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Abstract. We consider a model with a charged vector field along with a Cremmer—Scherk—Kalb—Ramond
(CSKR) matter field coupled to a U(1) gauge potential. We obtain a natural Lorentz symmetry violation
due to the local U(1) spontaneous symmetry breaking mechanism triggered by the imaginary part of the
vector matter. The choice of the unitary gauge leads to the decoupling of the gauge-KR sector from the
Higgs—KR sector. The excitation spectrum is carefully analyzed and the physical modes are identified. We
propose an identification of the neutral massive spin-1 Higgs-like field with the massive Z’ boson of the

so-called mirror matter models.

1 Introduction

Systematic studies of the relations between topological
models in (14 2)D and the phenomenology of planar the-
ories, like high-T,. superconductivity, have been taken into
account since the formulation of the Chern—Simons the-
ory [1,2]. One remarkable characteristic extracted from the
dynamics of the high-T, superconductors is the violation of
the P- and the T-symmetries. This fact emphasizes its pla-
nar nature. As a matter of fact, topological models originat-
ing from a Chern—Simons term are restricted to the descrip-
tion of objects living in (1+2)D. This aspect has motivated
the study of extensions of planar gauge theories and the
mathematical properties underlined, such as the fractional
statistics [3]. Relevant extensions are the complex Maxwell—
Chern-Simons (MCS*) model in (1+2)D [4] and the com-
plex Maxwell-Chern—Simons—Proca theory (MCSP*). The
planar scenario and the dynamical mass generation of these
two models were largely exploited in [5]. In this context, the
physical investigation of topological dynamical aspects of
complex matter vector fields may still be better explored,
specially in (1+ 3)D high-energy physics as well as in con-
densed matter systems.

The concept of topological models in (1 + 3)D has for
the first time been pointed out by Cremmer and Scherk [6]
and Kalb and Ramond [7]; we refer to this class of models
as CSKR models. In these works, a topological term in
(1 + 3)D is introduced which is an extension to the well-
known Chern—Simons term in (1 + 2)D. This topological
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CSKR term introduces a direct coupling between a 1-form
gauge field and another 2-form gauge field without an effec-
tive contribution to the energy and the momentum of the
model; it however gives a mass contribution at tree level.
The CSKR, as a topological model, is another candidate
to generate mass without introducing a Higgs scalar field
into the Lagrangian. So, gauge symmetry is preserved and a
massive spin-1 boson appears. Consequently we can inquire
whether a charged spin-1 vector boson could be incorpo-
rated into the spectrum of the CSKR model. Incidentally,
vector-tensor field models have been largely studied, partic-
ularly in the context of N = 2 supersymmetric models [8].
On the other hand, the contraction of a Chern—Simons
term with a fixed vector has been proposed in order to
build up a Lorentz violating model to describe astrophys-
ical effects and cosmological new perspectives (possibly
from geometrical origin) due to the variation of the uni-
versal constants [9]. Indeed, the possibility of spontaneous
Lorentz and C' PT-violation in string theory have been ex-
plored in [10], and more recent works have suggesting mod-
els in field theory to study Lorentz violation: Colladay and
Kostelecky [11,12] suggested a general Lorentz violation
extension of the standard model including C' PT-even and
CPT-odd terms in (1 + 3)D. They have obtained the re-
sult that the extension presents gauge invariance and a
conserved energy-momentum tensor while covariance un-
der particle rotations and boosts is broken. Coleman and
Glashow [13,14] have also investigated tiny non-invariant
terms introduced into the standard model Lagrangian in
a perturbative framework. The effects of these perturba-
tions increase rapidly with the energy for a preferred frame
which implies Lorentz violation of the system. The occur-
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rence of dynamical breaking of the Lorentz symmetry in
Abelian vector field models with the Wess—Zumino interac-
tion have been explored by Andrianov and Soldati [15,16].
On the other hand, Carrol, Field and Jackiw [17] have
demonstrated that ordinary Chern—Simons terms, studies
previously in (14 2)D, can couple to dual electromagnetic
tensor to a fixed and external four-vector. The effects of
these Chern—Simons terms in Lorentz and C PT-violation
have also been treated by Jackiw and Kostelecky [18].

The aim of this work is to study a charged vector-tensor
matter-field model based on the complex extension of the
CSKR model. We build up a full Lagrangian model where
all the possible invariant terms are included. Furthermore,
we add up a local U(1) symmetry in order to have an
interacting charged vector-tensor field model where a gauge
field A, mediates the interaction. In this model, the 1- and
2-form fields can coexist and interact with each other by
means of a topological term in (1 + 3)D. To check the
consistency in a quantum field-theoretic sense, we discuss
aspects such as causality and unitarity of the excitation
spectrum. To this aim, we take into account the local U(1)
interaction formulation and we will analyze the vacuum
states in the low-energy limit.

Due to the vector nature of the order parameter of the
model, the ground state is identified with a constant four-
vector (which we call b,,) which implies an anisotropy of the
vacuum state as a by-product and naturally induces Lorentz
symmetry violation. This vacuum anisotropy has recently
received much attention in connection with astrophysical
phenomena [19]. We study the role played by the vector
b, and its consequences to the physical degrees of freedom
described in the spectrum of the model. We also explore
the possible consistent (no ghost and no tachyon) choices
of this vector background.

The outline of our paper is as follows: in Sect. 2, we
introduce the full global U(1) vector-tensor matter-field
model and obtain the equations of motion, the Noether
and the topological currents. In Sect. 3, using the hint of
accommodating the two kind of currents in a doublet, we
compute the propagators, poles and the physical consis-
tency relation that is obeyed. In Sect. 4, we switch on an
interacting gauge field and introduce local U (1) symmetry.
We study the SSB mechanism and conclude that the po-
tential achieves its minimum for a non-vanishing vacuum
expectation value of the charged vector-matter field. We
adopt the unitary gauge and, in Sect. 5, we study the spec-
trum and consistency relations for the gauge-KR sector. In
Sect. 6, the Higgs—KR sector is analyzed. Finally, in Sect. 7,
we discuss and comment on our results.

2 The global U (1) vector-tensor field model

Based on the CSKR model, we propose to study a full
U (1) charged vector-tensor matter-field model [6,7] where
we have also included the topological terms. It can be
written down as

1
E *

:§ UUK

1
G — Sy, M — (0, B")"(0,B")

+2(0,H")*(8°H,,) + o° B, B* + \(B: B")* +
—B*H\, H" +me"?? B0, H o
+me"P° B,,0, H,

po

minus?

(1)

where B* and H*" are the matter vector and tensor fields
respectively; o and 3 represent the mass term parameters of
the fields, A represent the self-interacting parameter and m
the topological mass!. The field strengths can be defined by

GLLVH = a}LHVH + 8VHI»€;L + 6HHMV7

F,, =0.,B,—0,B,. (2)

We observe that the topological term is a mixed one formed
by B, and H,, in 4D as the term studied in [6,7]. Con-
sequently, m is regarded as a topological mass. We also
consider a potential term that defines the quadratic mass
parameters a? and 32. The conserved matter current J*
stemming from the global U(1) symmetry is given by

JH =i(B,F** — B;F*) —i(H), G*" — H,, G
+ime""N By H,) — B, H}y)
H[BH(9,B")" — B*(9,B")] +
—i[(0’H,,)"H"" — (0" H ) H"™].
The coupled Euler-Lagrange equations are
OB” = —a®BY — A(B;,B")B” — me"" 9, H,,,

OH"" = —B*H"" + me""*0,B,,. (4)

According to the symmetry of the Lagrangian (1), we notice
the occurrence of a B*-interaction term that determines an
anti-symmetrized identically conserved topological current

of type

1
= S0, By

(5)

Its associated topological-vector charge gives rise to “vec-
tor solitons” solution whose value may be regarded as a
quantum number. Indeed, this topological current induces
directly the non-linear behavior on the vector-matter-field
sector. The investigation of the non-linear dynamics and
the non-trivial configuration of the fields with anisotropic
energy in (1 + 2)D will be explored in a forthcoming work.

3 The spectrum analysis

In order to verify the physical spectrum, we rearrange the
Lagrangian (1) in a linearized form, or

L=V'OV, (6)

where O is a unitary wave operator and we represent V
as a vector-tensor duplet, or

B,
V= : (7)
H,,
! We also adopt the metric (+,—, —, —).
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To obtain the propagators by means of the usual mecha-
nism, we take the O~ using the usual product algebra of the
ordinary longitudinal, transverse and spin projector oper-
ators, which respectively are wy,,,, 0, and sp,x = €72 0.
In addition, we also have the anti-symmetric longitudi-
nal and transverse spin four-indexed projector operators
written down as follws:

1
Ouvrp = ) (GMQVP - 9#091/)\)7
1
Wuvp = 5 (np)\wup — NupWu + NvpWu — nv)\wyp)v
1
Nuv, p = 5 (nuz\nup - nupny)\)a (8)

which implies a closed algebra, such that

‘ 08 5, w5, 58
0pv,a8 O xp 0 SpvA
Wyv,af 0 Wy \p 0 ’
Spap SuAp 0 —00,x

where we have obtained the result that 1., ), = W +
0,,7p- We obtain the propagators, in momentum space,
which can be written down as follows:

i

<B:7Bv> = mwm/
-
(k2 — p3 ) (k2 — p2) "
<BZaHVA> = <H:wB>\>
_ im s
TR ) (R — )
N i
<H,uwH>\p> = mwuu,)\p
i(k? — a?)
v 2
FE ey e )

o? 4+ 32 +2m? + \/(a2 + B2 + 2m?)? — 40252
2 )
(10)
which can be easily verified to be real and positive. As a
consequence, we observe that the poles k? = o?, k? = 32,
k? = ui and k2 = p? indicate the absence of tachyon
states. Another point is the positivity of the norm of the
states verified from the analysis of the residues of the prop-
agators obtained. To do that, we take the transition am-
plitudes considering the doublet “vector-tensor current”,
which can be written down as follows:

- (2)
Jw)’

where J), is the usual Noether current, and J,,,, is the current
given in (3) and (5) which is conserved by definition.

pi=

(11)

We observe that there are two dynamical physical poles,
both describing massive particles specified by ui and p2 .
The transverse topological sectors are non-dynamical. We
obtained the result that the propagators (B}, B,) and
(H};,,, Hx,) have the same poles and consequently the same
particles. The crossing ones have no dynamics. We can see
an order in the spectrum of the model which obeys the re-
lation

py >B>a>p, (12)

resulting in a consistent physical model. We observe that
to perform the analysis of the degrees of freedom in 1 +
3 dimensions it was necessary to take the antisymmetric
topological current J,, given in (5) to complete a doublet
with the usual vector one (J,). Indeed, the topological
current has induced directly the non-linear behavior of the
vector-matter-field sector.

There is a delicate point we should comment on here. It
concerns two important issues as far as field-theoretic con-
sistency in under discussion, namely, unitarity and renor-
malizability. In our specific model, a propagating time-
component of a charged vector-matter field is potentially a
ghost, in the sense of having a non-positive defined scalar
product in the Hilbert space of states. This kind of matter-
ghost degrees of freedom must be properly discussed?. In-
deed, this component is present in the self-interaction quar-
tic term. Nevertheless, the very aim of this work is to study
the possible origin of Lorentz symmetry breaking as due
to vector and tensor matter fields. For the sake of gauge
invariance, we had plugged into the action a dynamical
longitudinal component of the B, field. It is a matter-type
field, with the usual U (1)-phase transformation, and so this
term is allowed, once the space-time derivative is suitable
gauge-covariantized. The important question to be worked
out further (we shall come back to this question at the end
of Sect. 6) is to find a condition to ensure decoupling or non-
propagation of the non-physical longitudinal components
of B,,. So, we finally state that the task of breaking Lorentz
symmetry has been accomplished by the proposed vector
and tensor matter fields. Next, the main issue is to ensure
quantum-mechanical consistency of the proposed action.

4 The local U (1) theory and SSB

To introduce interactions into the model represented by
the matter Lagrangian (1), we take as local the symmetry
phase, as the usual method, or

’

__—iA(x
B,=e P

I

and

’

H,, =e¢ 4@,

%

(13)
In this way the symmetries are restored, introducing the

invariant Lagrangian written as

1 * VK ]' * v 1 v
Lint = gg‘w,{g“ - 5-7:#1,]:“ - qu Juw +

2 Subject of a forthcoming work
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—(DuB*)*(DyB”) 4+ 2(D, H" )" (D Hpy )
+met " B Dy Hyx + me"™* B, (D, Hyx)*
+a’B; B* + \(B},B")* — 3°H},

/J.VHHV7 (14)

where D,, = 0, + ieA,, is the covariant derivative. The
above Lagrangian describes an interaction model between
the matter fields By, H,, and the gauge field A,, where
we define

guul-@ = Dp,HVn + DVHH/,L + DHH[U/7
f'uv = D[LBD - DuB/u
fuw = 0, A, — 0, A,

(15)

The new conserved current can be written down as follows:
Ouft =J" =1(B,FH™* — By F*) +
—i(H, G — HyGH™)
+ime""N(BXHyy — B, HY)
H[B"(D,B")" — B"(D,B")] +

i((DPH,,) HYY — (DPH,, ) H™), (16)
where J* is the covariant matter current.

As we have seen, the covariant interacting vector-tensor
model described by the Lagrangian (14) introduces a U(1)
gauge field, A,. To explore the behavior of these fields
at low-energy phenomenology, we take the mechanism of
spontaneous breaking of the gauge symmetry. As the model
carries vector and tensor fields as matter degrees of freedom,
the discussion of the SSB becomes subtle. The quartic self-
interacting non-linear term of the matter field B, in the
Lagrangian (14) could play a role similar to the Higgs field,
but with a vector nature. The A(Bj B*)* does not spoil
the invariance of the Lagrangian under the group of local
U(1) transformations. So the condition of a minimum of
the energy (E) can be obtained taking the minimum of the
potential energy (V'), or

dE dVv

2 n* * U *
— = —— =qa“B 2AN(BX*BY)B* =
B, ~ aB, ~ @ ButAMBEYB, =0,

(17)
where it is analogous to the B); term, recalling that a?is a
mass parameter. In this case, the situation where o? < 0

and A > 0 introduces a non-trivial vacuum, and it follows
that the energy is a minimum at

* M " 2 062 2
BiBF = bb = b = — 0,

N (18)

where we observe that, in this case, we require that b2 be

a constant 4-vector parameter such that — g‘—i > 0. In fact,
we observe that the VEV for the field B,, is given by

—a2
<0|Bu‘0> =b, = WU”’

where u,, is a unitary vector which lies in a fixed direction
in space-time. In turn, it breaks the Lorentz symmetry,

(19)

and due to this arbitrariness we have to choose amongst
the possible types of vector: u? = 1 (time-like), u?> = —
(space-like) or u? = 0 (light-like), analogous to the case
studied in [21]. As we are interested in non-trivial config-
urations of the fields, we exclude the light-like possibility.
Consequently, we reach a non-trivial vacuum solution for an
energy E which breaks spontaneously the U(1) local sym-
metry and also violates the Lorentz symmetry. We empha-
size that the Lorentz violation came along as a by-product
of the internal symmetry breaking. The Lorentz violation
has received much attention due to possible astrophysi-
cal and condensed matter effects [9,22], which deserves a
deeper analysis. In this work, we are going to verify the
mass spectrum of this model. To this purpose, we begin
by observing that the system under consideration has an
infinite set of vacuum states, corresponding to points on a
circle of radius given by (19) posed on the complex plane
of the field B,. So we can decompose the complex fields
into components and we shift the field B, along the real
axis (analogous to the Higgs mechanism). So we have

B, = B,+0b,=X,+iY, +b,,

H;u/ — P/,uz + iQ;wa (20)
so, we can express the potential term by
_ * 2\2 4 2 rr* v
V = XB,B" —b%)" = \b" — 3°H,, H"", (21)

which are substituted into the Lagrangian (14), whose ex-
pansion we find to be

1 1 1
Ebrokcn = gP,uunPl“jK + ngynQuyn - iX,uVXMV +

SV = @X) — (0,1

+2(0, P )07 Fpy) + 2(0,Q"") (07 Qpv) +
—e?b? A, AP — i fun ™+ 2e(b" AY)(9,.Y,) +
~2e(A"")(9,Y,) + 2e(9,Y*)(A)
+2met " X0, Py — 2eme b, A, Qo
+4Mb, b, XH XY — 2P, P — 32Q ., Q"
~+higher order terms, (22)

where X, Y., Puw and Quu., are the field strengths
of their respective real components of 1- and 2-form fields
written in the definitions (20). We observe that the La-
grangian (22) is non-diagonal, making all this a subtle com-
putation. The terms 2e(b*A")(9,Y,), —2e(A*b)(0,Y,)
and 2e(0,Y*)(A,b") can be absorbed by carrying out the
following field re-definitions:

A, A, —¢0.Y")+q.(0"Y,) + ¢.(0.Y"),
f;w — f/w + 'VY;W + Euu(aaya)7

where g,,, v and X, are operators that can easily be found
by manipulating (23) and (22), which can be defined as

v b” fey
q = ﬁy T=4q aoca and Euu = quau - QVa;y

(23)

(24)
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So the resulting Lagrangian (22) is non-gauge invariant
because the Lorentz symmetry is broken. It breaks trans-
lation due to the presence of the « operator, and it breaks
rotation by virtue of the ¥, operator present in the new
definitions in (23). Nevertheless, we can eliminate the Y,
field by means of a gauge choice, picking a particular gauge
parameter in the U(1) phase transformation; so,

X, =X, — AY,,

Y, =Y, — AX, + 4b,, (25)

where A is an arbitrary gauge parameter. In fact, we can
gauge away the Y, field choosing a particular gauge, bear-
ing in mind the unitarity condition on the particle spec-
trum. Then the A, field acquires mass due to the presence
of the scalar field parameter A = @ in its longitudinal
mode. This describes the associated Higgs mechanism for
a complex vector. This can be seen through the following
re-defined transformations:

/

f;tu = fHV'

Then, the Lagrangian (22) can be rewritten in the absence
of the interaction terms as,

1
3
—(0uX")? + 2(0,P") (0" Py

Ay — Ay — 0,8, (26)

1 1
Cbroken = P/,LVNPMVK + gQ/LuﬁQuuﬁ - iX;LVXMV +

1
+2(0,Q")(0°Qpu) = VAL A" — - fu [
+2me A X,0, Py — 2eme™ b, Ay, Qe

+4>\b'ubVX/LXl/ _ ﬁ2PMyP/w _ BQQMUQIUI(27)

In order to extract the physical content of the Lagrangian
(27) one can split it in two sectors,

Leange—KR = %QHVHQ“W - if,wf“”
+2(8,Q")(0°Qp) — 20?4, A +
—26m6“”“)‘bHAVQM _ ﬁQQuuQW, (28)

Lhiggs—KR = éP;mP“”“ - %XWX’“’ — (8,X1)?

+2(9,P") (D" P,,) + 2me"** X .0, Pyx
+4Ab, b, XH XY — 32 P, PM, (29)

where we can observe from the Lagrangian (28) that the
gauge field only interacts, via the topological term, with
the imaginary part of the tensor KR field. We can also ob-
serve that the mass of the A, field depends on the vector
b,., the broken parameter, and on the topological mass as
well. On the other hand, the Lagrangian (29) indicates that
the vector b* contributes to the mass of the real part of
the original neutral meson field. We emphasize that the ap-
pearance of this new boson field does not prescribe any new
symmetry group in the model. To verify the consistency,
we are going to compute the spectral analysis separately.

5 The spectrum of the gauge-KR sector

A remarkable feature of the Lagrangian (28) is that it
contains a massive gauge vector field (Proca) that inter-
acts with a 2-form KR field. An analysis of the physical
degrees of freedom requires one to deal with the unitary
gauge (25). Then, assuming that the fields are well-behaved
asymptotically, we can rearrange the Lagrangian consid-
ering a mixed doublet defined as U* = (A, Q). So, the
Lagrangian Lgauge—xr = U'OU where O can be easily
written down from the Lagrangian (28). We remark that
the re-defined currents preserve the unitarity as in the un-
broken case. Consequently, we can obtain the propagators
taking the inverse operator, ©~!, and using the re-defined
current doublet in the momentum space, as follows:

i

(Au, Ay) = m/lw
i(k* — 5?)
MCEE R
<A;u Qu/\> = <Q;UJ7 A)\>
= .%I;ZkQ e (30)
<Q,ul/aQ)\p> = ;Auu,)\p

(k* —52)
i(k2 + €2?)
(2 —3)(#

7_3) Q;u/,)\pa

in these expressions above we have used the longitudinal,

Ay, and the transverse, {2, and II,,, 5, given by
b.b,
A;Lu = 22 ’
b.by
Q;U/ = Nuv — I;)z s (31)

H/,Ll/)\ = G’yul//\b’ya

whose multiplicative table looks as follows now:

Qau Aau Hau)\
240 2, 0 0
Ay R 0 R Ay 2O
1. 1,,, 0 6202,

We can also define the anti-symmetrized longitudinal and
transverse operators as

1
QNV>>\P = §(Qu/\QVp - “QMPQV)\)?
1
A,ul/.,)\p = 5(77;0\/11/;7 - nll,pAl/)\ + 771/;)/1;1)\ - 771//\/1#%7)7
1
Nuv,Ap = i(nu)\nvp - nupnuk)v (32)

which implies the closed product algebra:
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06 5, AP 5, sy
Q;w,aﬁ QWAP 0 ITyx
Ay ap 0 Ay rp 0 ’
11,08 I, 0 —bQQﬂ,\

where in addition we can observe that 1., = Auuxp +
2,0 2p- The mass values, 77, are easily obtained:

) 62b2 _ /82 + \/(52 + €2b2)2 + {8m2e2p2
T =

2
for the case where u? =1,
9 —€2b2 _ ﬁQ + \/(ﬂ2 _ 62b2)2 _ 8m262b2
T:I: = 2
for the case where u? = —1. (33)

For the case u? = 1 (time-like condition), only 7, defines
a physical excitation. 7_ is a tachyonic excitation. On the
other hand, for u? = —1 (space-like condition), both 7
and 7_ are physical excitations for the restricted values of
the topological mass,

2 272
—e“b
m</87,

V/8eb

where b = |b,|. Observe that § cannot be zero, and § >
e|b|, with the result that the Lorentz symmetry breaking
implies an anisotropy of the space-time is realized as a
mass generation on the gauge field, similar to the Higgs
mechanism whose consistency is ensured by the presence
of a mass term for the 2-form H,, field.

(34)

6 The spectrum of the Higgs—KR sector

Now, we are going to verify the physical spectrum of the
Higgs—KR sector. In a similar way as in the previous case, we
are also going to analyze the consequences of the symmetry
breaking on the spectrum of the Lagrangian (29). We can
verify that due to the presence of an anisotropic space-time,
the X, neutral vector field is deformed, which implies non-
defined propagator poles. Therefore, the physical states
can only be obtained by considering the projections of the
X* field along and perpendicular to the b, vector. Then
defining the W, and Z, as the parallel and transverse
projections of the X, field respectively, or

b X

Wy = b2 Dus (35)
by X
Zy= X = by (36)

We can perform rotations at each point in deformed-space
where the doublet U* = (X, P,,) can be taken as
U'=(X,,P,) = (37)
_ ba X

{U(VV)t = Wy, Puh| W, = 5 bu, Z, = 0} ,

U' = (X,,P.) = (38)

ba X

{U(Z)t = (2w, Puw)ol 2, = Xy — 2 by, Wy = 0} ’
where the sub-indexes 1 and p mean the longitudinal and
the perpendicular projections, respectively. The doublets
U(W) and U(Z) are orthogonal and may be chosen non-
simultaneously. Then we can now rewrite the Lagrangian
(29) for each one of the above situations, which for the
U(W) case yields

E(W) = —PMV(WW/APD)PAP - WH(nHVD)WV
HANP W, WH — 32 P, PMY
+m€“ypawuauppd - me#VPUPpaaVVVH; (39)

hence, we can note that by substituting the re-definition
of the W, field (35) into (29) the cross massive term
4Ab,b, X* XV is transformed to 4\b?* W, W* and so is given
a mass term form. On the other hand, we can choose the
X, field perpendicular to b,, where one can write (29) in
the U(Z) case. We have

L(Z) = =P (" 0) Py, + Z,(n"V0)Z, +
— (2P, P + me*? 7,0, Ppy +

— e Py 0,7, (40)

where the mass term 4\b, b, X* X" is gauged away. In order
to verify the degrees of freedom of these two cases, we
are going to deal with the Lagrangian expressions (39)
and (40), and we use the analogous method of the gauge-
KR sector. So we now have two operators: O(W), O(Z) and
their respective inverses are straightforwardly obtained.
The associated to O(W)~! propagator is obtained as
(W,

Wy

v) = k2 —a2)
i(k* - 8%
(k? — i) (k? — 2)
<WuaPV>\> = <PP«V?W/\>
(k2 — ) (k2 — Z)

0

nvs

(41)

1
(P Prp) = (= gy @
i(k? — a?)

O
TS e )

where we have defined

o, at+ B2+ 2m? £4/(@% 4 8%+ 2m?)? — 4a23?
Hy =
2

(42)
and & = 4\b2. In the same way, for the perpendicular wave
operator O(Z)~? this results in

i i(k2 — 52)

= — v 78
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A
b)
B B*
d)
c) B B
H* H
B B* B B*
Fig. 1. One-loop corrections to the B-field
self-energy. p stands for the external mo-
A mentum carried by B

m
<ZM7PV/\> - < ;uva>\> - msuukv (43)
P,,,P i i 0
< m2) )xp> = (kQ — ﬁQ)W/u/,Ap + (k2 _52) HUApy
where £2 = 32 + 2m?2. In order to guarantee unitarity, we
must have the real part of the current—current amplitude
greater than zero. We can observe from the propagators (41)
that the longitudinal sectors of the fields W and P exhibit
no tachyons and they are not dynamical. On the other hand,
the transverse degrees of freedom of the non-mixing terms
are physical as far as we assume in the expression (42) that
ﬂi T ﬂi > /32 and & > i2. As a consequence, the
L(W) has a pole k? = i2 for the propagator (W,, W,)T,
and a pole k? = i% for the propagator (W,,,,, W,)T; these
are dynamical physical excitations. As already mentioned
at the end of Sect.3, we should state more clearly our
argument concerning the consequences of the quartic B,,-
coupling which yields non-unitarity due to the coupling of
its longitudinal component. Indeed, let us present below the
expression giving the power-counting, §, for the primitively
divergent graphs:
0=4—FEy—Ep—FEA—Vua— Ipm, (44)
where Fy, EFg and E 4 stand for the number of external
lines of the H, B and A fields respectively, Vg 4 expresses
the number of super-renormalizable topological vertices
and Igy counts the number of mixed matter propagators,
whose asymptotic behavior goes as /%3 The self-energy
contribution for the B-field has a logarithmic divergence
associated to the kinetic part (the external momentum,
p, comes from the momentum-space loop integral, lower-
ing the divergence from quadratic to a logarithmic one).
Its mass correction is, however, quadratically divergent.
Based on this power-counting argument and on the Ward
identities derived for the model, we can safely state that
the loop corrections to the kinetic term |0, B*|? are sup-
pressed by a logarithmic factor of the cut-off. Indeed, in
view of the massive propagators inside the loops and due
to the dimensional regularization technique, there appear
logarithms involving the masses. Therefore, if one does not

introduce that kinetic term at tree level, and if one consid-
ers the model much below its energy cut-off, non-physical
dynamical modes are suppressed. So, if working in this safe
region of the model, the B,,-field accomplishes its task of
breaking the Lorentz symmetry without the price of vio-
lating unitarity. Taking the viewpoint of considering the
model below its cut-off, we understand that the low-energy
ghost modes do not show up through radiative corrections
and renormalizability is not jeopardized as long as we keep
far below the energy cut-off. The model should then be
viewed as an effective theory valid up to a cut-off below
which Lorentz symmetry is spontaneously broken.

7 Conclusions

In this paper, we have presented a charged vector-tensor
(CSKR) matter field model which shows a connection be-
tween a vector (1-form) field B, and an antisymmetric
tensor (2-form) field H,, via a topological interaction in
(143)D. Furthermore, it presents a global U(1) symmetry.
We have shown that the introduction of a self-interacting
B*-type potential in the Lagrangian (1) is necessary to de-
fine the topological 2-form (tensor) current (5). Thus, we
propose a vector-tensor current which is a doublet where
it accommodates the ordinary Noether current J, along
with the topological 2-form current J,,,. With this proce-
dure, we can obtain the physical spectrum of the model in
a direct way, where we verify the existence of two distinct
simple physical (non-tachyonic and non-ghost) poles with
masses (4 and p_ for the transverse sectors. We empha-
size that, in spite of the peculiar form of the model, the
longitudinal ones decouples. The propagator poles include
topological (m?) and Proca (a? and (3%) mass parameters
which implies that the very same physical degrees of free-
dom are present in the propagators of the 1-form B, (KR)
field and the 2-form H,,,, (KB) field. In the charged case, we
introduce a gauge interacting field A, and we explore the
low-energy dynamics of the model, by studying the sponta-
neous symmetry breaking (SSB) mechanism. The quartic
form of the potential energy of the vector-tensor matter
field indicates that the SSB mechanism could take place for
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this field. Only the vector (1-form) B, (KR) field can reach
the very minimum of energy of the model, consequently it
is responsible for the SSB mechanism. On the other hand,
the vacuum energy value of this field naturally violates the
Lorentz symmetry which fixed a vector deviation to the
minimum and implies contributions to the splitting of the
mass spectrum. We observe that the possibilities of the
fixed vector has to be of physical consistency preventing
ghost and tachyon degrees of freedom, and so following in
an analogous way the classification obtained in [21]. The
effects of Lorentz violating terms have recently been sub-
ject of study due to effects in astrophysical and condensed
matter physics [9,22]. We have studied the contributions of
the fixed vector b, to the mass at tree level, where to this
purpose we find it suitable to introduce the unitary gauge,
and we redefine the fields and parameters in this effective
resulting model. We remark that the field Y, is gauged away
and we consequently recover the usual gauge transforma-
tion of the dynamical elements of the model. We obtain
two independent dynamical systems: one describes a model
where a KB-field interacts with a gauge field, and another
one a neutral KB-field interacting with the “Higgs” vector
field. We emphasize that this model presents a new neu-
tral vector particle without the introduction of an “extra”
U(1) group as it has been largely explored in the liter-
ature. Indeed, many phenomenological works have been
proposed with the aim of suggesting an extra symmetry
to account for discrepancies in the standard model, partic-
ularly Z—-Z' mixing [30]. In astrophysical models coming
from high energy considerations, it has been suggested that
non-baryonic dark matter could have an exotic astrophys-
ical origin where a possible mirror matter described by
extra symmetries [31,32] emerges as an interesting pos-
sibility. In our case, an extra and/or mirror matter has
a topological origin as it was suggested in [31], and the
Lorentz violation could imply optical astrophysical effects
that influence the red-shift deviations and the anisotropy of
the cosmic radiation background, and that possibly mask
the observational effects of topological defects. Finally, we
analyze the spectrum of the two independent dynamical
models obtained after the SSB mechanism. In the gauge-
KR sector, we obtain the condition on the mass parameters
and the fixed vector so as to have a physically consistent
condition where the mass term to the 2-form matter field
is crucial. We obtain that the longitudinal part has no
dynamics. The result is that this sector could represent
the effective dynamics of a charged spin-1 particle. On
the other hand, the Higgs—KR sector can represent the
dynamics of a massive neutral particle that, due to the
Lorentz violation, can only be analyzed in the longitudi-
nal and transverse projected degrees of freedom. Indeed,
from another perspective this particular feature of Lorentz
violation is emphasized in its classical electromagnetic ver-
sion [33] and in perturbation studies of the model [34]. We
obtain the conditions on the mass parameters (topological
and not) to get physically consistent degrees of freedom
at tree level. In this sector, the fixed vector b, dictates a
preferred direction in space. We can conclude to the given
perspective to compute a dimensional reduction of the KR

model from (1 4 3)D to (1 + 2)D, where we can conjec-
ture the existence of charged “vector solitons” derived off
topological solutions in (1 4 2)D, which is the study of a
forthcoming work [20].
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