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Novel imprint of a vector doublet
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It is shown that the presence of a vector doublet is suitable to address neutrino mass, dark matter, and the

recent muon anomalous magnetic moment.
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I. MOTIVATION

Neutrino mass and dark matter are the two leading
questions in science, which require the new physics beyond
the conventional standard model [1]. Additionally, the
muon anomalous magnetic moment recently measured
also reveals a significant deviation at 4.2¢ from the
standard model prediction [2].

Within the attempts to solve simultaneously the first two
issues, the scotogenic setup [3] is the most compelling.
Indeed, it introduces an inert scalar doublet and three sterile
neutrinos, which couple to the usual lepton doublets,
producing the relevant neutrino masses through the one-
loop contribution of these new fields, while the lightest of
which, either a neutral inert scalar or a sterile neutrino, is
viably to be a dark matter candidate. However, an exact Z,
parity, that necessarily makes all the new fields odd, plays
the crucial role for the model properly working as well as
stabilizing the dark matter. The origin of the Z, was left as
an open question. Further, it is found that the minimal
scotogenic contributes insignificantly (and negative) to the
muon g — 2 [4].

We suggest that if a new vector doublet is proposed
instead of the inert scalar doublet, it cannot develop a
vacuum expectation value due to the Lorentz invariance, in
opposition to the inert scalar case that potentially breaks the
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Z,, inducing an unwanted tree-level neutrino mass.
Additionally, the standard model symmetry demands that
the vector doublet couples to normal matter only through
new fermions; for such reason, the sterile neutrinos are
presented.’ Furthermore, the Lagrangian of the vector
doublet realizes a matter parity, instead of the Z,, which
commonly arises as a residual gauge symmetry in the
theories that let the vector doublet be a part of the extended
gauge field.

With the effective theory at hand, we give a novel
recognition of a scotogenic mechanism with the vector
doublet, leading to the neutrino mass, dark matter, and the
muon ¢ — 2 manifestly. The new physics predicted is
appropriate to the collider bounds. A brief discussion on
the UV-completion theory is delivered at the end.

II. PROPOSAL

We introduce a vector doublet to the standard model,

w=<ﬁ)~w14ﬂx 1)

u

which has the SU(3)- ® SU(2), ® U(1), quantum num-
bers like the ordinary lepton doublets, y,; = (v zeq.)" ~
(1,2,-1/2), where @ = 1,2,3 is a family index. Notice
that V, =io,V;, ~(1,2,1/2) transforms as the usual
Higgs doublet, ¢ = (¢p"¢°)" ~ (1,2,1/2), and the intro-
duction of either V or V from outset is physically

IIndeed, the alternative choice includes new fermion triplets or
(irrelevant) doublets, but we are not interested, since they are not
universally supported by the gauge completion models.
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equivalent. Such a vector doublet is commonly hinted
from numerous electroweak gauge extensions, such as the
3-3-1 [5-7], trinification [8], SU(6) and Eg, as well as
gauge-Higgs unification [9,10], that all contain the higher
weak isospin, SU(3),, as a sub- or residual group [11].

The Lagrangian of the vector doublet according to the
standard model symmetry takes the form,

1. ) 1
L£L> —EF,L,,F”” + m3Vive - : (D, V¥ (D, V")

+ay (VIVI)(VIV?) + o (ViV*) (VIVH)

+az(VIVO)(VIRV,) + iB VEARY, + ip, VIBRV,

+ (@) (ViV) + @V, (V)

1

+ S U@V, (V) + Hel, 2)
where F,, = D,V,-D,V,,D, =0, + igA, + igB,, and
A, (A,)and B, (B,,) are the gauge field (field strength) of
SU(2), and U(1)y, respectively.” Notice that the nontrivial
1/& term is simply an allowed gauge-invariant coupling,
not a gauge fixing, since V), is not a gauge field. Surely
from (2), the vector fields obey the Klein-Gordon equation
as well as the Lorentz condition manifestly. One would
replace A — T;A; and B — YB for practical computation,
in which 7; (j = 1,2,3) and Y are the weak isospin and
hypercharge, respectively.

This theory preserves an accidental Z, symmetry, which

transforms V, — -V, while leaving the standard model

fields unchanged, in agreement with [12]. The Z, sym-
metry is identical to the matter parity

P = (_I)S(B—L)Jrzs (3)

to be a residual gauge symmetry of the 3-3-1-1 gauge group
[13] or flipped trinification [14] breaking, there the vector
doublet has B — L = —1. Unlike all other couplings, the 13
interaction violates B — L, but conserves P, to be induced
by breaking B — L = 2. That said, it should be radically
smaller than the B — L conserving couplings, such as

A3 <A, ayas. Pros 1/E (4)

On the other hand, the scalar-vector mixing terms of type,
ix¢D,V* + H.c., disappear due to Z, conservation, or they
are automatically eliminated if V, originates as a part of
gauge field of a higher gauge symmetry.

The vector doublet does not couple to the standard model
fermions due to ]_‘Ly”fRX” = 0for X = V or V as suitable.
However, we introduce three fermion singlets,

*Here ¢V = ¢V~ — ¢°V° ~ 1 under SU(2),. The couplings
of other forms, e.g., (¢pV)(¢pV) ~3 x 3 and (¢pV)T(pV) ~1 x 1
or 3* x 3, are reducible to the given interactions, thus suppressed.

Nz ~(1,1,0), (5)

to be the variants of the standard model neutrinos. The
fermion singlets couple to the standard model lepton
doublets through the vector doublet,

;C ) habl/_/aLyﬂNbLV/l + H.C. (6)

The new fermions transform under Z, as N,;, — —N,;, or
they have B — L =0 under the matter parity, and they
possess mass terms,

1
[’ ) _EMabNaLNhL + H.c. (7)

Here we assume M = diag(M,, M,, M3) to be flavor
diagonal, without loss of generality. We label the physical
states and masses, say N, M,, in the mass basis.

After electroweak symmetry breaking, the vector doublet
components V2 = (Vy, +iVy)/ V2 and V), are separated
in mass, such as

2

my = m 4 (4 42) (8)
2 2 v

my, = my + (4 +/13)7» )
2 2 v?

mV2 va+(/11—/13)7. (10)

Here A5 has been assumed to be real; otherwise, its phase
can be removed by redefining appropriate ¢,V fields.
Moreover, the Feynman propagators of the vector fields
are similar to massive gauge fields in a R; gauge due to the
contribution of the 1/& coupling. On the other hand, the
addition of the vector fields violates the unitarity condition
of the S-matrix and the theory only works well below some
cutoff scale, A ~ my, making the constraint on the new
physics couplings, naively

2 A2
e < (11)

—n~ 1.

A s

We take A ~./s~1TeV to be the current energy of
colliders, where the standard model is still good.

The addition of V, and N, presents three important
results, arranged in order.

III. SCOTOGENIC SCHEME

The scotogenic model [3] is an idea of radiative-seesaw
neutrino-mass generation, through one-loop diagram medi-
ated by an inert Higgs doublet and three sterile neutrinos. It
is recognized in this work in which the doublet vector plays
the role of the inert Higgs doublet instead, with the similar
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FIG. 1. One-loop contribution to neutrino mass.

interactions such as A5 in (2) and A, in (6), including the
Majorana nature of N,; in (7).

The neutrino mass generation diagram is depicted in
Fig. 1. Hence, the neutrino mass matrix, that is induced in
the form of £ 2 —310,,(M,),,v5, . reads

d* h ] h
_i(MU)abPR:/(QJf;; <i\/“§y”PL>ﬁ_le<—i\/b§y”PR>
i 1— )
N (g,,,,—( &)pup )

p*—my, p*—ém3,

+/d4_p<_@ up >;<@ vp >

o'\ V2" )\

—1 (l_g)pupu>

X L= .
p*—mi, <g”

p*—émy,
Notice that the real (V) and imaginary (V,) parts of V°
give opposite contributions, since the product of the two
neutrino vertices to each of V;, changes sign, and the
difference between the contributions is only due to the V ,
mass splitting. It is straightforward to obtain,

(12)

hak hbkMk

M =
( u)ab 32”2

[f(MEm3,) = f (MG m3,)]. (13)
where f(x,y) equals to

y [A+B-Ex—cB+¢&y, v x-y
xX—y x—E&y x x—=4&y

Enél.

Assume

my, —my, =0t < mg=my, +4v*/2,  (14)

where mj = (m3, + myj, )/2. Additionally, assume

*Notice that Ref. [15] introduced, by contrast, highly non-
renormalizable (dimension-12) operators connecting V,, to lep-
tons in a theory under discrete symmetries, without possessing
the 1/& coupling or a gauge completion; as a result, the neutrino
mass diagram was divergent, defined by a cutoff.

5 > MaX(M1’2!3/mO)2. (15)
We find
M 2
(Mu)ab:_ A3¢ hukhhk2 kU ‘ (16)

The scale m3/M, as in inverse seesaw is significantly
reduced by the loop factor (1/162?) and the small coupling
(43¢). Indeed, suppose Max(M;,3) ~ 10 GeV and
36 ~ 1077, slightly smaller than the electron Yukawa
coupling.” The neutrino masses are recovered, i.e.,
M, ~0.1 eV, requiring only h,hy ~ 1 and v/mgy ~ 1/3,
appropriate to the following dark matter density and
muon g — 2. Further, the charged leptons considered are
flavor diagonal, while v, are related to the mass eigenstates
v; by the Pontecorvo-Maki—Nakagawa—Sakata matrix,
v, = U aili-

IV. DARK MATTER

The dark matter candidate is the lightest field of either
the fermion singlets N, ,3 or the neutral vectors Vy, V,,
stabilized by the accidental symmetry Z,. The dark matter
phenomenology of the vector candidate was discussed in
[12] in a model without N , 3. It is noted that the fermion
singlets N, 3 may govern the vector dark matter observ-
ables through the interaction in (6). This work does not
consider such case, instead we interpret the lightest fermion
singlet (assumed Ny, thus M, < M, 3, my, ,,my-) as dark
matter. Its annihilation is given in the diagram in Fig. 2.

The total annihilation cross-section, N{N§ — I'l(vpvf),
is evaluated as

Slhih 8 1 1

Xp v- My

where M is the N| mass, h;; and hy, for [,I' = e, u, 7 are
the & couplings in (6) that equally couple N; to a pair of
charged leptons (/I') or neutrino flavors (v;vy), and xp =
M, /Ty ~20-25 at the freeze-out temperature.

Assuming my- ~ my, it leads to

2alhn?\ (e lhe
~ 1 pb
{ov) P < 4z 4z

88M\2 (800 GeV) 2

Ca ) (7)o
m my

where the benchmark value of m is given in the following
section. The dark matter gets the correct density if the

%25 is associated with the B — L breaking scale that deter-
mines the matter parity [13,14], so it is proportional to
13 ~ m()/AB,L S 1078, giVen that AB*L 2 10“ GeV.
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N1 V7l

Ny ve, ¢

FIG. 2. Dark matter annihilation to normal matter.

couplings >, |h;|*/4x are proportional to unity and the
dark matter mass M; ~ my/88 ~9 GeV.

V. MUON g -2

In the standard model, the anomalous magnetic moment
of muon, a, = (g—2),/2, receives the radiative contribu-
tions from the electromagnetic, hadronic, and electroweak
parts, now established [16],

a,(SM) = 116591810(43) x 10711 (19)

The recent measurement of a,, presents an exciting hint for
the new physics beyond the standard model [2]. The new
result combined with the previous E§21 measurement [17]
yields a deviation from the standard model prediction at
4.20:

a,(Exp) — a,(SM) = (251 +59) x 107", (20)

If this deviation is further confirmed, it might rule out
many new physics models, due to the fact that the deviation
is bigger than the electroweak contributions of the standard
model coming from W, Z, H mediators, i.e., aH(EW) =
153.6(1.0) x 107!, Indeed, the new physics constrained is
potentially in tension with the electroweak precision test
and the other collider bounds.

We suggest to solve this question by a diagram
exchanged by the doublet vector depicted in Fig. 3.
Assuming m, < my-, My, one obtains

A

1 N, 1

FIG. 3. Doublet vector contribution to the muon g — 2.

(21
The integral is proportional to 1 for my- > M. Hence,

2 hoo|?
Aa, ~2.5x 107 (800 GeV) (Zk| e ) (22)

my- 47

comparable to the muon g — 2 in (20), given that my- ~
800 GeV and Y |h.|*/47 ~ 1 as the unitarity bound.

VI. SUMMARY AND REMARK

Unlike the photon and other gauge fields, massive vector
fields are always quantized properly with three physical
degrees of freedom due to automatic Lorentz condition and
a propagator analogous to that in a gauge theory with
unitary gauge. The standard model can contain such a
vector doublet with a coupling to the electroweak gauge
bosons, % |D*V |2, the Higgs field, 5(¢V,)?, and the three
singlet variants of light neutrinos, hyy*N.V,, but not to
ordinary fermions. Here V,, and N, are dark, ensured by the
Z, or P matter parity.

The scotogenic producing small neutrino mass is rec-
ognized with the exchange of the dark neutral vector V° and
the dark fermion N. Whereas, a similar scotogenic pro-
ducing the observed muon ¢g—2 is realized with the
mediator of the dark charged vector V* and the dark
fermion N, given that my ~ 800 GeV. The lightest fermion
singlet N properly contributes to the dark matter abun-
dance if its mass is M; ~9 GeV.

The fermion dark matter does not interact with nucleons
in the direct detection experiments, while it can scatter with
electrons in the XENONIT experiment [18], but gives a
tiny recoil energy 2m,v> ~ 1 eV as well as small signal
strength as suppressed by m2/mg. The predicted vector
doublet mass my ~ 800 GeV would satisfy all the high
energy collider bounds, given that the B — L conserving
couplings in (2) are perturbative, as shown in [12]. So we
do not refer to such constraints here.

On the other hand, a monophoton event may be created
at the LEPII recoiled against the missing energy carried by
a pair of dark matter NN, governed by the effective
interaction,

hol? i}
Wetl ) (V). 23)
Vv

Using the Fierz identities, we can translate this interaction to
the vector and axial vector operators studied in Ref. [19],
implying a bound on my > (450-500)+/7 =797-886 GeV,
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for |h,|?/4m ~ 1, which is in good agreement with the relic
density and muon g — 2 bound in this model.

A crucial difference between our approach and potential
U(1) gauge extensions is that the vector doublet by its non-
Hermitian nature behaves as a charged current linking
distinct flavors, even in a gauge completion, in similarity to
the W boson. Whereas, the Abelian gauge fields often
conserve flavors, hence there are a few parameters in such
theories, such as the gauge boson mass, kinetic mixing, and
coupling constant. As a result, a portion of them may
encounter tensions in predicting all the mentioned experi-
ments, although they are very predictive [20].

The UV-completion is related to the search for a gauge
symmetry that contains the doublet V, ~2 in its adjoint
gauge representation. The smallest of which is the 3-3-1-1
gauge symmetry [13], because the SU(3), adjoint is
decomposed as 8 =3 @ 2 @ 2* @ 1 under SU(2),, which
includes V, and V, as mentioned. In this case, SU(3); is
broken by a new Higgs boson unified with a Goldstone
boson doublet of V,, in a multiplet. Additionally, the fermion
singlets are unified with the usual lepton doublets in SU(3),
triplets, such as (v,; e, N, )T. N, may have respective
right-handed partners, Nz, and all the fields, N’s and V’s,
are odd under the matter parity as a residual 3-3-1-1

symmetry [21]. All the couplings in Eq. (2) are restricted
by the gauge symmetry and the model is now predictive.
Particularly, the A; coupling is induced by the gauge
interaction of a scalar multiplet, e.g., an octet, that contains
a Higgs doublet. Although £, is restricted to the gauge
coupling, the flavor change happens due to a mixing of N ;7 ,
which shifts i, — (g/ \/5) V . relating N,; to mass eigen-
states N,. Here note that the N,; mass can be induced by a
seesaw, with the Dirac mass connecting N; to Ny given by a
SU(3), breaking, while Ny has a large Majorana mass by
itself. The 1/& coupling becomes a gauge fixing canceled
out by the contribution of the Goldstone boson modes of V,
in the R; gauge for relevant physical processes. It is
noteworthy that in this gauge completion, the inert scalar
doublet in the usual scotogenic sense becomes the
Goldstone modes of V,, hence the vector doublet governs
the neutrino mass and other observables instead. All this is
out of the scope of this work, to be published elsewhere.
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