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Abstract. Scotogenic is a scheme for neutrino mass generation through the one-loop contribu-
tion of an inert scalar doublet and three sterile neutrinos. This work argues that such inert scalar
doublet is a Goldstone boson mode associated with a gauge symmetry breaking. Hence, the resul-
tant scotogenic gauge mechanism is very predictive, generating neutrino mass as contributed by a
new gauge boson doublet that eats such Goldstone bosons. The dark matter stability is manifestly
ensured by a matter parity as residual gauge symmetry for which a vector dark matter candidate
is hinted.
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1. Introduction

Neutrino mass and dark matter are among the crucial questions in science, which cannot be
solved within the conventional framework of the standard model [1].

The scotogenic setup is perhaps the most compelling proposal in explaining both of the
issues [2, 3]. Indeed, this model introduces an inert scalar doublet and three sterile neutrinos
that couple to usual lepton doublets, producing relevant neutrino masses entirely through one-
loop corrections of both types of these new fields. Intriguingly, the lightest inert scalar or sterile
neutrino field is availably to be a dark matter candidate. However, an exact Z, symmetry that
assigns all the new fields to be odd, while putting the usual fields to be even, is necessary for the
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model properly working as well as stabilizing the dark matter candidate. The nature origin of the
Z> symmetry has been left as an open question. This matter has been extensively studied in [4-6].

We would like to suggest here that the fundamental symmetry principle for Z, can be under-
stood by a gauge completion for the scotogenic mechanism. This gauge completion is commonly
hinted from numerous potential extensions of the standard model, such as 3-3-1 model and trini-
fication, which actually lead to such a residual Z, symmetry [7, 8]. Interestingly, the inert scalar
doublet that is odd under Z, becomes the Goldstone boson mode of a new gauge boson doublet
(see [9] for a non-gauge version of it). This new vector doublet taking part in the extended gauge
field is odd under Z, too. Consequently, the gauge vector doublet governs neutrino mass gen-
eration as well as providing a dark matter candidate, instead of the inert scalar candidate in the
normal sense. That said, the model governed by the gauge principle is very predictive, opposite to
the original approach.

The rest of this work is as follows. In Sec. 2, we give a review of the scotogenic mechanism.
In Sec. 3, we propose the scotogenic gauge mechanism. In Sec. 4, we discuss a gauge completion
possibility, giving the Z,. In Sec. 5, we make remarks about dark matter observables and charged-
lepton flavor violation processes. We conclude this work in Sec. 6.

2. Brief description of the scotogenic mechanism

The standard model arranges left-handed fermions in doublets, I,;, = (V,41,e4.) and g, =
(t4qr.,dqar), while it puts right-handed fermions in singlets, e4g, uqr, and dyg, where a = 1,2,3 is
a family index. A Higgs doublet ¢ = [Gy},, (v+ H +iGz)/+/2] for gauge symmetry breaking and
mass generation is required, while no right-handed neutrino partners are presented.

The scotogenic model [2,3] introduces three right-handed neutrino singlets vz (i = 1,2,3)
and an inert Higgs doublet 1 = (n°,1~), which all are odd under a Z, symmetry, whereas the
standard model fields are even under this group. Consequently, the Yukawa Lagrangian includes

LD hailanVir — %M,-v,-Rv,-R +H.c., (1)
while the scalar potential contains
V. D wunn+ %M(n%)z
+a(m'n) (o) +X(e'n)(n'e)
+%Ag[(n )’ +H.cl. 2)
Above, we assume Vg to be a physical Majorana field by itself with mass M; for each i = 1,2, 3.

It is clear that § = [(S+iA)/+/2,1~] does not have a vacuum expectation value for /.L% > 0 and is
separated in mass, such as

mie = 4 Av/2, 3)
mg = pi+(A+A+ A2, (4)

mi = u%+(ll+lz—l3)v2/2. (5
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Fig. 1. Scotogenic neutrino mass generation.

The neutrino mass generation diagram is given in Fig. 1. Hence, we obtain radiative neu-
trino masses,

2 2
S

322 |m-M2 " M?
mi M
meril ©
where i is summed over i = 1,2,3. Because the S-A mass splitting is m} —m3 = A31? < m3 =
(m2+m3)/2 ~ M?, it leads to
A3v? haihyi 7
T M 2
Hence, the seesaw scale M; is suppressed by a scalar coupling and loop factor, i.e. A3/3272,
opposite to canonical seesaw. This prediction requires M; not necessarily to be large. Indeed, it
matches the observation, m, ~ 0.1 eV, given that A3 ~ h? ~ 10~ and M; at TeV.

An intriguing result is that the lightest of S,A, vir, which contribute to neutrino masses, is
stabilized by Z, conservation responsible for dark matter. This dark matter candidate, which is
either a S, A scalar or a v;g fermion, has been extensively studied in [10-12]. The implication of
the scotogenic mechanism is that neutrino mass is induced by dark matter.

Above, the condition ,u% > 0 is important. First, it ensures () = 0, i.e. Z, is not broken by
the vacuum as desirable. Second, 1 is a physical degree of freedom, i.e. the scotogenic scheme
is completed on its own. However, what happens if ,LL% < 0? Given the only standard model
gauge symmetry, 11 develops a vacuum expectation value that breaks Z,; additionally, a part of 1
becomes Goldstone bosons of W, Z as mixed with the Higgs ¢, analogous to the two Higgs doublet
model. The conventional scotogenic mechanism is ruined, since the dark matter fast decays, while
the neutrinos get an unavoidably large tree-level mass. The new observation of this work is that if a
gauge completion for the scotogenic scheme with ‘LL% < 0 exists, 11 becomes the Goldstone mode of

[mv]ab

a new vector doublet, which has vanished vacuum expectation value and mass [,L% + A w?/2 = 0,!
protected by the new gauge symmetry (i.e. Goldstone theorem), where w is the gauge completion
scale. The Z, symmetry is restored, originating from the new gauge symmetry. Neutrino mass
is contributed by the vector doublet instead of its Goldstone 17. In what follows, this hypothesis

ISimilar to that condition for Gﬁ, in the standard model.
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is explicitly proved. The statement of gauge completion for scotogenic mechanism is always
understood as adjusting relevant potential mass term to be negative.

3. Proposal of the scotogenic gauge mechanism

Assuming a simple gauge group .¥, which is spontaneously broken by a heavy Higgs field
2" down to the SU(2), group, supplies a massive gauge boson doublet Vi by eating a relevant
Goldstone boson mode 1, such as

Vo L (Vip+iVay)
v [
_ [ ] %(GV] +iGy,) ]
1 [ n } [ Gy ' ®

Component field masses take the form, my, = my, = my+ =my = gw/2 and MGy = MGy, = MGy =
0, where the gauge boson doublet has a degenerate mass proportional to the gauge coupling g and
the breaking scale w = v/2(x°), due to SU(2) conservation, whereas the Goldstone boson doublet
associated with the gauge field has vanished mass due to the Goldstone theorem. If . is large, we
may require more Higgs fields than x° to break it to SU(2),.. However, " is just enough to break
the four generators that are associated with V,, while the scalar multiplet under .% that contains
x° manifestly provides the corresponding Goldstone bosons, i.e. 7). Here, note that x° is a SU(2),,
singlet, impossibly being the Goldstone boson of a vector doublet.

The gauge boson doublet is further separated in mass due to SU(2), breaking. This mass
separation is proportional to weak scales, resulting from potential interactions of V), with normal
Higgs doublets, ¢ = (¢°,¢~) and ¢’ = (¢’°,¢'~), such as’

Ly D igz [(67T0)(VaVH)+ (979N (VuVH) +(9TVI)(Vi9) + (97 V) (V9
—2(Vi9)(VH19") —2(0"Vi) (9" V1] (10)

whose couplings are set by . conservation. Substituting relevant vacuum values, we obtain

2 82 [ ) 1 "2
mvl — Z w +2(M—M):|7 (11)
2 82 [ ) 1 "2
sz = 74 w +2(M+M):|, (12)
2 82 [ » 1,5 17)
my i —1—5(14 +u )}, (13)

where u = v/2(¢°) and u’' = v/2(¢'°) are the mentioned SU (2),-breaking weak scales, satisfying
u,u’ < w for consistency with the standard model. It is noted that the standard model Higgs
field (@) is embedded in ¢, ¢’ and others if available. Further, let us remind the reader that when

The vector mass splitting happens only due to an interaction with adjoint scalar representation of .7, trans-
forming similarly to the extended gauge field as well as containing the two doublets ¢, ¢’, whose couplings with V;; are
supplied by the gauge symmetry.
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the theory is quantized in a generic Rg-gauge, each Goldstone boson obtains a mass parameter
proportional to the mass of the corresponding gauge boson due to the gauge fixing condition.
Furthermore, assuming the . breakdown also contains two kinds of fermion singlets,

N, Ng, (14)

which couple to lepton doublets, [, = (v, er), through Vi, M, as well as they are coupled via xo,
such as

927 2 _%l_aLWVuNaL"i_hab(l_aLn +NaL%0)NbR - %MabNaRNbR""H-c-v (15)
where a,b = 1,2,3 are family indices. Other couplings and masses if arisen due to Ny -Np inter-
change are not allowed by the . symmetry, for which Nz and I;, as well as x° and 1, lie in the
same multiplet of ., whereas Ny is a .7 singlet, as specified by the relevant terms in Eq. (15).
Additionally, being preserved by the above Lagrangian, the full gauge symmetry would provide
a residual Z, parity, such that the new fields V;;, 1, Ny g are odd, while the standard model fields
and x° are even (cf. the next section). Without loss of generality, we assume M, = O, Op M to
be flavor diagonal, hence labeling the corresponding states to be Nig, for k = 1,2,3. We require
My > w so that Ny are manifestly decoupled from the Ny -Nr mixing, i.e. Nyg behave as physical
eigenstates by themselves.

v v

vy, Ng vy,

Fig. 2. Scotogenic gauge mechanism for neutrino mass generation in a generic Rg-
gauge, whereas there exists only the top diagram responsible for neutrino mass in the
unitarity gauge according to & — oo.

The Feynman diagrams that radiatively generate neutrino masses are depicted in Fig. 2.
Notice that the contribution of the Goldstone bosons in the bottom diagram is analogous to the
inert scalars in the usual scotogenic setup [2,3]. However, since in this work they behave as the
longitudinal components of the gauge fields, the neutrino masses are, by contrast, induced by the
corresponding gauge vectors through the top diagram instead. The neutrino mass matrix that is
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derived in form of £y O — vaL(Mv)abva + H .c. reads
—i(My)aPr = /éj{;‘; (-%}’“&) 27 (”hm\%ﬁe) M (ihbk\%PR)
Sl (o)
S 25 G ) )
5 () i (o )
+/ dp ( ak R) /D—iMk (#\%&) pz—iém%,l

d4 < hak > i < hpk > i
+ / Nak p Chepy t
p—M\ V2 ) p? —&my,
3PR d4p m%, — m‘z,
= ——hachpMy / ' : .
2 2m)* (p? —M})(p* —mi, ) (p*> —mi,)

The contributions of the real (Vi) and imaginary (V») parts of V° have opposite signs, because
the product of the two neutrino vertices according to each vector field changes the sign. This
is also valid for the Goldstone boson contributions. The result that is a difference of the two
kinds of contributions depends on the V; > mass splitting. It is clear that the sum of the V; and
Gy, contributions, as well as that of V, and Gy,, is independent of the gauge fixing parameter &,
coinciding with the top diagram contribution in the unitarity gauge.

Given the parameters that obey x > y,z, we have

(16)

/ d*p 1
(27)* (p* —x)(p* —y)(P* —2)
i ylny/x—zlnz/x.

~ 17
16> x(y—z) (17)
Applying to the neutrino mass matrix due to My > my, ,my, yields a final form,
3 hahw [, . My, my,
-l MZ] ", M?
3g% hachpu® (| m3
— ——— ([ In—5+1 18
647> My M} ot (1%

where the last approximation uses the small mass splitting mv2 — m‘z,] =g%u?/2 < m} = g?w? /4.
Here, the adjoint representation that contains ¢, ¢’ has been assumed to be Hermitian similar to
the . gauge field, which follows that ¢’ = ¢, thus u’ = u, for simplicity. The seesaw scale is
significantly reduced by 3g? /6472, in agreement to Ref. [2,3]. Assuming u ~ 100 GeV, g ~ 0.65,
and h ~ 1073, the neutrino mass is recovered to be My, ~ 0.1 eV, if My ~ 500 TeV. This seesaw
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scale coincides with the condition M}, > w, where w ~ 10 TeV results from the collider constraint
for a . breaking.

The dark matter candidate is the lightest of V; > and N 5 31, stabilized by the residual gauge
symmetry, Z>. Notice that Nj > 3; mass is given by a seesaw proportional to ~ (hw)? /My, which
is radically smaller than V;, mass. Thus, the dark matter candidate is a sterile neutrino, N,
composed of Ny 3r.

An alternative case that is not discussed throughout this work is that we only necessarily
impose My > hw, not M}, > w, since h is small. In such case, one can take My ~ w, hence Ny and
V1,2 equivalently contributing to the neutrino mass. Then, the neutrino mass gets the correct value
if chosen My ~ my ~ 10 TeV for h ~ 10~*. The dark matter phenomenology is analogous to the
previous case, so it should be skipped.

Last, but not least, if M ~ hw, in contrast with the previous cases, the N -Ng mixing is finite.
One must diagonalize a 6 x 6 mass matrix of (N, Ng) to identify physical sterile-fermion eigen-
states N;- with respective masses M’, for j = 1,2,3,---,6, which are related to the original states
as (Np,Ng) = (U,W)N'. In this case, the results obtained above are straightforwardly generalized.
The six fields N{72737,_. 6 contribute to neutrino mass, in addition to V) , such as

3(hW) i (AW )y, M,
(M) = aj . i
321
2 2
m‘z/1 In Z;V,]z m%,z In Zv,ﬁ
X L . (19)

2 2 ag2_ .2
Mj ny, Mj my,

The dark matter candidate is the lightest of V;, and N{ 23...6» Which all have a mass at TeV
dependent on the magnitude of W mixing elements. That said, the model implies a vector dark
matter with a mass at TeV scale in the generic case. Once a gauge completion is given, the vector
dark matter observables are predicted, similar to the 3-P-1-1 model [13].

4. Discussion of gauge completion and matter parity

The V, 1 doublets are associated with the quotient group, . /SU (2),, determined when .&
is broken down to SU(2).. The most minimal extension of SU(2)y, is

S =SUQ)L, (20)

a higher weak isospin symmetry, which has the adjoint representation A, ~ 8 decomposed into
SU(2). as

8=3@202"a1L e2y)
The adjoint representation possesses components,
Ay =TAny
| Azy + \%Agu ﬁWJ \ﬁVﬁ
=3 V2We o At sAse V2V | (22)

V2vy V2V, sy



122 Scotogenic gauge mechanism for neutrino mass and dark matter

The SU (2),, multiplets, 3 and 1, include Wi7A37g determined by the 7j » 3 g generators of SU(3)y,
while the SU(2),, doublets, 2 and 2%, are just V defined by the 7} 5 6 7 generators of SU(3);.

The . breakdown to SU (2); is proceeded by a scalar triplet, ® ~ 3 =2 @ 1 under SU(2),,
where 2 is the Goldstone boson doublet, 1, while 1 is the new Higgs field, x, that has the vacuum
expectation value, w, namely

% (GV1 +i GVZ)

®— Gy . (23)
% (W+ S +iGay)

Hence, my = gw/2 is set by the vacuum expectation value of ®3, where g is the SU(3),, coupling

constant to be identical to the SU(2), one below the breaking scale. Additionally, this vacuum

expectation value breaks the Ty 5678 generators as suitable, in which Gy, is eaten by the gauge

field Agy, similar to the Goldstone boson doublet as eaten by V.. Notice that the vacuum structure

in (23) is derived by a potential V (®) = pu3®'® + 1 A¢ (P’ P)? with u3 < 0 and Ap > 0 for which
w =/ —2U2 /A, where lip and Ap match those for 1, i.e. Ly and Ay, at low energy, respectively.

Under the . symmetry, the lepton doublets /,;, = (V,1, €42, ) must be enlarged to become its
appropriate representations. The simplest of which is they are put in triplet, 3 =261, as

VaL
VoL = | €alL |, 24)
N, aL

where N, are SU (2),. singlet, 1. Further, assume that N,; have right-handed partners, N g, and all
possess Q = 0 = B— L. All the right-handed leptons, N g and e,g, are retained as SU(3);, singlet.
The Lagrangian invariant under .% includes

_ 1
Ly = WaiV*DyWa + (D' @) (Dy®) — 5 TrAkAy
_ 1
—V(P) + [hap Yar PNpr — EMabNaRNbR +H.c],

where D), = 8“ +igAy is the covariant derivative and e,z do not have couplings as Nyg due to the
conservation of electric charge. It further contains

L =L NtV + ha ot NogT) + iy~ Nt Nog — ~MopNogNog + H . (25)

D T = blarLNp, b= bR — 5 Map b Coy

\/EaL aLVpu abtalL/VNDR aﬁaLRzaaRR

where h,;, would be fixed by the Goldstone boson equivalence theorem. This matches the above
Lagrangian which governs the scotogenic gauge mechanism.

The mentioned gauge symmetry would provide a matter parity, Z,, such that all V.1, Ny,
are odd, while every standard model field is even, conserved by the above Lagrangian [7]. Last,
but not least, it is easy to verify that a scalar octet that contains ¢, ¢’ similar to (21) for which
¢ ~ 2 and ¢* ~ 2* would separate the masses of Vi 2. Of course this scalar contributes to the total
Lagrangian in addition to that of &.
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5. Remark on dark matter observables and charged lepton flavor violation processes

The Yukawa coupling % is somewhat smaller than the gauge coupling g, as implied by
the neutrino mass generation. Hence, the gauge portal would dominantly contribute to dark matter
observables and charged lepton flavor violation processes, which are completely determined, given
the above gauge completion.

Concerning dark matter, we assume V| to be lightest among the dark fields. Hence, it is
stabilized by the matter parity to be a dark matter candidate. In the early universe, the dark matter
candidate annihilates to electroweak bosons and usual fermions, such as

Vivi - WtW~,ZZ HH, ff, (26)

which are all set by the gauge coupling. Notice that dark matter annihilations to WtW ™~ and
ZZ obey the unitarity condition [13]. Hence, the total dark matter annihilation cross-section is
manifestly suppressed by (Oveer)y, ~ 1/ m‘z,l. The dark matter relic density obtains a correct value,
Qy, h? ~0.1 pb/(OVre)y, == 0.12 [1], if V; gets a mass in TeV regime. Since V), are separated
in mass, the dark matter V| avoids a dangerous scattering with nuclei via Z exchange in direct
detection [14]. Conversely, this scattering proceeds via H-exchange, which induces an effective
coupling Zir O (gzmq / m%{)VI“ Viuqq. This leads to a spin-independent (SI) cross-section of V;
with nucleon (N = p,n), such as

2
oSt = SN g g (3TEVYT o 27)
Vi=N 47tm§‘1,mvI my, ’

where fy parametrizes Higgs-nucleon coupling, taking the value fy ~0.35 [15], and we have used
my ~ 1 GeV, myg ~ 125 GeV, and g = 0.65. This prediction of the SI cross-section agrees with the
latest measurement [16] for dark matter mass at my, ~ 3 TeV, as expected. In the standard model,

H N e

Fig. 3. Dark field contribution to u — e?.

lepton flavor is conserved as far as neutrinos are massless. The observed neutrino oscillations are a
direct evidence that lepton flavor is violated. This flavor violation in neutrino propagator suggests
that it would exist in charged lepton flavor, e.g. 1 — e7. The observation of charged-lepton flavor
violation would be important indication for new physics, enhancing our understanding of lepton
sector. Concerning charged-lepton flavor violation in this model, the most dangerous process is
associated with u — ey through exchange of dark fields, as depicted in Fig. 3. It is easily to
derive [17]

3 TeV

my+

4
Br(u — ey) ~22x 10710 x ( ) X [UunU 1%, (28)
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where Ujy = (VLT V/)in is IN element of left-handed mixing matrix product of charged lepton V,,
and sterile neutrino V. The current sensitivity reported by the MEG experiment implies Br(u —
ey) ~ 4.2 x 10713 [18]. This translates to |[UynUly| ~ 1072 for my+ ~ 3 TeV.

6. Conclusion

We have given a review of the scotogenic mechanism. We have indicated that this mech-
anism can be gauged, yielding a novel scotogenic gauge scheme that explains neutrino mass and
dark matter. An alternative prediction is that the lightest of dark vector, i.e. V;, may be a dark
matter candidate, which can be detected in current high energy colliders or at direct dark matter
detection. The dark fields also contribute to t — e?y with a rate consistent with the current bound.
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