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Perturbative aspects of the supersymmetric three-dimensional massive QED
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We perform the study of perturbative aspects of a three-dimensional supersymmetric Maxwell-
Chern-Simons-Proca theory minimally coupled to scalar superfields. Using the superfield formalism, we
derive the propagators for both gauge and matter superfields and compute the leading quantum corrections
to the effective action. The presence of the Proca-like term explicitly breaks gauge invariance, modifying
the structure of the gauge superfield propagator and leading to an essentially new form of quantum
contributions in comparison with the usual QED. We analyze the Feynman diagrams that contribute to the
quadratic part of the effective action, obtaining corrections to both the kinetic and mass terms of the scalar
superfields. Furthermore, we discuss the UV behavior of the model, considering its renormalization
properties and the possibility of perturbative finiteness to all loop orders, similar to supersymmetric
QED;. Finally, we highlight potential applications of this model in condensed matter systems and possible
connections with modified supersymmetric electrodynamics and dualities in lower-dimensional theories.
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I. INTRODUCTION

Three-dimensional field theories acquired a notable
interest within modern theoretical physics, not only due
to their relative simplicity but also due to their application
to possible analog models of condensed matter, especially
graphene [1]. In this context, it is certainly important to
study supersymmetric extensions of such models as they
could display better renormalization properties; in particu-
lar, a possible supersymmetric model for graphene has
been formulated in [2], with further developments pre-
sented in [3-5]. A natural direction in this area involves
studying various three-dimensional supersymmetric field
models, particularly within the superfield approach, which
is recognized as one of the most effective tools for
perturbative calculations (for a general description of
the three-dimensional superfield formalism see, e.g. [6,7]).

In this framework, supersymmetric massive QED plays a
significant role, as it provides a setting to explore scenarios
in which gauge symmetry is broken. In [8], a scenario was
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presented in which radiative corrections can generate a mass
for the gauge superfield, leading to spontaneous breaking of
the gauge symmetry. It was shown that a Proca-like term
naturally emerges as a radiative correction. Consequently,
introducing a Proca-like term from the outset constitutes
a well-motivated and consistent approach in the study
of supersymmetric gauge theories. Furthermore, mass
terms can also be generated radiatively in certain phases
of supersymmetric CP(N=1) models [9,10], reinforcing their
relevance in different supersymmetric frameworks.

Thus, in this work, we intend to study the perturbative
aspects of a three-dimensional supersymmetric Maxwell-
Chern-Simons-Proca theory minimally coupled to scalar
superfields. Using the superfield formalism, we derive the
propagators for both gauge and matter superfields and
compute the leading quantum contributions to the effective
action.

The paper is organized as follows. In Sec. II, we define
the model and derive the corresponding propagators for the
gauge and scalar superfields. In Sec. III, we compute
the quantum corrections to the effective action, focusing on
the modifications to the kinetic and mass terms induced by
radiative effects. In Sec. IV, we discuss the implications of
our results and compare them with previous studies,
particularly with respect to the role of the Proca-like term,
and finally present our final remarks and suggest possible
future directions for research.

Throughout this paper, we employ the natural unit
setting ¢ =#A =1 and adopt the space-time signature
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(=, +,+). Additionally, we follow the superspace con-
ventions established in Refs. [6,7].

II. DEFINITION OF THE MODEL AND THE
PROPAGATORS

As it is known (see e.g. [6]), the supersymmetric 3D
Maxwell-Chern-Simons theory is described by the action
(a=1,2):

1 M
S = / dSZ |:§ WaWa + E W{IA(I + ‘cm ’ (1)

where W, = %D“D/}Aa is the standard spinor superfield
strength [6] constructed on the base of the gauge superfield
A, and @7 = d’xd*6. The theory (1) is invariant under
usual supergauge transformations A, = D,&, where & is
the scalar superfield parameter. The L£,, is the relevant
matter Lagrangian.

It is instructive to present the component form of the
action given in Eq. (1):

1 .
S = / x [— (E S fop + ,maa,,ﬂﬁ>

+ M(Vaﬂfa[)’ - j'U%Ut):| + ﬁm’ (2)

where V5 = y3A,, denotes the bispinor representation of
the vector field A, fop = Vis€mnF™ is the bispinor
representation of the dual field strength tensor F,,,, and
Ap 1is the spinor superpartner of the gauge field. The
component fields of the superfield A, are defined as

1
B(X) = 7DaAa(x7 9)|’

Kl) = Aalx.O) :

]
Vp(x) = — ED(aAﬂ) (x,0)[;

1
Ao = EDﬂDaA,;(x, 0)|. 3)

The next step consists in breaking the gauge symmetry
by introducing a Proca-like additive term, defined as
Lp :§M2A”Aa, where p is a dimensionless parameter.
The resulting free action then reads

1 M
S — / &z [E WoW, + 5 WA, + ’—2’M2A"A(,} .4

The corresponding component form of the action is
given by

1
S = / dPx [— (5 TP s+ xaiaaﬁzﬁ) FM(VP Sy —292,)

pM2 aff 2 P af a
+T(V V(Xﬁ_B —|—2(10 )(ﬂ_)“ )}{a) +Lm (5)

The propagator for the spinor superfield A, takes the
form

(Ag(=k.0,)Ay(k,0,))

_ _2i[D*DDy DDy, 5
K| pk* —k*+MD*+pM?|""?

_ 2 D’D,Dy N (k* = pM?* + MD*)D*D;D,, 5. (6)
ok MR+ (pM> =12 |

where 512 = 5(91 — 92)

It is worth noting that, in the UV limit, this propagator
behaves as 1/ k%, similar to the behavior in conventional
three-dimensional massless super-QED. Therefore, the
renormalization properties of the theory remain
unchanged relative to the massless case. Furthermore,
the propagator exhibits real poles only for p < 1/4; for
p > 1/4, the poles become complex, rendering such
values physically inconsistent.

It should also be emphasized that the propagator becomes
ill defined in the limit p — 0. This singular behavior is
analogous to the well-known discontinuity in the massless
limit of the four-dimensional Proca theory, which arises due
to the mismatch in the number of degrees of freedom
between massive and massless vector fields. A similar
situation occurs in the present model. Nevertheless, we
stress that despite the singularity in the propagator, all
quantum corrections remain well defined in the limit p — 0.

Afterwards, we couple our theory to the scalar matter.
Since our model is not gauge invariant anymore, new
interactions can be introduced. However, as a first step, we
consider the simple case, that is, the usual coupling with N
scalar superfields through the same action employed in
various papers on scalar super-QED, for example [9],

Su= [ 2|3 (TR, 4 mit|
= / dSZ |:_$a (D2 - m)¢a + lg (g?)aAaDa(ﬁa
_ gz _
- D(1¢aAa¢a) + §¢aAaAa¢a:| s (7)

where a sum over the repeated isotopic indicesa = 1, ..., N
is understood. The gauge supercovariant derivative V, =
D, +igA, is introduced to ensure a minimal coupling
between the matter superfield and the spinor one. Although
the model is no longer gauge invariant due to the presence
of the Proca-like term, this breaking is soft, meaning that
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the gauge symmetry is only explicitly broken at the mass scale introduced by pM?. Consequently, the introduction of
minimal coupling remains a well-motivated approach, as it preserves supersymmetric interactions while incorporating

gauge interactions in a controlled manner.
The component form of this action is

S, = / d*x [FF

+ ivaﬁ(pa aaﬂ(:_aa

- ilpa(laaﬁWu/} + @aD(ﬂa -

m(zlpgl//aa + ¢IIF(1 + &aFa)

1 _ _ _ _ _
- E(pa Vaﬂvaﬂ(pa - Va/j(l//aal//aﬂ —+ Waal//aﬂ) + A7 ((palpaa + (pal//aa)

( Fa - l/_/ZFa) a (a(l/ﬂ//Z@a - a{lﬂl/_jgfpa + aa/}q_oalllg + aa/}(oul/_lg))(ﬂ
1

E ((paB Pa —

The free propagator of the scalar superfields is given by

DX+ m

(pa(—k.01)y(k,0,)) = léabm

- (9)

Another possible approach involves the introduction of
nonminimal couplings, for example, f(¢,p,)A%A, and
similar vertices, allowed now due to the absence of the
gauge symmetry. However, for the first step, we restrict our
analysis to the model with only minimal coupling (7),
which, as can be seen, is better from a renormalization point
of view.

ITII. RADIATIVE CORRECTIONS

Quantum corrections play a crucial role in understand-
ing the behavior of supersymmetric field theories, par-
ticularly in the presence of gauge-breaking terms. In this
section, we start with discussing the matter loop correc-
tions to the spinor superfield effective action and compute
the leading radiative corrections to the effective action of
the matter superfields in the three-dimensional supersym-
metric Maxwell-Chern-Simons-Proca model. The pres-
ence of the Proca-like term modifies the structure of the
gauge superfield propagator, leading to quantum contri-
butions essentially different from those arising in the usual
gauge Maxwell-Chern-Simons theory (see, e.g. [10-12]).
We discuss the two-point functions of spinor superfields
and of scalar (matter) superfields. Whereas in the first case,
the standard spinor-scalar couplings yield the same
contributions as for the presence of the gauge symmetry
[10-12], in the matter sector, we will arrive at essentially
new results. Explicitly, in the last case we analyze the two
main Feynman diagrams that contribute to the quadratic
part of the effective action of the matter: one associated
with the correction to the mass term and another that
influences the kinetic and mass terms. Let us start with the
A,-dependent contributions to the effective action.

It is clear that in the case of the usual coupling
given by (7) and external vector lines (see Fig. 1) we

PaPad D + XY o(Falou + 0o F )| (8)

reproduce the well-known result for the simple nonlocal
generalization of the Maxwell-Chern-Simons (MCS) action
(cf. [5,7,9]). Explicitly, for N matter superfields, the
contribution of the supergraph given by Fig. 1(a) is (cf. [7])

3k
iSia(p /d2 /d I(k,p)

X [(k2 +m?)CopA%(—p.0)AP (p.0)

+ (kgp +mC,s)(D*A%(—p,0))A? (p.0)

1
—l—ED”DO’Aa(—p,Q)(/{},ﬂ +mC,3)AP(p.0)|. (10)

The contribution of the supergraph given by Fig. 1(b)
looks like

S
i1, (p /271 (k+p

—CapA"(=p.OA (p.0).

(11)

Both contributions are nonvanishing and superficially
divergent. However, they turn out to be finite as a
consequence of dimensional regularization. By summing
the two expressions and carrying out the integration, we
obtain [7]

(a) (b)

FIG. 1. Contributions to the two-point function of the gauge
superfield: (a) Feynman supergraph with two triple vertices; (b)
Feynman supergraph with one quartic vertex.
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(a) (b)

FIG. 2. Contributions to the two-point function of the matter
superfield: (a) Feynman supergraph with two triple vertices; (b)
Feynman supergraph with one quartic vertex.

0 (V)
Y= d’e ————arctan p?/m?
(27)’ 4z

Wo(p) +2mW*(=p)A.(p)], (12)

x [W(=p)

so that in the IR limit we recover the simple MCS action.
Actually, this is reasonable since we have a gauge invariant
matter sector.

Furthermore, we compute the quadratic part of the
effective action for the matter superfield. In this case,

the diagram in Fig. 2(b) corresponds to the contribution
arising solely from the second term in the gauge superfield
propagator, leading to a radiative correction to the mass
term:

- - &k 1
b = =20 M4 / (27)* (=K* + pM?)? + MK
= _292M11¢aq_5a» (13)

where the integral /, is evaluated in the Appendix. It is
important to note that I';, is related to the effective action via
the relation

Sp -
r, :/d29 (2,:))3 . (14)

At the same time, the diagram in Fig. 2(a) is more
intricate and contributes both to the mass term and to the
kinetic term. It is given by

/dszldSZz<A“(1) 7(2))[Dap(1)(2)(h(1)Deh(2)) + (Dup(1)h(2)) (1) Dpeh(2)

— (Do (1)Dyp(2))p(1)(2) — Dap(1)Dph(2)h(1)h(2))
= p(1)p(2)(Dap(1)Dyp(2)) — (¢(1)¢(2)) Doh(1) Dypeh(2)
+(Da(1)$(2))p(1)Dph(2) + Dop(1)9p(2)(p(1) Dp(2))]. (15)

where ¢(n) [A%(n)] is a shorthand notation for ¢(z,,) [A%(z,)]-
By substituting the expressions for the propagators and performing the corresponding D-algebra computations with the

aid of the Mathematica package SusyMath [13], we obtain

_4p2¢_5aD2¢u + 4k24_§a (Dz B

2m)

P 2/ &k 1
@ (27)3 (k+ p)? + m?

. 1224, (D> = M/3)p, + M, [p*

p(k?)?
T 12(m = pM)DY4,

MZkZ + (pM2 _ k2)2
— gz/ d3k 1 4q_§a(D2 - 2m)¢a 12k2¢_5a(D2 B M/3)¢a 12M(m _pM)q_sangba + O(pz) (16)
(271.)3 k2 + m2 pk2 M2k2 + (pMZ _ k2)2 M2k2 + (pM2 _ k2)2 ’

where, in the final step, in order to consider the low-energy leading contribution, we have expanded I", around p? ~ 0.
Expressing T', in terms of the integrals defined in the Appendix, we obtain

- 4qg°1, - _
Fa = 9; 4¢a(D2 _Zm)¢a + 1292]3¢a(D2

- M/3)¢a + 1292M(m _pM)I24_5aD2¢a + O(pQ) (17)

By adding both contributions given by Fig. 2, the quadratic part of the effective action for the scalar superfield, in the

regime 0 < p < 1/4, is given by

o ~ 6[92 _ (m—|—3M)
F—Fa+ mﬂp ( 2m)¢a +m¢a [DZ—T:| ¢a
_qu (D +m/6)py + O(p?),  for 0 <p<1/4 "
(m_|_M)2 " a s p= .
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Similarly, in the regime p < 0, the effective action takes the form

F_ g - 6ig> - (m +3M)
O e L ol 0
6ig*p(m +2M) - (m + M)?
T+ [D2 ‘m} ba+ O, forp <0. (19)

Combining the contributions from both diagrams in
Fig. 2, we have derived the quadratic part of the effective
action for the scalar superfield in different regimes of p,
Egs. (18) and (19). In the range 0 < p < 1/4, the effective
action acquires corrections that modify both the kinetic and
the mass terms, as shown in (18). Similarly, for p <0, a
distinct structure emerges due to the change of sign in the
relevant terms (we note again that the case p > 1/4 is
physically inconsistent). These results highlight the depend-
ence of the effective action on the Proca-like parameter p,
which controls the modifications induced by radiative
corrections.

IV. FINAL REMARKS

In this work, we have formulated a three-dimensional
supersymmetric massive QED by incorporating a Proca-
like term into the gauge sector of the theory. Using the
superfield formalism, we derived the propagators for the
gauge and matter superfields and obtained the one-loop
contributions to the effective action.

We calculated the leading-order radiative corrections to
the free action of the scalar superfield, considering different
regimes of the Proca-like parameter p. Our results reveal
that, for 0 < p < 1/4, the effective action receives mod-
ifications both to the kinetic and mass terms, with correc-
tions proportional to p. On the other hand, for p <0, a
distinct structure emerges due to sign changes in key
contributions, modifying the behavior of the effective
action. These findings highlight the role of the parameter
p in controlling the influence of quantum corrections in
the model.

In a previous paper by some of us [8] it has been
demonstrated how radiative corrections can induce a mass
for the gauge superfield, leading to spontaneous gauge
symmetry breaking. This work has inspired us to consider a
massive scalar superfield minimally interacting with a gauge
superfield governed by the Maxwell-Chern-Simons-Proca
action in three dimensions. However, while in our case the
gauge field mass is introduced explicitly via a Proca-like
term, in Ref. [8], it arises dynamically. Both approaches
explore mechanisms of mass generation for gauge fields in
supersymmetric three-dimensional theories, albeit through
distinct frameworks. Additionally, the inclusion of mass
terms for gauge fields in three dimensions is associated with

parity anomaly effects and dualities in supersymmetric
gauge theories (see, e.g. [14] and references therein). The
introduction of Chern-Simons or Proca terms can influence
duality properties and modify the structure of three-dimen-
sional supersymmetric gauge theories. These connections
are relevant for understanding nonperturbative effects and
the dynamics of lower-dimensional gauge theories.

The approach presented in this work provides a frame-
work for studying supersymmetric gauge theories with
explicit gauge symmetry breaking. Future investigations
may focus on exploring the renormalization properties of
the model and analyzing the impact of higher-order quan-
tum corrections. Regarding the UV behavior of the model, it
would be interesting to verify whether it remains perturba-
tively finite for all loop orders, similar to SUSY QED; [11].
Additionally, it would be valuable to identify potential
applications in condensed matter systems, where three-
dimensional gauge theories play a crucial role in effective
descriptions of planar physics (see e.g. [2—4] and references
therein). Furthermore, the presence of the Proca term
suggests potential connections with modified supersym-
metric electrodynamics and dualities in lower-dimensional
theories [15]. In addition, since the Maxwell-Chern-
Simons-Proca theory is not gauge invariant, it is possible
to introduce a more generic class of scalar-vector couplings
and study their perturbative impacts.

To close this work, we note that our results provide a
foundation for further studies on supersymmetric field
theories with massive gauge fields and their implications
for both theoretical and phenomenological applications. We
expect to consider these applications, as well as more
generic scalar-vector couplings, in our forthcoming papers.
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APPENDIX: EVALUATION OF INTEGRALS

The first integral we need to compute is the one associated with the self-energy diagram of the scalar superfield, depicted

in Fig. 2(b), and appearing in Eq. (13):

1

. / dk
') o) (=Kt pM?)?

. Al
+ M2k (A1)

Performing the Wick rotation, the integral /, can be rewritten as

/oo 4rikidkp 1
Il —
0

(@n) (—kp+pMP) + MK

ﬁi( 2oy ) (4ﬂ—1)(2ﬂ+\/1——4/)—1)>

8zM (4p—1)

2p—/1-4p—1 2p4+/ 1-4p—1
4p—1 4p—1

= (14 2p) + O(p?),

=+ 0(p?). for1/4>p >0,
ey (r*) (A2)

for p <0,

where kg is the modulus of the Euclidean three-momentum. In this work, we consider m > 0 and M > 0, while p can take

positive or negative values.
The integral /, can be cast as

1

; _/ S S
7 ] (@n) (k2+m2)M2k2

4mnMEm+M)  dam? (m+M )? + O( )

(pM? — k%)

for 1/4>p>0

i (2m +AmM+M? )p
éllrmM(lerM)+ dzm>M(m+M)? : +O( )’

The integral /5 is given by

L / &k K 1

37 ) (2r)? (K + m?) MK + (pM? — k2)?
_i(m+M(1+p))
 4x(M 4+ m)?

+O(p?), forp<1/4. (A4)

(A3)
for p < 0.
Finally, the integral 1, is
&k 1 i
I, = = . A5
N / 2n)3 K2(K* +m?)  4zm (A3)
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