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Abstract
We study the gauged U(1)p_r, extensions of the models for neutrino masses and dark matter. In this
class of models, tiny neutrino masses are radiatively induced through the loop diagrams, while the origin
of the dark matter stability is guaranteed by the remnant of the gauge symmetry. Depending on how the
lepton number conservation is violated, these models are systematically classified. We present complete
lists for the one-loop Zo and the two-loop Z3 radiative seesaw models as examples of the classification.
The anomaly cancellation conditions in these models are also discussed.
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I. INTRODUCTION

The standard model (SM) of particle physics has been established after the discovery of the
125 GeV Higgs boson [I, 2]. Nonetheless, there are still remaining puzzles which are not addressed
in the SM. In particular, the smallness of the neutrino masses measured by the neutrino-oscillation
experiments [3H6] and the existence of the cosmic dark matter (DM) inferred from the astronomi-
cal observations [THI1] are phenomenologically important issues. The simplest solution to explain
the tiny neutrino masses is the canonical seesaw mechanism with super-heavy right-handed neu-
trinos [I12HI4], while its verification by experiments may be difficult. On the other hand, various
DM candidates - such as the axion, weakly interacting massive particles, asymmetric DM, strongly
interacting massive particles and wimpzilla - have been suggested. However, the scale of the DM
mass is unknown and spreads over a very wide range from 107'° GeV to 10 GeV [15].

Models with a radiative neutrino mechanism are among the most economical scenarios which
can resolve the above two issues at the same time. In this class of models, the neutrino mass is
induced by quantum effects, while the DM candidate is incorporated as a necessary component.
Since the DM particle is running in the quantum loop diagram in order to generate the neutrino
masses, the phenomenology of neutrinos and that of DM are strongly correlated. Representative
models possessing these ingredients include Ma’s scotogenic models at the one-loop [16], and
the two-loop level [17], the Krauss-Nasri-Trodden (KNT) model at the three-loop level [18], and
other three-loop models proposed by Aoki, Kanemura, and Seto [19], and by Gustafsson, No, and
Rivera [20]. In each of these models, an ad hoc discrete symmetry Zs or Zs is imposed not only to
forbid the tree-level neutrino Yukawa interactions, but also to guarantee the DM stability. The
origin of the discrete symmetry is left unknown. A possible origin of this symmetry is an accidental
symmetry. If one extends the SM with higher-dimensional SU(2), representations such as quintets
or septets, an accidental Z, symmetry appears in a new particle sector and stabilizes the DM
candidate [21H23].! Extensions of the models with radiative neutrino mass generation along this
line and their phenomenology have been explored in Refs. [25H27]. Another attractive idea for the
dark matter stability is that the discrete symmetry originates from a continuous symmetry which
is spontaneously broken at some high energy scale by a nonzero vacuum expectation value (VEV)
of scalar fields. If the continuous symmetry is the gauge symmetry, this mechanism is known as
the Krauss-Wilczek mechanism [28]. This mechanism has been applied to the radiative seesaw
models [29]. The spontaneous breaking of a global symmetry can also leave a Z, symmetry,
which is well known as the domain wall production in axion models. This residual symmetry has
also been used to construct a radiative seesaw model [30].

In this paper, we study the gauged U(1)p_y, extension of the radiative seesaw models for
neutrino masses. The Zy discrete symmetry can be realized as a remnant of the U(1)g_, gauge
symmetry. Although this kind of models have been studied in the literature [31H33], our aim is
to classify these models systematically. By focusing on how the lepton number conservation is
broken in the Feynman diagrams for the neutrino mass generation, we present a list of all possible
models. We do not give a detailed numerical analysis of each model at this stage. In general,
these U(1)p_r, extended models encounter the gauge anomaly problem. A systematic method of

1 A large isospin scalar multiplet leads a lower cutoff scale, which might disturb the DM stability [24].



anomaly cancellations involving adding extra fermions is discussed.

The structure of the paper is as follows. In the next section, we present a systematic procedure
for classifying the models for the radiative neutrino mass generation and for the DM stability based
on the gauged U(1)g_r symmetry. In Sec. , we deal with the gauge anomaly cancellations.
The required number of the extra fermions and their B-L charges are given in the Appendix as
examples. We conclude and summarize our study in Sec. [[V]

II. U(l)p_r EXTENSIONS

We demonstrate the U(1)p_p, extension of the radiative seesaw models at the one-loop, two-
loop, and three-loop levels [T6HI8]. A discrete Zy symmetry is derived as a residual symmetry of
the U(1)p_1, gauge symmetry. In the following investigation, the (minimal) models include gauge
anomalies in general. For the moment, we ignore the issue of the anomaly cancellations. These
anomalies can be canceled by introducing vector-like fermions (under the SM gauge group) [34-
30]. The details of the systematic cancellation of gauge anomalies will be addressed in the next
section.

A. One-loop Zs Model

First, we consider the U(1)p_r, extension of the one-loop model with the Z, symmetry [16].>
In the original non-gauged model, three right-handed singlet fermions Ng and one inert doublet
scalar n = (n*,n°)" are added to the SM. In addition, the Z, parity is assigned as odd for the
new particles and even for the SM particles. The lightest electrically neutral Z, odd particle,
which is either the lightest right-handed fermion or the neutral component of the inert scalar, can
be a DM candidate. At least two generations of the right-handed fermions are needed to fit the
observed neutrino masses and mixings. The required interactions for generating neutrino masses
are written down as

L O ENgij, NSNg, (qﬂn)?, + he. (1)

where E (®) is the SM lepton (Higgs) doublet, 7 = imn* with 75 being the usual second Pauli
matrix, and N = (Ng)° denotes the charge conjugate of Ng.

In order to achieve the U(1)p_y, extension, two new complex singlet scalars x and o are added
to the original one-loop model. The particle contents and the charge assignments are shown in
Table Il The B—L charges of quarks and of right-handed charged leptons are not displayed in
Table [} these are fixed appropriately as usual. Hereafter, we assume that among the new scalar
fields only the o field develops a VEV, which triggers the U(1)g_1, symmetry breaking. The third
term in Eq. is not allowed in the U(1)p_r, extended model because ® must be neutral while
n should be charged under the U(1)g_, symmetry. In order to effectively induce this term, we

2 The phenomenology of this model has been studied, for example, in Refs. [37-42] for example.



SU©2)r 2 2 |12 |1
Uy || —1/211/2 0 |1/2] 0 | 0
U(l)BfL -1 0 QN Qn Qx QO’
SpinJ || 1/2 | 0 |[1/2| 0 | 0 | 0

TABLE I: Charge assignments of the fermions and scalars in the U(1)g_1, model with one-loop neutrino
mass generation, where Qn, @y, @y and Q, (Qy, Qs # 0) are determined properly as discussed in the
context.

need a mixing between 7° and y when the U(1)g_, symmetry is broken. In this extended setup,
the necessary interactions for the radiative seesaw mechanism are

[ NgNR [(@I)x (@T)xt [ XPo
L D ENgij|NSNgo |(®Tn)xo (®'n)x*c |x%c* + h.c. . (2)
NS Ngo* [(®Tn)xo* (®Tn)x*o*

At least one element in each column has to be selected in an extended model. Since these terms
must be invariant under the U(1)g_y, transformation, the unknown charges (Qn , @, , @y , Qo) are
determined by solving the simultaneous equations. Once all the sets of the B—L charges are
found, the entire Lagrangian can be easily constructed. Notice that the requirement of the scalar
interactions in the last column of Eq. (2)) forbids the x linear terms, o™y and (¢*)"x (n = 1,2, 3),
which causes the tadpole diagram (or induced VEV) to conflict with the remnant Z, symmetry.

The topological diagrams for the one-loop neutrino mass generation are shown in Fig. (1|, where
the square symbol indicates the possible B—L breaking vertex. Depending on the B—L charge
assignment as discussed above, the combinations of the lepton-number-violating vertices change
In an opposite way, we can firstly identify the possible B—L breaking vertices in the diagram. In
each diagram, the sum of the B—L violation is limited to two since the Majorana mass terms break
the lepton number by two units. Therefore, the combinations of these vertices fix all the U(1)p_1,
charges of new particles. The possible B—L charge assignments are summarized in Table [[Il The
assignments obtained by the field redefinitions x* — x and/or ¢* — ¢ are regarded as the same
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FIG. 1: Feynman diagrams for the neutrino mass generation in the U(1)g_1, extension of the one-loop
model, where the squares indicate the possible B—L breaking vertex.



Qn | @y | Qy Qs necessary interactions
Al 1/2 |1/2| 1/2 | =1 | ENgf}, NSNgo*, (®Tn)x*, (®Tn)xo , x%c
A2 1/4 |3/4] 1/4 | —-1/2 ENgij , NENgo* , (@'n)x*o , x%c
A3 —1/23/2 | -1/2| 1 ENgij , NSNgo* , (®'n)xo* , x%c
A4 0 1 1 -2 ENgij , F}%NR , (@Tn)x* , (@Tn)xa ., X0
A5| 0 1| 1/3 | —-2/3 ENgij, NENg , (®Tn)x*o, x%0

TABLE II: Possible B—L charge assignments for new particles in the U(1)p_1, extended one-loop model.
In each of these assignments, the last column contains the necessary interactions for generating neutrino
masses at the one-loop level.

model. The assignments A1 and A4 involve two kinds of terms, which induce the mixing between
n° and y, namely, (®Tn)x* and (®'n)xo. The other assignments include only one mixing term.
We again note that the nature of the lepton number violation is different for each assignment.
For instance, in the case of A1, A2, and A3, since all the new particles carry nonzero B—L charge,
both of the fermion and scalar lines in Fig. [1| violate the lepton number. On the other hand, for
the assignments A4 and A5, since the new fermion NS has no B—L charge, the lepton number
violation occurs only in the scalar sector.

For the assignments A1-A3, the remnant discrete symmetry Z, = (—1)N98-t is identical to
the one in the original non-gauged model [16] when the U(1)g_;, symmetry is broken, where
NQp L (=2Qp_1./Q,).* While for the assignments A4 and A5, Zy = (—1)N9s-1+2/ s the same
as the original model, where J is the spin of the particle. This is because (—1)%/ is an accidental
Zo symmetry under the Lorentz transformation, and a product of Z, symmetries leads to another
Zo symmetry. With this definition of the remnant Z, symmetry, the Zs charges of the new

particles are explicitly fixed to be odd for Ng, n, x and even for o.

B. Two-loop Z3 Model 1

The two types of two-loop radiative seesaw models with the Z3 symmetry have been proposed
in Ref. [I7]. The phenomenology of these models has also been discussed in the literature [43] [44].
In the first two-loop model, a SU(2), doublet vector-like fermions ¥ = (X7, ¥°%)T a singlet vector-
like fermion ¢, and three complex singlet scalars x are added to the SM.? Using the cubic root
w of unity, the Zs charge is assigned as w = €2™/3 or w* for the new particles, and unity for
the SM particles. The lightest scalar y can serve as a DM candidate. A fermionic DM candidate
given by the lightest mass eigenstate composed of X° and 1 may not be suitable for a DM
candidate since the elastic cross section with nuclei via Z boson exchange is strongly constrained

3 The prefactor 2 in the definition NQg_1, is fixed depending on the remnant Zy symmetry. As we will see later,

NQ@gp-1, is defined by 3Qp_1./Q, or 4Qp_1,/Q, for the model with Zs or Z4 symmetry, respectively.
4 Conversely, one can add three SU(2); doublet vector-like fermion, and a singlet vector-like fermion, and one

singlet complex scalar to explain the observed neutrino data.



E P Xp | X% | Y | Y | x | o
SU(2);, 2 2 2 2 1 1| 1
Uy | —-1/2|1/2| -1/2]1/2 | 0 0] 010

UDp-L| -1 | 0 [ Qs, | Qsg | Qu, | Qup | @x | Qo
SpinJ || 1/2 | 0 1/2 | 1/2 | 1/2]1/2 | 0 | 0

TABLE III: Charge assignments of the fermions and scalars in the U(1)p_, extension of the two-loop
model I, where the unknown B—L charges can be fixed by adapting the same strategy as in the previous
subsection.

by direct detection searches [45]. The required interactions for generating neutrino masses in the
first two-loop model are

L D EERX* ) 23_Rz)L ’ %d][/ ) E_LwR(i) ’ ¢_E¢LX ) X3 ) + h.c. . (3)

To accomplish the U(1)g_1, extension, we add one singlet complex scalar o to the original
model. The particle contents and the charge assignment are summarized in Table [[T]l The neces-
sary interactions to produce neutrino masses in the extended model are given by

B EEL @IPL Ew}@ EiﬁLX E%{X x’o
L D EZRX* &ELU @wLU ERl/}LCI) 77Z)E¢LX* ¢}C~‘.{¢RX* X30'* + h.c. . (4)
ERELO'* ’QUR’QZ)LO'*

At least one element in each column should be chosen to generate neutrino masses at the two-
loop level. The topological diagrams for the neutrino mass generation are shown in Fig. By
applying the same methodology illustrated in the previous subsection, all the possible charge
assignments can be found. These are summarized in Table [V] There are nine different ways
(B1-B9) of assigning charges. In the assignments B5-B7, the Yukawa interaction Srir® is also
allowed. This Yukawa interaction can also be the origin of neutrino masses through the additional
diagram in the right panel of Fig. . After the U(1)p_p, symmetry breaking, the Zz symmetry is
kept unbroken. The Z; charges for each particle are determined by (—1)N¢B-t+2/" The resultant
charge assignment is consistent with those in the original two-loop Z3 model.

C. Two-loop Z3 Model 11

For the second two-loop model in Ref. [17], one SU(2)., doublet scalar n is added instead of
a pair of SU(2), doublet vector-like fermion X in the first two-loop model. The other parts are
not different from the first model. The required interaction terms for generating neutrino masses
in the second model are

E D) EwRﬁ ) %w[] ) CI)TnX*/q)TnXZ ) EwLX ) X3 ) + h.c. ) (5)

Similarly to the first model, we introduce one singlet complex scalar ¢ in order to break the
U(1)p_r, symmetry. The quantum numbers for new particles in the extended models are displayed

6



FIG. 2: Feynman diagrams for the neutrino mass generation in the U(1)p_r, extension of the two-loop
model 1.

Qs, | Qsp | Qup | Qur | @y | Qo necessary interactions
Bl||-7/15|13/15 | -1/15| 7/15 | 2/15 | =2/5| EXpx*, SrX10, YrYLo, Srr®, ¥Svrx, X0
B2| —-7/9 | 7/9 | =1/9 | 7/9 | 2/9 | —2/3| ESpx*,ZrZL, Yr¢ro, Spvr®, USvrx, XPo
B3| —-1/9 | 7/9 | =1/9 | 1/9 | 2/9 | —-2/3| ESpx*,Zr¥r0, Yrv¢r, SLvr®, UStrx, X°o
B4|| —5/9 | 11/9 | 1/9 | 5/9 | -2/9|-2/3| EXrx*, Sr¥L0, Yr¥ro, Srr®, ¥Stry, x2o*
B5|| -7/3| 1/3 | =1/3 | 7/3 | 2/3 | =2 | EXgrx*, SpELo*, YrYro, Spvr®, ¥Svrx, X0
B6|| 5/3 | 1/3 | =1/3 |=5/3| 2/3 | =2 | EXgrx*, SrELo, Yrtro*, Spvr®, ¥Svrx, X0
BT -1/3 | 1/3 | -1/3 | 1/3 | 2/3 | -2 ESpx*, Sr¥3L, Yrvr, Sovr®, ¥Svrx, Yo
BS| 1/3 | 5/3 | 1/3 |—1/3|-2/3| =2 || ESpx*, ZrZr0, YL, SLvr®, ¥Svrx, x>0
BO| —5/3| 5/3 | 1/3 | 5/3 |-2/3| =2 || ESpx*, ZrZL, Yrtro, Spr®, ¥Svrx, x>0

TABLE IV: Possible B—L charge assignments for new particles in the two-loop U(1)g_1, model 1. The
last column contains the necessary interactions to generate neutrino masses at the two-loop level.

in Table [V] The necessary interactions for the two-loop radiative seesaw mechanism are given by

o ¥r¥r @It | Opdix YRvex |XPo
L D Eygpi YrYLO dinx*o |YSrx* YSvrx* | xPe* + hec. . (6)
Yrpo* | Pinxo

At least one element in each column is needed for neutrino mass generation. There are two

E e | YL | VR | | x| O
SU2)r, 2 2 1 1 | 2] 1|1
Uy | -1/2|1/2| o 0 |1/21 0|0

UL | —1 | 0 | Qu, | Qup| @y | Qx| Qs
SpinJ | 1/2 | 0 | 1/2|1/2] 0] 0| 0

TABLE V: Charge assignments of the fermions and scalars in the two-loop U(1)p_1, model II, where
the unknown B—L charges can be fixed by using the same procedure.
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FIG. 3: Feynman diagrams for the neutrino mass generation in the two-loop model II.

Qu, | Qur | @y Qy Qo necessary interactions

Cl| —1/15 | 7/15 | 8/15 | 2/15 | —2/5 Evyrs , vrtro , ®nxto, v$vrx , xPo

C2| —1/9 | 1/9 | 8/9 | 2/9 | -2/3 Evril, YrYL , ®nxto, Y§vrx, xPo

C3| —=1/9 | 7/9 | 2/9 | 2/9 | -2/3 EyYril, Yriro , ®nx*, ¢fvrx . xPo

C4| -1/3 | —=5/3| 8/3 2/3 -2 Evygii , vriro* , ®inxto, 1/1721%)(, 3o

C5 | —1/3 | 7/3 | —4/3| 2/3 | =2 || Eygii, Yrioro, ®nxtor, ®nx?, ¥iyrx . xPo
C6 | 1/9 | 5/9 | 4/9 | =2/9| =2/3 || E¥ri}, vrbro , ®inx*o, ®nx*, divrx , x*o*
CT| —1/3 | 1/3 | 2/3 | 2/3 | -2 Evyril, YrYL , ®Inx*, Yivnx, xPo

C8| 1/3 | 5/3 | =2/3|-=2/3| =2 Eyri , Yrro , ®inx*, ¥Svrx , xPo*

Co |l 1/3 | =1/3| 4/3 | =2/3| =2 || Eyri, Yr¢r, ®nx o, ®Inx®, ¥ivrx , x*o*

TABLE VI: Possible charge assignments of the two-loop U(1)g_1, model II. The last column contains
the necessary interactions to generate neutrino masses at the two-loop level.

types of topological diagrams, as presented in Fig. [3] By using the same prescription, we find
nine possible charge assignments as shown in Table [VIl The charge assignments C5, C6, and C9
reproduce the original Zs model, while others forbid the Feynman diagram shown in the right
panel of Fig. 3| since the term ®Tnx? is missing.

D. Three-loop Z, Model

Based on the method we have developed, one can readily build a radiative neutrino mass
model with a remnant unbroken Zy symmetry. The scalar interaction xNo (or xNo*) is needed
to maintain the Zy symmetry. As an example, we construct a three-loop radiative seesaw model
with the U(1)g_1, symmetry in which a dimensional-five operator y*c (or x?c*) is included in the
diagram. In order to make the model renormalizable, one more complex scalar field s is introduced.
Through the trilinear scalar interactions x?s and s?c, the xy*o term can be generated when s is
integrated out. The particle contents and the charge assignments are defined in Table [VIIl The



E o [Nl o o T [wg [ x| s]o
su@y, | 2 |2 1] 2 2 [ 1] 1]1]1
Uy || —1/20172] o [=12]12] o] o ool o

Ulp-r| -1 | 0 ||Qn | Qx, | @sy | Qu, | Qup | @x | Qs | Qo
SpinJ | 12 | o [12] 12 |12 1211200 ] 0

TABLE VII: Charge assignments of the fermions and scalars in the three-loop U(1)g_r, model.

necessary interactions for generating neutrino masses at the three-loop level are

o ENR gZL @1% §¢R§) E@Z)LX E¢RX xX’s XSt s%0
L D EXgpx*|NsNro |Sr¥po [Yrtbro |Sp®| Netbrx® Norx*|x*so x*s*o |s*o*
NENgo* | SpSpo* |Ypipro* xiso* xisto*

+ he. . (7)

At least one element in each column is required to obtain the neutrino masses. One possible
topological diagram for the neutrino mass generation is shown in Fig. .5 By integrating out
the complex scalar field s, we arrive at the same topological diagram as the one in the KNT
model [I8]. For a completeness, we give an example of the B—L charge assignment in Table .
All the possible assignments can be easily found by the same approach as mentioned above.
After the U(1)p_1, symmetry breaking, the remaining charges (—1)N98-t under the discrete sym-
metry ensure the stability of the Z4 (non-trivially) charged particle in this model. The lightest
Z4 charged particle is identified as a DM candidate, while Nj is the unique DM candidate in the
KNT model. One interesting point is that this Z, model may have an additional DM component

%
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FIG. 4: Feynman diagrams of the neutrino mass generation in the three-loop model.

5 The other two possible topological diagrams can be obtained by different contractions of x in Fig. These
diagrams must be added if one derives the complete neutrino mass formula for phenomenological discussions.
Furthermore, depending on how the B—L charge is assigned, one may have accidental Yukawa interactions
Npyrx* (analogous to the assignments B5-B7) and/or a trilinear scalar coupling x?s (similarly to the assign-
ments C5, C6, and C9).



On | Qs | Qsr | Qup | Qur | Qx | Qs Qs
1/8 | —9/16 | 13/16 | —5/16 | 9/16 | 3/16 | —1/8 | —1/4

TABLE VIII: One possible B—L charge assignment of the new particles in the three-loop U(1)p_r,
model. The necessary interactions for generating the neutrino masses at three-loop level are
EXrY*, FR?NRU* YR30, Sr®, NrYrx, x2so and s2o*.

if the decay of the heavier Z, charged particle is kinematically forbidden. For example, in the
case of the charge assignment in Table the particles Nj and s have the Z, charge 2 while
3, ¢ and y have different Z, charges than 2. As a result, if the masses of the former particles are
sufficiently light, their decay channels into the latter particles are forbidden. Thus, in this case
the Z, model has two-component DM.

III. DISCUSSION : ANOMALY CANCELLATION

All of the models we have discussed so far give rise to gauge anomalies which should not appear
in a consistent gauge theory at the quantum level. However, these anomalies can be canceled
by introducing new exotic fermions [34H36]. For most of the models described above (strictly
speaking for the one-loop Zs model, and the B2, B7, B9 assignments of the two-loop Z3 model I,
and all the assignments of the two-loop Zs model II, it is sufficient to impose only two kinds of
anomaly cancellation conditions for [gravity]?®@U(1)g_r, and [U(1)g_1]® since all the new fermions
in these models are the vector-like pairs and/or the charge neutral under the SM gauge group.
However, for the other cases, since some pairs of the SU(2);, doublet fermions are included in the
particle content, the anomaly cancellation conditions become complicated. Three more conditions
for [SU(2).*®@U(1)g_p, [U(1)p-1]?*®@U(1)y and U(1)p_1,®[U(1)]* are required. Nevertheless, all
the anomalies can basically be canceled by adding new exotic fermions. We give here an example
of the anomaly cancellations for the one-loop Zs model and the two-loop Z3 model II.

For the anomaly cancellations, we introduce ng pairs of Dirac fermions (£, £%) , n¢ pairs Dirac
fermions of ({1, (%), and n) generations of Majorana fermions A\, whose B—L charges are defined
in Table where all the new fermions transform as singlets under the SM gauge group. In order
to assign nonzero U(1)p_y, charges for exotic fermions while keeping the non-vector-like nature
under the U(1)g_r, symmetry, the masses of these fermions are induced by the VEV (o). To be
specific, U(1)p_, charges of the exotic fermions are fixed by the terms 0*¢z€; , 0 (r(r, and a*/\_CL)\L.
Theseareencodedtothe following relations : Q¢, + Q¢ = Qo , Qc, + @, = — Q» and 2Qy, = Qs
We would like to make one more point, namely that the charges of the exotic fermions have to

o | €& | o | Cr | AL
U(1)p-L Qep | Qer | Qo | Qcn | @

Generations ng n¢ ny

TABLE IX: A list of exotic fermions added for anomaly cancellations. Their B—L charges and the
number of generations are defined.
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be chosen so as not to affect the aforementioned models. For instance, we impose (Jg_1, # 1 for
the exotic fermions &, ( and \; otherwise, the symmetry allows the tree-level neutrino Yukawa
coupling, which generates the neutrino masses by the canonical seesaw mechanism.

The conditions of anomaly cancellations for [gravity|?®U(1)g_, and [U(1)g_1]* are given by

ZQB—L = ZQ%_L =0, (8)

where the summation is taken over all the fermions included in a model. For the one-loop Z,
model and two-loop Zz model II, these conditions are explicitly given by

-3+ ZQmodel + (nf — ¢ + %n)\) Qo‘ =0 ) (9)

— 3+ Qg + [(ne = n¢) + 1] Q2 — 3(neQe, Qe — 0 Q0 Qen) Qe = 0, (10)

where > Qmoda and > Q3 . represent contributions from the new fermions in each radiative
seesaw model. Those from the exotic fermions for the anomaly cancellation are separately taken

into account. For each model class, we have

nynQn for one-loop Zy model
§ Qmodel = s (11)
Ty (Q% + QwR) for two-loop Zs model 11

and

Z Q? _ nyQy for one-loop Zs model (12)
model Ty (QiL + Qf},R) for two-loop Zs model 11

where the number of generations of N and v represented by ny and ny , respectively. The
U(1)p_r, charges Qn, Qy, and @y, are listed in Table [II] and for each model. By solving the
simultaneous equations, one can find a set of solutions satisfying these conditions. Example sets of
B—L charge assignments and numbers of generations being consistent with the gauge anomalies
in each model are given in Table [X] and [XIin Appendix.

Even if we add these new exotic fermions for anomaly cancellations, the discussion of the rem-
nant discrete symmetry from the gauge symmetry is kept unchanged because the exotic fermions
are introduced in a sector that is completely separate from these models. We should like to make
one more comment regarding the new exotic fermions. After the spontaneous breaking of the
U(1)p_1 symmetry, different discrete symmetries can accidentally appear in this new sector at
the renormalizable level. This means that new DM candidates emerge and thus the models have
multi-component DM, which can interact with each other through the Z’ and Higgs bosons. The
appearance of additional DM candidates is a rather common feature of the extended models. One
might think that some specific choice of B—L charges for exotic fermions can allow the Yukawa
interactions with the first DM sector. However, in all the models classified in the one-loop Zs
model and in the two-loop Zs model II, we confirm that any choice of B—L charges for &, ( and
A leads the second DM candidate. It is impossible to allow Yukawa interactions for all exotic
fermions even through the mass mixing among them. A possible way to avoid a multi-component
DM scenario is to introduce the new scalar fields, which connect the new exotic fermions to the

11



other fermions in the model. In such a case, the VEVs of new scalar fields can break unwanted
accidental discrete symmetries.®

As for the multi-component DM scenario, since the masses of the exotic fermions are generated
by the VEV (o), the mass scale of most of the new particles is roughly expected to be of the
same order.” When the relic density of DM is calculated, the number density of multi-component
DM can be changed by conversion processes. Therefore, one has to solve the coupled Boltzmann
equations for multi-component DM in order to properly compute the DM relic abundance [46-
48]. Since the exotic fermions interact only with the Z' gauge boson and the Higgs bosons via
the mixing with o at the tree level, the main annihilation mode of additional DM components
would be described by these interactions. The other DM component originated by the remnant
symmetry of the U(1)g_, symmetry has the Yukawa and scalar interactions, which are relevant
to the neutrino mass generation sector. Thus, the fraction of the relic abundance for each DM
component would be determined by the relative strengths of these couplings.

Moreover, the new exotic fermions may associate with other aspects of DM phenomenology
such as detection properties. For example, for direct detection of DM, the elastic scattering
with nuclei can be induced by the ¢-channel process mediated by Z’ gauge boson and the Higgs
bosons for all of the DM components. The detection rate for each multi-component DM would
be similar unless hierarchical coupling constants are considered. The recoil-energy spectrum for
elastic scattering with nuclei can be a discriminant if the masses of the multiple DM compo-
nents are nondegenerate [49 [50]. Furthermore, in models with multi-component DM, the mul-
tiple monochromatic gamma-ray or the multiple neutrino lines at distinct energies can generally
be predicted as indirect detection signals due to the mass splitting among multiple DM compo-
nents.® In the above models, all of the DM components can basically generate the monochromatic
gamma-ray spectrum due to the loop-induced two-body annihilation channel into vy through the
interactions with the electromagnetically charged particles in the SM and the new sector. More
specifically, since the first DM component has the Yukawa interactions (which are required to gen-
erate the neutrino masses) in addition to the U(1)g_1, gauge interaction, a stronger monochro-
matic gamma-ray signal would be induced. The signal strength would be much higher than that
of the other DM components made of the lightest exotic fermion for anomaly cancellations. A
detailed exploration of the phenomenology of multi-component DM is beyond the scope of this
paper, and it will be discussed elsewhere.

IV. SUMMARY AND CONCLUSIONS

We have presented a prescription for classifying the gauged U(1)g_1, models for the radiative
neutrino mass B—L generation and the DM stability. In this class of models, the tiny neu-
trino masses are naturally explained by the loop suppression of the radiative seesaw mechanism,

6 We have to choose the charges of new exotic fermions that do not disturb the stability of the true DM particle.
" In some of the models, the masses of fermions are provided by explicit mass terms without the VEV (o).
8 Such a multiple peak may not be a clear signal of multi-component DM since it is possible to generate similar

gamma-rays or neutrino lines even in the single-component DM case through different annihilation channels [51].
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while the DM stability is automatically maintained by the residual symmetry of the spontaneous
U(1)p_1 symmetry breaking. These models are systematically classified by the identifications
(the insertion of the VEV) of the B—L breaking vertices in the prototype models for the loop-
induced neutrino masses with a discrete symmetry. We found five independent models for the
one-loop Zs, model, and nine independent models for each two-loop Zsz model. This procedure is
easily extended to the models based on higher loop diagrams and Zy symmetry. These minimal
models generally contain gauge anomalies, which can be easily canceled by introducing the exotic
fermions. Since additional discrete symmetries appear in the exotic fermion sector, these models
tend to have multiple DM candidates.
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Appendix: Fermion Contents and Charges for Anomaly Cancellations

An example of B—L charge assignments for anomaly cancellations is given in Table [X] for the
one-loop Zs model and in Table [XI] for the two-loop Z3 model II.

Qv || Qg | Qep | Qo | Qcr | @y || 7 | e | ¢ | na
Al | 1/2 || 1/10 | —=11/10 | 6/5 | —1/5 | —
A2 | 1/4 || -1/8| —3/8 |15/16 | —7/16| —
A3 | —-1/2| 1/6 | 5/6 | —3/4| —1/4 | —
Ad| 0 7/3 | —13/3 | 8/3 | —2/3 | —1
A5 | o | —=1/9| =5/9 | —1/9| 7/9 |-1/3

Wl w| k||~

2
1
9
1
1

SC T I IO S YOt
|

TABLE X: Charge assignments and the number of generations required for the anomaly cancellation in
the one-loop Zo model.

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012) [arXiv:1207.7214 [hep-ex]].

[2] S. Chatrchyan et al. [CMS Collaboration|, Phys. Lett. B 716, 30 (2012) [arXiv:1207.7235 [hep-ex]].

[3] R. Wendell et al. [Super-Kamiokande Collaboration], Phys. Rev. D 81, 092004 (2010)
[arXiv:1002.3471 [hep-ex]].

13


http://arxiv.org/abs/1207.7214
http://arxiv.org/abs/1207.7235
http://arxiv.org/abs/1002.3471

Qup | Qup | Qe | Qe | Q¢ | Qor | @ry ||

S
~
S
~
S
>

Cl||-1/15|7/15| o | —2/5 [11/15| —1/3 | -1/5| 4 | 4 | 8 | 1
c2 || —-1/9 | 1/9 | —-1/6| —1/2 | 3/4 | —1/12|-1/3|| 3 | 2| 8 | 3
c3l|| —1/9 | 7/9 | 2/3 | —4/3 | 11/9 | =5/9 | -1/3|| 3 | 4|6 | 1
cal| —1/3 | =5/3| 1/6 | -13/6 | 7/4 | 1/4 | -1 |4 | 2|8 |1
Cs5 || —1/3 | 7/3 | 4/3 | -10/3| 4/3 | 2/3 | -1 | 3 |1 | 1|3
c6l|| 1/9 | 5/9 | 11/9 | —=17/9| 5/3 | -1 |-1/3|| 4 |1 |2 |1
cr|| —1/3 | 13 | 113 | =17/3 | 10/3 | —4/3 | -1 || 3 | 1| 4| 3
csl|| 1/3 | 5/3 | 7/3 | -13/3| 5 -3 | -1 |3 [3|2]1
coll 1/3 | -1/3| 5 —7 4 —2 | -1 |3 |1|4]3

TABLE XI: Charge assignments and the number of generations required for the anomaly cancellation in
the two-loop Z3 model II.

[4] J. N. Abdurashitov et al. [SAGE Collaboration], Phys. Rev. C 80, 015807 (2009) [arXiv:0901.2200
[nucl-ex]].

[5] Y. Abe et al. [Double Chooz Collaboration|, Phys. Rev. D 86, 052008 (2012) [arXiv:1207.6632
[hep-ex]].

[6] A. Gando et al. [KamLAND Collaboration], Phys. Rev. D 83, 052002 (2011) [arXiv:1009.4771
[hep-ex]].

[7] K. G. Begeman, A. H. Broeils and R. H. Sanders, Mon. Not. Roy. Astron. Soc. 249, 523 (1991).

[8] R. Massey et al., Nature 445, 286 (2007) [astro-ph/0701594].

[9] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gonzalez and M. Bradac, Astrophys. J. 679, 1173
(2008) [arXiv:0704.0261 [astro-ph]].

[10] D. Harvey, R. Massey, T. Kitching, A. Taylor and E. Tittley, Science 347, 1462 (2015)
[arXiv:1503.07675 [astro-ph.CO]].

[11] R. Adam et al. [Planck Collaboration]|, arXiv:1502.01582 [astro-ph.CO].

[12] P. Minkowski, Phys. Lett. B 67, 421 (1977).

[13] T. Yanagida, Conf. Proc. C 7902131, 95 (1979).

[14] M. Gell-Mann, P. Ramond and R. Slansky, Conf. Proc. C 790927, 315 (1979) [arXiv:1306.4669
[hep-th]].

[15] H. Baer, K. Y. Choi, J. E. Kim and L. Roszkowski, Phys. Rept. 555, 1 (2015) [arXiv:1407.0017
[hep-ph]].

[16] E. Ma, Phys. Rev. D 73, 077301 (2006) [hep-ph/0601225].

[17] E. Ma, Phys. Lett. B 662, 49 (2008) [arXiv:0708.3371 [hep-ph]].

[18]

[19]

[20]

L. M. Krauss, S. Nasri and M. Trodden, Phys. Rev. D 67, 085002 (2003) |hep-ph/0210389].
19] M. Aoki, S. Kanemura and O. Seto, Phys. Rev. Lett. 102, 051805 (2009) |arXiv:0807.0361 [hep-ph]].
20] M. Gustafsson, J. M. No and M. A. Rivera, Phys. Rev. Lett. 110, no. 21, 211802 (2013) Erratum:

[Phys. Rev. Lett. 112, no. 25, 259902 (2014)] |arXiv:1212.4806 [hep-ph]].
[21] M. Cirelli, N. Fornengo and A. Strumia, Nucl. Phys. B 753, 178 (2006) [hep-ph/0512090].
[22] M. Farina, D. Pappadopulo and A. Strumia, JHEP 1308, 022 (2013) [arXiv:1303.7244 [hep-ph]].
[23] E. Del Nobile, M. Nardecchia and P. Panci, arXiv:1512.05353 [hep-ph].

14


http://arxiv.org/abs/0901.2200
http://arxiv.org/abs/1207.6632
http://arxiv.org/abs/1009.4771
http://arxiv.org/abs/astro-ph/0701594
http://arxiv.org/abs/0704.0261
http://arxiv.org/abs/1503.07675
http://arxiv.org/abs/1502.01582
http://arxiv.org/abs/1306.4669
http://arxiv.org/abs/1407.0017
http://arxiv.org/abs/hep-ph/0601225
http://arxiv.org/abs/0708.3371
http://arxiv.org/abs/hep-ph/0210389
http://arxiv.org/abs/0807.0361
http://arxiv.org/abs/1212.4806
http://arxiv.org/abs/hep-ph/0512090
http://arxiv.org/abs/1303.7244
http://arxiv.org/abs/1512.05353

[24]
[25]

ORI CROSS)
S A2}

w

50]

Y. Hamada, K. Kawana and K. Tsumura, Phys. Lett. B 747, 238 (2015) [arXiv:1505.01721 [hep-ph]].
A. Ahriche, K. L. McDonald, S. Nasri and T. Toma, Phys. Lett. B 746, 430 (2015) [arXiv:1504.05755
[hep-ph]].

A. Ahriche, K. L. McDonald, S. Nasri and I. Picek, arXiv:1603.01247 [hep-ph].

D. A. Sierra, C. Simoes and D. Wegman, arXiv:1603.04723 [hep-ph].

L. M. Krauss and F. Wilczek, Phys. Rev. Lett. 62, 1221 (1989).

W. F. Chang and C. F. Wong, Phys. Rev. D 85, 013018 (2012) [arXiv:1104.3934 |[hep-ph]].

B. Dasgupta, E. Ma and K. Tsumura, Phys. Rev. D 89, no. 4, 041702 (2014) [arXiv:1308.4138
[hep-phl]].

C. W. Chiang, T. Nomura and J. Tandean, JHEP 1401, 183 (2014) [arXiv:1306.0882 [hep-ph]].

S. Kanemura, T. Matsui and H. Sugiyama, Phys. Rev. D 90, 013001 (2014) [arXiv:1405.1935 [hep-
ph].

E. Ma, N. Pollard, R. Srivastava and M. Zakeri, Phys. Lett. B 750, 135 (2015) [arXiv:1507.03943
[hep-ph]].

T. Appelquist, B. A. Dobrescu and A. R. Hopper, Phys. Rev. D 68, 035012 (2003) [hep-ph/0212073].
P. Batra, B. A. Dobrescu and D. Spivak, J. Math. Phys. 47, 082301 (2006) [hep-ph/0510181].

| S. Kanemura, T. Nabeshima and H. Sugiyama, Phys. Rev. D 85, 033004 (2012) [arXiv:1111.0599

[hep-ph]].

J. Kubo, E. Ma and D. Suematsu, Phys. Lett. B 642, 18 (2006) |hep-ph/0604114].

D. Suematsu, T. Toma and T. Yoshida, Phys. Rev. D 79, 093004 (2009) [arXiv:0903.0287 [hep-ph]].
D. Schmidt, T. Schwetz and T. Toma, Phys. Rev. D 85, 073009 (2012) [arXiv:1201.0906/ [hep-ph]].
S. Y. Ho and J. Tandean, Phys. Rev. D 87, 095015 (2013) [arXiv:1303.5700 [hep-ph]].

S. Y. Ho and J. Tandean, Phys. Rev. D 89, 114025 (2014) [arXiv:1312.0931 [hep-ph]].

G. Faisel, S. Y. Ho and J. Tandean, Phys. Lett. B 738, 380 (2014) [arXiv:1408.5887 [hep-ph]].

M. Aoki and T. Toma, JCAP 1409, 016 (2014) [arXiv:1405.5870 [hep-ph]].

R. Ding, Z. L. Han, Y. Liao and W. P. Xie, arXiv:1601.06355 [hep-ph].

D. S. Akerib et al. [LUX Collaboration|, arXiv:1512.03506 [astro-ph.CO].

G. Bélanger, K. Kannike, A. Pukhov and M. Raidal, JCAP 1204, 010 (2012) [arXiv:1202.2962
[hep-ph]].

M. Aoki, M. Duerr, J. Kubo and H. Takano, Phys. Rev. D 86, 076015 (2012) [arXiv:1207.3318
[hep-ph]].

G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, Comput. Phys. Commun. 192, 322 (2015)
[arXiv:1407.6129 [hep-ph]].

S. Profumo, K. Sigurdson and L. Ubaldi, JCAP 0912, 016 (2009) [arXiv:0907.4374/ [hep-ph]].

K. R. Dienes, J. Kumar and B. Thomas, Phys. Rev. D 86, 055016 (2012) [arXiv:1208.0336| [hep-ph]].
G. Bertone, C. B. Jackson, G. Shaughnessy, T. M. P. Tait and A. Vallinotto, Phys. Rev. D 80,
023512 (2009) [arXiv:0904.1442| [astro-ph.HE]].

15


http://arxiv.org/abs/1505.01721
http://arxiv.org/abs/1504.05755
http://arxiv.org/abs/1603.01247
http://arxiv.org/abs/1603.04723
http://arxiv.org/abs/1104.3934
http://arxiv.org/abs/1308.4138
http://arxiv.org/abs/1306.0882
http://arxiv.org/abs/1405.1935
http://arxiv.org/abs/1507.03943
http://arxiv.org/abs/hep-ph/0212073
http://arxiv.org/abs/hep-ph/0510181
http://arxiv.org/abs/1111.0599
http://arxiv.org/abs/hep-ph/0604114
http://arxiv.org/abs/0903.0287
http://arxiv.org/abs/1201.0906
http://arxiv.org/abs/1303.5700
http://arxiv.org/abs/1312.0931
http://arxiv.org/abs/1408.5887
http://arxiv.org/abs/1405.5870
http://arxiv.org/abs/1601.06355
http://arxiv.org/abs/1512.03506
http://arxiv.org/abs/1202.2962
http://arxiv.org/abs/1207.3318
http://arxiv.org/abs/1407.6129
http://arxiv.org/abs/0907.4374
http://arxiv.org/abs/1208.0336
http://arxiv.org/abs/0904.1442

	I Introduction
	II U(1)B-L Extensions
	A One-loop Z2 Model
	B Two-loop Z3 Model I
	C Two-loop Z3 Model II
	D Three-loop Z4 Model

	III Discussion : Anomaly Cancellation
	IV Summary and Conclusions
	 Acknowledgments
	 Appendix: Fermion Contents and Charges for Anomaly Cancellations
	 References

