  mp

where (0v),+,- 7 ™~ ocgjz\,/ 16m12L is approximately given in non-relativistic limit near 7' ~
m, and is independent of m 7/ due to m 7 < m,,. From Eqgs. (84) and (85), there is a sizable range
of gn,i.e.0.53 x 1072 < gy < 1078, under which the Z’ population does not reach equilibrium
with the heavy fermions at early times, but Z” will equilibrate with neutrinos, leading to a Negt
deviation through its decay Z’ — vv¢ appropriately. Unfortunately, this range of g that ensures
the freeze-in mechanism is obviously excluded by the condition in Eq. (77) which comes from the
supernova 1987A and is not favored by the WIMP criteria, as mentioned. Nonetheless, this study
of the BBN bounds given in Eqgs. (78) and (84) is aimed at ruling out the bound gy < 107! as
hinted from the supernova 1987A too. It is noteworthy that gy is finally bounded by Eq. (77) and
in this case the condition in Eq. (85) is not satisfied. Hence, gy > 1078 ensures Z’ to be in kinetic
equilibrium with the thermal plasma at early times, protecting the freeze-out mechanism of the
dark matter from outset, and this dark matter setup also independently excludes gy < 1071

Last, but not least, let us evaluate the dark matter relic densities as stated. It is suitably to
assume mg > my, as above mentioned. Hence, Fg is obviously annihilated to Z’ via the right
diagram in Fig. 1. The annihilation cross section is

14

8
(0 Vrel) g Fgs 2770 = —X 5 > 1 pb, (86)
167tm6

since g, = 1 and that mg is radically below the weak scale. The Fs density is negligible,
0.1 pb

5 {0 Vrel) FgFg— 22/

Qph? ~ <2.58 x 1076, (87)

for m g, < 10 GeV. Here the factor % associated with the annihilation cross-section arises because
Fg is a Dirac fermion and that the Fg density refers to the sum of the abundances for Fg and Fg.

9 In this case, the dark sector temperature may be very different from that of the standard model sector, depending on
their couplings to the inflaton and entropy releases, and thus the WIMP paradigm breaks down.

22



D. Van Loi, N. Manh Duc and P. Van Dong Nuclear Physics B 983 (2022) 115924

0.14

012

> Vv
0.06 Q'\’

Ny

A\
oF

10 1072 107" 10° 10°
ms [GeV]

Fig. 3. Dark matter self-coupling and mass contoured for the correct abundance, taking m7 = 2ms.
Such factor and density definition also apply to every Dirac fermion candidate below, which

should be understood.
Hence, the cold dark matter abundance is approximated by the Fs contribution,

Qpmh?® = Qrh* + Qrh? ~ Qph?. (88)

Applying the Feynman rules for the left diagram in Fig. 1, we obtain the annihilation cross-
section for Fs,

4 2 2\ 1/2
(0 Vrel) Fs Fs— Fg Fg == yllms + me) e (89)
re — = - .
sTeTreTe 87 (m3 — mé + mg)2 mg
Using the approximation mg =~ ms, the data for dark matter density [1]
0.1 pb
Qpmh? ~ P ~0.12 (90)

1
2 <Uvrel>F5F5—>F6F6

is recovered if (o Vrel) s Fs— Fy g == 1.67 pb,m or

12 [ g2 —1/8
ly| =5.88 x 1074 27} (23 o . 1)
2m5 me m%

The dark matter self-coupling depends on m7/ms and ms/m., having a lower bound |y| > 1073,
for m7 > 2ms and ms > m,, where note that 8m2/m§ = (m% — m%)/m% ~ 1%. As an instance,

we make a contour of the dark matter self-coupling y and the F5 mass ms in Fig. 3.
Note that Fs may annihilate to Z’ via 1-loop diagramzs with both @7 and Fg running in the
yms &y

loop. The amplitude is then evaluated as My,q ~ o
6.

T which is substantially smaller than
5

2
the given tree-level amplitude, Miee ~ > ;:25'6’ due to the loop factor suppression ~ 1/1672 and

7
g}v =~ 1. The tree-level annihilation of Fs to Fg sets the relic density.

10" Let us note that 1.67 pb>~5x 10726 ¢m3 s~ as the benchmark value used before.
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4.5. Large U(1)N coupling: implication for co-existed WIMPs

WIMP is a natural solution of the thermal dark matter paradigm, which in the past it con-
tributed to the thermal bath of the early universe, then decoupled, i.e. freeze-out, with a present-
day density, when its annihilation rate into usual particles matches the Hubble expansion rate.
Many standard model extensions imply existence of a single WIMP, such as supersymmetry and
extradimension [6,7], as well as the gauge approach [107-118]. However, this work adds that the
dequantization of electric charge unravels a picture of structured WIMPs. It is noted that the ver-
sions of dark matter under consideration actually contain two simultaneously stabilized WIMPs.
Hence, it is sufficiently to investigate one of them, say the model with § = 1, with the candidates
in Table 10, which have the minimal basic hyperdark charges and a large U (1) 5 gauge coupling.
We also assume the Fs ¢ masses to be beyond the weak scale.

Dark matter pair annihilation in the present case includes those given similarly to Fig. 1, plus
the extra s-channel diagrams (not depicted) for Fg annihilation to the standard model particles
(Ieptons, quarks, Higgs and gauge bosons) exchanged by Z’, namely Fs F{ — ff¢, ZH where f
indicates to the usual leptons and quarks. Notice that F5 does not annihilate to the usual particles,
since its dark charge vanishes.

It is straightforward to determine the annihilation cross section of Fg, such as

3/2
O(me — mz/)gj‘\,mg 1_ mZZ,
3247 (m%, — 2m3)? 2

me
+g2ng Y Ne(OAgE (O +185 (H1P)
9 (m%, — 4m?)?

2 2 2
887216

1447 (m%, — 4m2)2m?%’

(0 Vrel) Fg Fg—all =

92)

where g‘Z,, A(f) were supplied in Table 11, while the HZZ' coupling is given by gzzy =~
—8gnv/2.

Since the dark matter components F5 ¢ now have arbitrary masses above the weak scale, the
conversion between Fs g is either F5F§ — FoF¢ if ms > mg or FoF¢{ — F5Fs if ms < mg. The
former process is described by the left diagram in Fig. 1, in which the result in Eq. (89) properly
applies for this case. The latter, or inverse process, is given by a #-channel diagram, similar to the
previous process by replacement F5 <> Fg with the same @7 mediator, leading to an annihilation
cross section,

(0 Vrel) Fg Fg— Fs Fs == (93)

12
|y[*(ms + me)? (1 m%)

87 (m3 — mg + mé)2

It is noted that for the case mg > ms, the annihilation cross sections in Eqgs. (92) and (93) set
the Fg density. However, F5 never annihilates after the temperature of the universe falls below the
Fg mass. Thus, it has a large density, overpopulating the universe. This case should be discarded.
Hence, we consider only ms > mg. And, the F5 density is governed by its annihilation to Fg, i.e.

Qpyh? =~ O1pb 94)
5{0 Vrel) Fs Fs— Fg Fe
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Fig. 4. Total dark matter density contoured as functions of component dark matter masses for different choices of y, A;
the value of other parameters relevant to each panel is detailedly supplied in the text.

with the annihilation cross-section given by Eq. (89), while the Fg density is determined by its
annihilation to the Z’ and/or standard model particles,
Qph® ~ l'#pb, (95)
) (0 Vrel) Fg Fg—all
with the annihilation cross-section obtained by Eq. (92). The total dark matter density is
Qpmh? =Q p5h2 + Q F6h2, where both the components contribute, unlike the above model for
XENONIT.

The parameters that significantly govern the dark matter observables are the dark field self-
coupling y, the U (1) gauge coupling gx, and the new physics scale A, besides the dark matter
masses ms ¢ and the mediator mass m7. Let us make contours of QpmhZ=0.12 inspired by the
experiment [1] as functions of ms ¢ according to several choices of the remaining parameters.
Namely, in Fig. 4 the upper panel is plotted for x =m7/(ms +mg) = 1.1, gy = 0.2, A =3 TeV,
and y = 0.9 and 1 corresponding to each curve as marked in the panel. Whereas, also in Fig. 4,
the lower panel is plotted for y = 0.95, x = 1.1, gy = 0.2, and the curves according to the values
of A =3 and 3.5 TeV, respectively. Note that the disconnected regions on each curve are due
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Fig. 5. The SI Fg-nucleon effective scattering cross-section limit as a function of Fg mass according to the several choices
of A, where the excluded region (light brown) lies above the experimental (green and yellow) bands.

to a Z’ resonance in the density, at which m¢ = %m 7', which reduces the density to zero, thus
suppressed for correct abundance.

Since F5 ~ (1, 1,0, 0) is sterile, it does not interact with detectors in direct detection experi-
ment. Effect of dark matter in the direct detection comes only from a potential scatter of the Fg
component with nuclei in a large detector.'! Indeed, the effective Lagrangian describing the Fg-
quark interaction can be derived from the 7-channel exchange diagram by the new gauge boson
Z' to be

Lefr D Foy" Fe [yu(eq PL+ By Pr)q] . (96)
where Pr g = (1 F y5)/2, and
Cud =—Pu/2 = Pa/4 = —gx/18m7. ©7)
Hence, we obtain the spin-independent (SI) cross-section for the scattering of Fg on a nucleon as
4m?
OB -mucleon = 43 Ay Z + hn(A = )P, (98)

where

Ap = [2(cty + Bu) + g + Bal/8,
A = oy + Bu + 2(aq + Ba)1/8. 99)

Above, Z is the nucleus charge and A is the total number of nucleons in the nucleus. Because
the dark matter components partially contribute to the total density, the effective SI cross-section
of Fg is given by

Qp,h?
SI F SI
Ot (Fo) = W;Ihzo—&—nucleon' (100)

T Since this WIMP is non-relativistic, yielding a small electronic recoil energy, it cannot explain the XENONIT excess.
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Taking A = 131 and Z = 54 according to the Xe nucleus and mpycleon == 1 GeV, in Fig. 5
we plot the SI cross-section of Fg corresponding to the previous choices of A =3 and 3.5 TeV,
y=0.95,x =1.1, and gy = 0.2, which resulted in Fig. 4 lower panel. We always assume that the
two dark matter components give the correct relic density. The XENONI1T experimental bounds
[119,120] have also been included to the plot. Combining the results in Fig. 4 lower panel and
Fig. 5, the viable dark matter mass regime is either 0.63 TeV < m5 < 1.07 TeV and 0.58 TeV <
me < 0.61 TeV for A =3 TeV, or 0.80 TeV < m5 < 0.97 TeV and 0.69 TeV < m¢g < 0.71 TeV
for A = 3.5 TeV, but always ensuring that ms > mg.

5. Conclusion

The dequantization of electric charge leads to the existence of a noncommutative dark charge
and that the full gauge symmetry of the model takes the form, SUQ3)¢c ® SUR2)L  U(l)y ®
U (1) y. This setup not only yields suitable neutrino masses, but also implies the novel schemes
of multi-component dark matter. The dark matter stability is ensured by the residual dark charge
identical to an even Z; symmetry, a remnant of the gauge symmetry after symmetry breaking.
Additionally, the dark matter components can have an arbitrary mass, despite the fact that they
and the normal particles transform nontrivially under the discrete symmetry, that cannot decay as
a consequence of the color and electric charge conservation, combined with Zj. With this mecha-
nism, we have pointed out the simplest models for two-component dark matter. Additionally, we
have proved that they can address the XENONIT anomaly recently observed, as the second dark
matter component is boosted in annihilation of the first dark matter component. Alternatively,
these models can contain two WIMPs with relevant masses above the weak scale, satisfying the
relic density and direct detection bounds.
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