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Abstract In this paper, we study the one-loop induced effective action for a non-Abelian gauge field in the very special relativity
(VSR) framework in a (2 4+ 1)-dimensional spacetime. We show that there are new graphs contributing to the amplitudes of gluon
n-point functions, e.g. (GG), (GGG) and (G G G G), originating from the non-local couplings generated in VSR. Using the one-loop
analysis of the relevant graphs, we evaluate the VSR corrections to the induced kinetic term of the non-abelian gauge field action
in three dimensions. Next, by applying the Ward identity, we determine the general tensorial structure for the amplitude of (GG)
in VSR, which is valid at any order of the loop analysis. Moreover, we discuss the leading VSR corrections to the non-abelian
Chern—Simons and Yang—Mills action through the analysis of (GG), (GGG) and (GGGG). In order to highlight the VSR effects,
we present the VSR modification of non-Abelian Chern—Simons effective action and then obtain the equation of motion for the
non-Abelian gauge field. As a result, we observe that the well-known pure gauge solution does not hold in the presence of VSR
effects.

1 Introduction

Although the Standard Model is an important theoretical framework for learning about the particles and their interactions, it is not
a perfect or a complete theory. For example, the recent experiment on the muon’s anomalous magnetic moment has revealed the
necessity of exploring new physics [1]. However, due to the success of the Standard Model in the prediction of the Higgs boson
and the good accuracy of the electron magnetic moment, it is important to remark that any other chosen framework in certain limit
should contain the Standard Model [2].

On the other hand, up to this date, the particle content of the universe seems to be the same predicted by the Standard Model.
Under this consideration, the very special relativity (VSR) is a framework which has got attention due to the possibility of getting
neutrino mass with the same number of particles present in the Standard Model [3,4]. The main statement of this proposal is that
the nature is invariant under a subgroup of the Lorentz group, which preserves the basic elements of the special relativity. A rich
phenomenology and theoretical considerations have been studied in several works [5-16].

The main group used in the formulation of VSR models in the four-dimensional case is the SIM(2), which is a four-parameter
group without any invariant tensors [3,4]. However, this group preserves the direction of a null vector n, which transforms under a
general SIM(2) transformation as n — e®n, where ¢ is a phase. This vector defines a privileged direction and allows to construct
the Lorentz violating terms containing the ratios of contractions of this null vector with kinematical variables.

Although the construction of any model in (realistic) four dimensions is very important, we observe major interest in lower-
dimensional models existing in the literature since the 1980’s [17,18]. These planar field theory models in (2 4 1)-dimensions
have attracted many attentions in condensed matter physics such as graphene and the topological models considerations as in
Chern—Simons models (see for example [19] and references therein).

Until this moment, there are not many studies of VSR in lower dimensions. In ref. [15], it was shown that we can construct the
VSR-like terms in (14 1)-dimensions. Also, in (2 + 1)-dimensions, it is possible to have a VSR construction with SIM(1) group (see
[20] for more details). In the three dimensional version, the Maxwell-Chern Simons electrodynamics was already studied [14, 16].

In ref. [16], we have examined the VSR contributions to the induced Maxwell-Chern—Simons effective action. The construction
of the effective action in the abelian case [16] allowed us to investigate the contribution of the VSR terms to the Hall’s conduc-
tivity. Another important result of [16] is that Furry’s theorem also holds in the VSR setup. Therefore, the three-point function
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(corresponding to triangle graphs) at one-loop order does not contribute to the Abelian gauge field effective action, as a result of the
charge-conjugation invariance.

On the other hand, it is known that in a (2 + 1)-dimensional non-abelian gauge theory, the triangle diagrams contribute to the
Chern—Simons self-coupling terms, a completely different situation when compared with the abelian case (for a pedagogical review
on these topics, see [21]).

The VSR non-abelian setup can be useful to examine the validity of Furry’s theorem and then compare the result with the Abelian
version [16]. Moreover, since our main interest will be focused on the VSR modifications to the pure non-Abelian Chern—Simons
theory, we will evaluate the VSR corrections to the gauge field equation of motion and show that the (well-known) pure gauge
solution does not hold for this case. The main goal of this work is to find the gluon one-loop effective action by integrating out
the fermionic fields in the presence of VSR effects. Hence, we will construct the VSR generalization of a three-dimensional model
including the interaction of fermionic matter with an external non-Abelian gauge field.

Therefore, the outline of the paper is as follows. In Sect.2, we will introduce the main aspects of the VSR gauge invariance.
Then, we propose a Lagrangian density for the fermionic matter interacting with an external non-Abelian gauge field G}, and also
present the relevant Feynman rules for the case of study. We start our main analysis in Sect.3, where we compute the two-point
function (GG) and examine its general tensorial form. In Sect.4, we compute the three-point function and obtain the leading VSR
contribution to the effective action at order (m?2 / mé) (corrections to the Chern—Simons self-coupling). In Sect.5, we evaluate the
low-energy limit of the amplitude (G G G G) in the non-VSR regime, which corresponds to the standard four-gluon vertex in ordinary
quantum chromodynamics (QCD). Also, we discuss the graphs contributing to the VSR modifications of the 4-gluon self-coupling
in terms of (GG GG) qualitatively. In addition, we consider the VSR Chern—Simons effective action at order (m?/ mé) to compute
the equation of motion for the gauge field G;. Finally, we will present our conclusion and final remarks in Sect.7.

2 The model

This section will present the basic ingredients for our analysis in the VSR setup. In the first part, we will review some aspects of the
non-abelian gauge field under this formalism. A detailed description of this topic can be found in the references [6,13] that we will
follow closely.

In the VSR formalism, we can write the free fermionic Lagrangian as [4]

fm (5 )y
where my is the standard mass term for the fermion (quark). Notice that the non-local term % is not Lorentz invariant, but it is
invariant under SIM(2) group in four dimensions or SIM(1) in three dimensions. In three dimensions, the null vector 7 is defined as
n, = (1,0, 1). Also, the quantity m is a new VSR parameter with units of mass, that will measure the deviation from the Standard
Model. We observe that in the case of m — 0 we obtain the standard Dirac Lagrangian for a fermion.

We consider that the fermion possesses a global symmetry given by a non-Abelian group. Thus, its transformation is

SV =ixy. (2.2)

Now, if we promote this symmetry to a local one then the covariant derivative operator D, is defined by [13] ( for Abelian case see

[12])

2
. . m 1
D,y =0,¢ —lgGul/f—i-lg? ((n.a)zn.G) v, 2.3)
which satisfies the following transformation law for the charged fields

8(Dyy) = ix Dy (2.4)

It defines the gauge transformation law for the associated non-Abelian field G [6,13] as below

5G,o = 3x — ig[G, 2] — ig" LGy |+ ™ 16 2.5)
= — i s x1—ig—n , ———(n. — —ig— n.[G, x]. .
o= X TS XET 8T | X s 2 X T oy X
According to the ref. [13], we can introduce a wiggle covariant derivative
Zn

Dyt = Dy + =y (2.6)

K " 2 n.D"’
which reproduces, in the noninteracting case g — 0, the wiggle derivative éu =0, + m;%
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ny

= T (n.G) eliminates the term proportional to m? in
Eq. (2.3), without any changes in physical observable. This 0bservat10n 1mplles that, instead of considering (2.3), we can work with
the ordinary covariant derivative

Furthermore, in [6], it was shown that a field redefinition G, — G,

D, =0,—-igG,, 2.7)

as a minimal coupling between the gauge and charged fields, but with interactions defined in terms of the VSR invariant wiggle
operator (2.6). Hence, using the above argument, we can construct the VSR and gauge invariant Lagrangian for the fermion fields
as

_ 2
L:¢<zl7+ﬂn%—mq)1//. 2.8)

Again, we notice that in the non-VSR limit, m — 0, we recover the standard Lagrangian for the fermionic fields in the presence of
an external gauge field G.

In order to find the general structure of the gluon’s one-loop effective action, we use the path-integral formalism by integrating
out the fermionic fields as

o0 = / Dy Dy ¢'F (2.9)

where S is the Fermionic action, defined as Sp = f d3x L. Using the relevant techniques in path-integral formalism, the gluon’s
one-loop effective action I'[G] is given by

2
I[G] = —iTrln (11)—1— ﬂ%—mq) (2.10)

We observe that the term 1/(n.D) in (2.8) is non-local and its expansion introduces an infinite number of interactions in the coupling
g. Due to our interest in the perturbative computation, the effective action (2.10) can be equivalently written as

o0
I'[G] =Z/d3x1 .../d3x,, Pal-h (e, x) G () . G (). (2.11)
n=1

Here, I‘Z‘,f.’fj’n is the gluon’s n-point function. To determine the explicit form of this function, we can compare the series form of
(2.10) with (2.11), obtaining thus

n 3
g" d’ p; Z i
FZII (Zln(-xlv"'vxﬂ):_;/l_[ (27_[),3 Zpl e =1 lei_-:j;ln(plv"'vpn)v (2.12)
i=1
=ar..

where B/ M” represents the Feynman amplitude with n gluon’s external legs.
Due to our purposes, we will only consider the vertices containing up to four gluon legs in (2.8). Hence, expanding the non-local
term in the Lagrangian density (2.8), we get

7 i m> i 1
L=y|i a+7—a Vgl |G- 5 6)— |y
n.o
>
—ig*y [**(ﬂ G)f(n G)f} v
>
+g 1//[**( G)—( G)f(n G)f]l/f-i- (2.13)
The first term corresponds to the free quark Lagrangian in the VSR framework. Thus, the free quark propagator is readily found as
. i (F + iy
si(py = "I T") gy 2.14)
P = mq

where p, = p, — %%n w and (i, j) refer to the fundamental indices of the SU(3) group. We define the fermionic dispersion

relation p? = mé, or equivalently as p? = u?, where u2 = mfj + m? is the modified quark mass. The second term of (2.13)
corresponds to the standard vertex (7 G) added by a VSR contribution, and the next terms produce the vertices with n > 1 gluon

legs, which are purely VSR effects. The relevant Feynman rules can be found from the path integral formalism, where we write the
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Fig. 1 Feynman graphs of the
quark sector up to order g4
r q P q P q r q

8
spinor indices and the gauge field in terms of the SU (3) gauge group generators as G, = Y G|, T". Hence, the interaction part of

a=1

the Lagrangian density (2.13) reads

m? i
znt —ng |:Ga - 77( Ga)7:| (Ta)thJ
m?
—ig x/f,[ = G“) 7 (n G”) ](T“Tb),,w,

m? ;;t

1
+3 w,[ . G“) 5 (n G”)—( G — }(T“T” Vi

2 1
+igh; [—i( .GY a(”'Gh)na( GC) — Gd> ](T“T”T”Td)l,w, (2.15)

where (a, b, ¢, d) are adjoint indices. By considering (2.15), we can obtain the relevant Feynman rules, corresponding to the vertices
depicted in Fig. 1, as below

e The 3-point function W(p)y (@) GZ k))

a __ . m2 ’ﬁnl‘« a
b= te [ e ) =

e The 4-point function (v (p)¥(q)G4% (k1) G (k2))

rab _ _igzm2 it nyn, |: TeTh N TbTe ] 2.17)
2 (n.p)ng) Ln.(p+k) n.(p+k)
e The 5-point function (&(p)lp(q)Gi(kl)ij(kz)Gf)(k@)
pabe _ _ig'm? fnynin, [ TeTbTC N TeTeT?
e 2 (n.p)ng) Ln(p+kr+k3)n(p+ks) n(p+ky+ks)n.(p+ka)
TbTTC TPTCT
+ +
n(p+ki+k3)n(p+ks) n(p+ki+k3)n(p+kp)
TeTT? T¢TbT¢
+ + (2.18)
n(p+ki+k)n(p+k) n(p+ki+k)n(p+k)
e The 6-point function (&(p)w(q)Gﬁ(kl)Gf(kz)Gg(kg)Gg (kq))
rabed _ _ig4m2 i nynynphg |: TeTbTeTd
aad 2 (n.p)ng) [n.(ka+k3+ks+ p)n.(kz+ks+ p)n.tks+ p)
+-all possible permutations of color indices and momenta} (2.19)

The momenta p and ¢ are related to the fermionic legs, while the momenta k;’s correspond to the gluon legs, which are inward.
Thus, the energy-momentum conservation in each vertex is p — g + Y _; k; = 0. It is worth to mention that these Feynman rules are
valid in any dimension. However, our analysis will hold in the (2 4 1)-dimensional space-time.
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Fig. 2 Relevant graphs for the
induced GG-term

(b)

3 One-loop 2-point function (G, GI;)

In order to determine the quadratic part of the gluon’s effective action, we shall calculate the two-point function (G‘;Gl‘j ) at one-loop
order, i.e. the term n = 2 of the series (2.11).! By considering the Feynman vertices in Fig. 1, we realize that there are two diagrams
contributing to the amplitude of (GZGﬁ), which are shown in Fig.2. The first diagram (a) arises from the modified quark-gluon
vertex in VSR (2.16), and the second diagram (b) originates from the new vertex (2.17), corresponding to pure VSR effects.
Applying the Feynman rules presented in the previous section, the Feynman expressions of the diagrams (a) and (b) are given by

dlg  [i(@+mg)d" i+ my) 5"
b = 9 .. q b
= _/ @) tr[ gz Twi@rto—5= 7= T t+a.q)|.
diq i(F+mg)sl
Zl; (b) :_f @n)¢ tr[ (42_;)2 (Ffibu)ij (q,—49.p,—p) |, 3.1)

where u = p + g. Thus, the full contribution to the two-point function (GZ Gl]j) corresponds to

ab
v

— ab
(a+b) mv

ab
(@ wy

. 2
®) (3.2)

We observe that the computation of the 2-point function (3.2) is the same as the abelian case. This calculation was already performed
in [16], except for the presence of the SU(3) generators. Hence, we use the following trace identities in (2 + 1) dimensions

tr(y*y?) = 29", (3.3)
tr(y*yVy?P) = —2ie"'?, (3.4)
tr(y yy?y?) = 20" "7 — "™ 4" n"P), (3.5)

and the following decomposition formula for the non-local terms,

1 1 1 1
= - , 3.6
n(q+pi)n(qg+p;) n(pi—pj (n-(q+pj) n.(q+pi)> G0

to keep only one factor 1/(n.g) in every VSR term for the momentum integration. We apply the Feynman parameterization and
the Mandelstam-Leibbrandt prescription [22,23], as well as the result of [24] to perform the relevant integrals. Useful momentum
integral for this computation can be found in the “Appendix”.

The Mandelstam-Leibbrandt method [22,23], used in the momentum integration, introduces a new null vector n. However,
this new null vector breaks the SIM(1) symmetry. In order to restore the symmetry in this computation, we follow the proposal
presented in [9]. The main idea is to write 72 as a linear combination of the null vector n, present in the VSR theory, and the only
one external momentum of the diagram. Thus, requiring some conditions, such as: reality, right scaling (n, 1) — (An, A~177) and
being dimensionless [9], we have

_ P’ Pu

_ Pu 3.7
i 2(n.p)2nu + n.p 3-7)

Under these considerations, the one-loop two-point function of the gluon, in the low-energy limit, p? < mg, leads to the induced
kinetic term for the Yang—Mills—Chern—Simons action with VSR corrections as

' Here, we remark that the first term of the series (2.11) corresponds to the gluon’s one-point function, which vanishes due to the traceless property of the
SU (3) generators.
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2 2 2 o2
. p <m g 1g°m
—ITL ()| =TT {—(pﬂpv — v p?) = 5 e p”

127 |mg| 45 |my]|
n g mfz [”upv+”vpu R Nty pz} »
167 |mg| m,% (n.p) B (n.p)?
) 2 P o o
igcmg [ m |: n p Ml o Mot ] ’
~ 8 (T N e —— + o p? e p? | p2 Y (3.8)
167 |my | <m§> ap) T p? T (p)?

The result is the same as the VSR-QED case, except for the overall color factor tr(T¢T?) = %8“” Moreover, (3.8) satisfies the Ward
identity as p*T19> (p) = 0 and p*T14% (p) = 0.

As we observe, the first term of (3.8) corresponds to the kinetic term of the Yang—Mills action, whereas the second term corresponds
to the kinetic term of the non-abelian Chern—Simons action. The remaining terms indicate the (higher-derivative) VSR-nonlocal
corrections to the Yang—Mills and Chern—Simons kinetic parts.

Furthermore, the VSR contributions in (3.8) include the ratios of contractions of the null vector with the external momentum as
2 and 2% which are SIM(1)-invariant. This shows that the SIM(1) invariance is also preserved for the free part of the one-loop

(n.p) (n.p)%’ ;
gluon’s effective action.

3.1 The tensorial structure of l'[,“f’U (p)

The tensorial structure for the gluon’s 2-point function, found in (3.8), arises directly from the one-loop analysis. Hence, it is
interesting to obtain this tensorial structure generically, without any explicit computation. In fact, this can be performed only by
considering the symmetry content of the amplitude in terms of the Ward identity. Naturally, in the three-dimensional QCD, due to
the gauge invariance within the VSR setting, we expect to observe such tensorial structure for the gluon’s polarization tensor at any
order of the loop calculation.

The general form of arank-2 tensor, built in terms of the following set of three-dimensional vectors and tensors (n wvs Pus My, € ,wp) s
is given by

ny,pv nypu n,ny
Hub(p) = §ab |:H177 + Ip,py + 113 ® + Iy ! + I5 ! + g€y p*
" o e (n.p) (n.p) (n.p)? e
€pvph? € Pnn € Pnn
M, nwp Mg upo P . v 0 vpo P . n 7 (3.9)
(n.p) (n.p) (n.p)

where the coefficients IT;’s are not independent quantities, due to the Ward identity. Now, applying the Ward identity as p#I1,, =0
and p"II,, = 0, we get the following constraints

M + Myp? 4+ M3 =0, M + Myp? 4 My =0,
Myp? + 15 =0, M3p% + 15 =0, (3.10)
7 — 19 =0, 7 +Ilg = 0.

Here, we remark that since szv in (3.9) is not symmetric under the exchange of i < v, we have two different constraints sets
in (3.10). Thus, by solving the relations of (3.10), the number of independent coefficients in (3.9) reduces to four, and hence the
polarization tensor (3.9) has the simplified form as below

(IT; + M p?) nun
e (p) = 8% [Hmw + Mapupy — ————— (nupv +nopy — 2= p

(n.p) (n.p)
nP nyn® n,n®
+H6€,wp]7p + Iy <6MUPW — €upo P'o(nUW + €vpo P'D (i’lup)2>i| . (3.11)

The value of these four coefficients (I1y, Iy, Ig, I17) is fully determined by the explicit perturbative computation. As we see, the
tensorial structure of (3.8) is the same as (3.11), showing thus the correctness of the tensorial form of the result found in (3.8).

4 One-loop 3-point function (G, G? Gy)

In this section, we present the main purpose of this work which is the computation of the 3-point function (GZGI’jG;). Four graphs
contribute to this self-coupling part of the effective action, which are shown in Fig. 3. We observe that the graphs (a) and (b) are the
usual diagrams appearing in the standard case (but with VSR modifications), while the graphs (c) and (d) are generated because of
the new vertices Egs. (2.17) and (2.18), respectively, due to the VSR effects.
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Fig. 3 Relevant graphs for the
induced GG G-term

(a) (b) (0 (d)

As we have mentioned in the introductory section, the non-abelian case presents an important difference with respect to the
abelian case, investigated in [16]. Actually, in [16], it is proved that the amplitude of the graphs contributing to the photon’s 3-point
function identically vanishes, and hence, Furry’s theorem is satisfied. In other words, in the usual QED as well as VSR-QED, the
vacuum expectation value of any odd number of currents vanishes

(QT Ly 1) -+ gy G2n4D1R) = 0. (4.1)

This identity can easily be proved by the insertion of the charge conjugation operator C as C'C = 1, as well as using the fact that
Cj.C f=— Jju and the (vacuum state) invariance C | Q) = |S2). On the other hand, in the present case, we can show that the relevant
amplitude for the vacuum expectation value of 3 currents does not vanish, as we would naturally expect in a non-abelian gauge
theory. Actually, the main reason for this non-vanishing amplitude relies on the properties of the symmetric group generators and
has nothing to do with VSR effects. To clarify this point, we should remind the behaviour of the SU (3) current, Jj; = Uy T Y
under the charge conjugation (C) in a usual SU (3) gauge theory [25], as below

(19 = =T (T (x), “2)

where (T%)" indicates the transpose of 7¢. The generators 7Y 73, 7%, T° and T8 are symmetric, whereas T2, 75 and T7 are
antisymmetric. Therefore, we obtain that (4.2) can be cast as (] ;j)c =—&(a)J ﬂ (x), in which

C[+1,a=1,3,4,6,8;
S(")_{—1,5122,5,7. (43)

Hence, in order to have a C-invariant non-abelian gauge theory, it is a sufficient condition that the non-abelian gauge field transforms

as (G4) = —£(@) G4 (x).
Now, if we consider the anti-symmetric generators i.e. £(a) = £(b) = &£(c) = —1, we arrive at

QTIPS @1R]) # 0. (4.4)

which is in contrast to the abelian result (4.1). However, in the case of symmetric generators, i.e. £(a) = £(b) = &(c) = 1, the
amplitude (4.4) vanishes. As a result, Furry’s theorem is not fully satisfied in a non-abelian gauge theory. Similarly, this also happens
in a VSR non-abelian gauge theory. In the following, we shall find the amplitude corresponding to the 3-point function of the gluon
perturbatively. Our result confirms the correctness of the above discussion, in particular Eq. (4.4).

The contributing diagrams to this analysis are depicted in Fig. 3. The total amplitude of these diagrams will add new self-coupling
terms to the kinetic part generated by (3.8). In order to have a clearer analysis of these four contributions, we present our computations
in separate parts.

4.1 Contribution of the graphs (a) and (b)

First, we will consider the diagrams (a) and (b), which possess the same standard structure. Using the Feynman rules, the amplitude
of the diagrams (a) and (b) reads

abc _ .3 dk (E"_mq) ( mﬁZ nyit > (q'f‘mq)
wolw =8 | amd T =2\ T 2 k) ) ¢ — 12
m2 npi/i (3"" mq) m2 n,iL¢ aqbpc
(ot S o) v (e T o) | T -
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ach _.3 d'k tr (g_ mq) ( + mfZ np¢ ) (a_ mq)
mvly =8 emd | 2= 2 T2 sy ) 2= 2
mz nv¢ (’E_mq) m2 nﬂ¢ acob
* (y” " T(n.qxn.k)) e <y" - T(n.k)(n.n) @, 0

where ¢ = k + p> and s = k — p1, and the external gluon legs are denoted by incoming momenta (p1, pav, p3p), satisfying the
energy-momentum conservation p; + pa + p3 = 0. Gathering both contributions, we find that

abc 3 ddk Ngeé aqbpc aqcb
5 =8 | Gy G BT [T T T A + (T T T B | 4.7
where
m%  n%n, m?  nfn m?  n*n
NG = [ ) [+ T ) %+ T wsem) 9
Aapy. =t [F+mg)va @ +mg)ysF+mgya]. (4.9)
Bpar. = —tr [F = mg)yp (@ — mg)va® — mg)ys] . (4.10)

The first point about (4.7) is that the presence of the trace of the SU(3) generators makes a difference with respect to the abelian
case, where the sum of both diagrams vanishes. In this case, this contribution is not zero since T?T¢ # T¢T?, giving us the induced
self-coupling terms.

From the identity C~'y*C = —(y*)T, we can show that for any number of gamma matrices the following relation

I e N G D A L S O 4.11)
is satisfied. Applying this identity, we obtain that
Bpar = —Agpi.- (4.12)
Moreover, the trace of three matrices 7% can be expressed as

o1 . .
tw[T2TPTC] = Z(d“b‘ + i fabey, (4.13)

where d%¢ is a totally symmetric tensor, defined as dibe = 2tr[{T4, Tb }T€], and f abe are the structure constants of the group.
Hence, by considering Eqs. (4.12) and (4.13), we find that the coefficient of the symmetric part, d%*¢, in (4.7) vanishes and we are
left only with the anti-symmetric part, £%4¢, as below

) d apr
d%k N,
Adbe — _ & rabe f Ko Aups. 4.14
10|y~ 2 L Qm)d (12 = u2)(q% — p2)(s> — p2) ~ P @19

Now, we can evaluate the numerator of (4.14) and make use of the trace identities, (3.3)—(3.5), to simplify the expression
N,‘fé;} Agps.. Next, we make use the decomposition formula (3.6) to have only one nonlocal term 1/(n.k;) in the VSR parts. After
applying the Feynman parametrization and change of variables, we are faced with a huge number of integrals with the nonlocal
factor 1/(n.k;) appearing in the computation. In order to solve them, we use the result listed in the “Appendix”.

In the next step, since we are interested in finding the low-energy effective action for the gluon, we take the limit pl.2 < mz From
these considerations, we finally obtain the total amplitude of these two diagrams as below

2 2
abe |Pi <My __ aabe

abc
1P| aypyy VP +A

(st) wve

(vsr)’ (4.15)

where we have separated the result into two parts: the first one includes the standard terms whereas the second one contains the
terms proportional to the powers of m, which are purely VSR effects.

The explicit form of AZ bvf (st) is given by
S
* o3 abc 3 rabc
b _igmg f gf
ZV‘:) (st) = 87T|mq| Epvp T 2471|qu [(pl - p2),077/w —(p2 + 21’])\)77;1/) + (p1 + 2p2);ﬂ]v,0] . (4.16)

The first term of (4.16) corresponds to the interaction term of the non-abelian Chern—Simons action, with odd parity. The second
term is identified as the Yang—Mills cubic coupling, with even parity. Gathering this parity-odd self-coupling in (4.16) and also the
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kinetic term of the ordinary Chern—Simons in (3.8), we find the corresponding induced effective action for the gluons with odd
parity, named as the ordinary (non-VSR) non-abelian Chern—Simons action (m — 0)

2 .
re[Gl = iﬂ/d% £ | G2 (1)D,G4 (x) + = f47° G2 (1) G ()G () | 4.17)
87 |my| 3
or equivalently
2
2
roG| = iﬂ/aﬁx e1r | G (1)8,G p(x) + 2 G (0)Gy ()G () || (4.18)
47 Imy| 3

which is invariant under the infinitesimal non-abelian gauge transformations (2.5), with k — 0.

The action I'§Y (4.17) is known to be a topological theory. A remarkable property of this kind of models is that the corresponding
energy-momentum tensor

2 3res
s =—=—T, (4.19)
" J/—detn Snmv

is zero due to the metric independence of I'S. Therefore, the relevant Hamiltonian vanishes, H® = 0.

Moreover, the second term in the first line of (4.16) can be rewritten by applying the energy-momentum conservation p;+pa+p3 =
0 as below

g3 fabc

2ty [(P1 = P2)piuv + (P2 = Pt + (P3 = POV » (4.20)

which corresponds to the usual 3-gluon interaction term with even parity in the Yang—Mills action.
Now, about the VSR part of (4.15), we see that it contains a large number of terms that can be decomposed depending on the

powers of VSR parameter m. Thus, we have

(2) abc (4) abc (6)

(vsr) mve|(ysr) mee(ysr)y’

abc
nvp

__ aabc

wsry = Mo .21)

. . . . )
where the number in the index j in the function A%2¢
Y (ysr)

expected to be very small, we shall consider the leading contribution in powers of m?/ mé, thus neglecting the terms proportional

indicates the power of the VSR parameter m. Since, the parameter m is

to m* and m® in (4.21). The explicit analysis of the m? part yields the following expression

1) ig3 fabc m? 1 I—x
Adbe = — d / dy M . Y. Py 2. 1), 4.22
HYP|(ysr) 64nm§ mé /0 X o Y Muvp(x, ¥, p1, p2, 1) (4.22)

where the tensor M,,,,, contains a huge number of terms, depending on the external momenta (p, p2), Feynman parameters (x, y)
and the VSR null vector n,.

4.2 Contribution of the graph (c)

Let us now analyze the diagram (c) of the Fig. 3. Hence, the corresponding Feynman expression is given by

3.2 d 2
_gm d’q 1 m- - npi a ﬁ‘*‘mq) il
© 2 "2 (ng) (na) tr[(”’ HPNCY)) (n.u)) T (u2 )0

1 1 'q-i-m .
* <n.(p2 + u)( D + n.(p3 + u)( u 22—z (4.23)

Here, we recall that the momenta p;’s are incoming and # = p; + g. Using the decomposition (4.13), we realize that the above
expression can be divided into two parts: symmetric and anti-symmetric with respect to the adjoint indices, that is

abc
uvp

Aahc ) — fahcj(c) + dabc’C(c) (4.24)

mop | nvp nop*
The coefficient of the symmetric part, Kffﬂp, has exactly the same structure of the abelian case and it vanishes [16]. Therefore, we

focus on the computation of the antisymmetric part, j,if,)p, which does not have a counter-part in the abelian case [16]. By making
use of the identity (3.6) and the integral of the ‘Appendix”, we arrive at the following expression at the low-energy limit pi2 < mé

pi<m} m?g3 f%nn, [ Pipie 1 {Snp(ﬁ.pl)n-(pl +2p2) n.pi

Aabc - _
1) 321 |mgl(n.py) | 3mGn(pr+p2) 2| (n.p2)n(pi+ p2) (n.p2)n.(p1 + p2)
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2
x |:5npﬁ~(171 +2p2) + —57.(p1 +2p2) ((p1-p2+ P)n, — (n.p2) (p1 +2p2), — (n.p1)p2p)} } }

q
+ 22,3 rabe 2 2 2
im-g” f 1 p p p
+ — Epappin’nun, el | (4.25)
32mmy (n.pn.(p1 + p2) \n.p1  n.pz (n.p1)(n.p2)
We now replace 7 in terms of the expression (3.7). Thus, we get
abe | PEEmG _ m?g3 fen,n, Pipip 1 5n,p} B n.p
Kl 32ximg|(n.py) | 3mZ n.(pr+p2) 2 | (mpon.(pi+p2)  (n.p)n.(p1+ p2)
Snpp% 2 p% P% 2
X|——+—= —=— | ((p1-p2 + p2)n, — (n.p2)(p1 + 2p2)p — (n.p1)p2
|: n.p2 mé 2(n.p1)  n.p2 ( 2P ’ )
+ 2,3 rabe 2 2 2
im 1 p P P
+ gifz epa,gp‘f‘nﬂnﬂnu P L I 722 . (4.26)
32mmy (n.pyn.(p1+ p2) \n.p1  n.p2 (n.p1)(n.p2)

We observe that the above result indicates the presence of VSR corrections to the 3-gluon vertex. The terms in the first two lines
of (4.26) describe the VSR modifications to the 3-gluon vertex in Yang—Mills theory while the third line of (4.26) is the VSR
modifications to the 3-gluon vertex in non-Abelian Chern—Simons theory. Another important aspect of this correction is that, as
it happened in the 2-point function (3.8), the VSR contributions are all higher-derivative terms. However, in the non-VSR limit
(m — 0), these contributions vanish, as we expected.

4.3 Contribution of the graph (d)

On the last contribution, coming from graph (d), by using (2.18), the relevant amplitude is written as

abe im*g’> dq  [i@+my
we| g = o e A s S
(@ 2 (2m) q-—pne (n.q)(n.q)
1 1
x < TeTPTC + TereT?
n.(q + p2 + p3) n.(q + p3) n.(q + p2 + p3) n.(q + p2)
+ 1 b aTc 1 TbTCTa
n.(q + p1+ p3) n.(q + p3) n.(q + p1 + p3) n.(qg + p1)
1 1 :
+ TTT? + T‘TbT“)] . 4.27)
n.(q + p1+ p2) n.(q + p2) n.(q + p1 + p2) n.(q + p1)

Moreover, by applying the energy-momentum conservation relation p; + p> + p3 = 0 and the trace identity of the y matrices in
(4.27), we find

déq 1 1
abc 2.3
wplg =~ E I [ omd (@2 = 12) (ng)
1 1
X [ (7T TC) + tr(TTT?)
n.(g — p1) n.(q + p3) n.(g — p1) n.(q + p2)
1 , 1 .
+ tw(T°TT) + (TP TCT?)
n.(qg — p2) n.(q + p3) n.(g — p2) n.(q + p1)
1 1
+ t(TCTT?) + tr(TCT”T“)] . (4.28)
n.(q — p3) n.(q + p2) n.(q — p3) n.(q + p1)

By means of the decomposition formula (3.6) and some suitable change of variables, after a long algebraic manipulation, we find
the following structure for this amplitude

Aabc _ fabcj;?\l)z; + dach:(d)

| ) p (4.29)

which is similar to the result of graph (c) in (4.24). It can be easily shown that the expression of Kffgp is the same as the abelian

model in VSR and thus, it identically vanishes [16]. Hence, we are left with the antisymmetric part \7,5‘2, that leads to the following
result

= —im2g3fahrnunvan, (4.30)

abc
AMVP
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where
H=— 2 [fl.(Pz—Pl)/ ik’ !
(n.p1)(n.p2)(n.p3) m)? ((q + p3)* — n?)(n.q)
+n.(p1 — Pa)/ g !
2m)? ((q + p2)* — n?)(n.q)
tn.(ps — p2)/ d’q : ] 431)
Qm)? (g + p»)?* — n?)(n.q)

Considering the integral of the “Appendix” and taking the low-energy limit pi2 < mé, we have

. pr<m? m2g3 Faben non
Ajio =3 =l [n.(p2 — p))(.p3) + n.(p1 — p3)(A.p2) +n.(p3 — p).p)].  (4.32)
(d) 7lmg| (n.p1)(n.p2)(n.p3)
Furthermore, replacing the expression of 7, we finally obtain
2 2
pave |7 mPgd [ Pmmn, | ne(p2 = pOP3  n.(pi—p3)p;  np3— p2)pi 33
1@ 167 |my| (n.p1)(n.p2)(n.p3) (n.p3) (n.p2) (n.p1) ' '

This expression, similarly to graph (c), demonstrates the pure VSR modifications to the 3-gluon vertex. However, this term includes
only VSR corrections to the 3-gluon vertex in Yang—Mills theory, without any VSR correction to the non-Abelian Chern—Simons
action.

As a result of the analysis performed in this section, we realize that the total amplitude of the 3-point function (GﬁGeGZ),
according to the outcomes in Egs. (4.15), (4.26) and (4.33), does not vanish

+ Aabc

abc
Alvp wvp
(a+b)

£0. (4.34)

_ aabc
=A nvp
Total

(©)

Nonetheless, this non-zero result was indeed expected based on the aforementioned discussion in the first part of Sec.4. Hence,
Furry’s theorem is not satisfied, unlike the abelian case studied in [16]. Actually, the total amplitude up to the order m? can be written
as

Aabc

abel =g U (Quup + M Ryuup) - (4.35)

Total

Here, the tensors Q,;,, and R, represent the ordinary and VSR parts, respectively, and their explicit expressions are determined
using the relations (4.16), (4.22), (4.26) and (4.33). Moreover, we observe that both parts in the amplitude (4.35) are totally
antisymmetric with respect to the gauge group indices. This property is rather expected since (4.35), in fact, generates the induced
three gluon vertex (4.16) as well as its VSR modifications, Egs. (4.22), (4.26) and (4.33), in the three-dimensional spacetime.

Furthermore, similar to the previous discussion after (3.8), we see that the VSR corrections in Egs. (4.22), (4.26) and (4.33) have
an explicit SIM(1)-invariant form. It demonstrates the preservation of the SIM(1) invariance at one-loop level for the interacting
part of the gluon’s effective action. In the case of the non-VSR limit (m — 0) we obtain the Lorentz-invariant terms in the free
and interacting parts of the gluon’s effective action. In both cases, the tree-level (classical-level) spacetime symmetry also exists at
loop-level (quantum-level) and is not anomalous.

5 One-loop 4-point function (G} Gt G, GY)

Although the main analysis of this work was presented in the previous sections, here we wish to point out to the graphs that describe
the gluon’s 4-point function at one-loop level. There are five diagrams contributing to (GZGSG;‘)Gg) at order g*, depicted in Fig. 4.
Graph (a) includes both VSR and non-VSR contributions, while the other graphs (b), (c), (d) and (e) contain pure VSR effects.
Moreover, we notice that the relevant loop integrals of these five diagrams in the VSR setup generate a huge number of terms, which
are more complicated than the analysis of the one-loop 3-point function presented in Sec. 4.

Since we are interested in obtaining the 4-gluon vertex of the ordinary Yang—Mills action, we focus only on the first graph, which
is non-zero in the case of m — 0. The Feynman amplitude of this diagram is given by

abcd M _ 4 ddk (%—’_ml{) ( m—z nV¢ ) (q‘i‘mq) < nﬁ nrﬂfi >
Zuvpo @ § 2m)d g |: k2 — pu? v+ 2 (nk)(n.g)) q*—pn? + 2 (n.g)(n.u)
(F+my) m? npit F+my) m? i apbpcd
Qi <Vp+ 2 (n.uxn.s)) o (Vﬁim) W, G-D
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whereq = k+ps,u = k—p—p3ands = k— p1, and the external gluon legs are denoted by incoming momenta (p1,,, p2v, P3p, Pdo),
satisfying the energy-momentum conservation pi + p2 + p3 + p4 = 0. Analogously to the analysis of the Sect. 4.1, we first simplify
the relation (5.1) as

M) dik NIE ¢
abed 4 IWPU apré aqbpcpd
=—g tr(TT°TCTY), (5.2)
HPY |(q) Qm)d (k2 — u?)(g? — u?)(s? — u?)
where
S I I | N SR .2 S . | T
mvea 2 (n.k)(n.q) 72 (n.q)(n.u) P2 (nau)(n.s) B2 sk |’
Cotﬁké =1r [(k + mq)yct 34- mq)yﬁ(ﬂ"_ mq)y)»(;{"" mq)VS] . (5.3)
Then, after taking the loop integral and using the following identity for SU(3) generators
1 1
tr(Ta TbTCTd) — Eaabacd + g(dabe + ifabe)(dcde + ide@)! (54)

as well as performing all of 24 permutations of the external legs, we arrive at
i)
Z szzbv;‘f,‘ o = 0 (p1, pa, P3|t m> Y (py, pa, p3.n) o (5.5)

The first term of (5.5) indicates the ordinary contribution to the 4-gluon interaction, that in the low-energy limit pi2 < mé is given
by

-4

2

®zl:,co[ir @ = 877 |m, | I:fabedee(np.pnva — NuoMvp) + f”cefbde(?munpa — NuoMup) + f“defbce(munpa - ﬂupnvo)] .
q

(5.6)
On the other hand, the second term of (5.5), arising only from VSR contributions, contains a huge number of terms. Next, we define
the total amplitude of the gluon’s four-point function as

24

— Qabcd
Sl
=

In order to have the leading VSR contributions, we keep only the VSR terms at the order of (m2/ mé) as

6)
abcd
@ o

® abcd
@ M

abced

@ + abed
e

(i)+ abcd
© K

0
o T oo (e)}, 5.7)

abed
Hvpo

_ abcd abcd
o = O (1. 2, p%)’ 2T (b1, 2 pam)| (5.8)

At last, we remark that the ordinary contributions come only from the diagram (a), while the second part in (5.8) includes all of the
VSR terms containing leading contribution at m2-order, originating from all of the five diagrams in Fig.4.

Finally, in order to generate the complete induced ordinary Yang—Mills action, we should gather all of the ordinary Yang—Mills
terms, which are at the order of gl in the amplitudes of (GG), (GGG) and (GGGG). To this purpose, we consider Egs. (3.8),
(4.20) and (5.6). Hence, by 1nsert1ng them into (2.12) and (2.11), we find the usual (non-VSR) Yang—Mills action as the following

icg2

™G] = dx tr(F, FM), (5.9)
‘ 7 |mg]
p o p [ p o 4
n LA} v " v u v A A p o
(a) (b) (c) (d) (e)

Fig. 4 Relevant graphs for the induced GG G G-term
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where Fy, = 9, G, — 0,G, +ig[G,, Gy] and c is a numerical factor. This action is invariant under the infinitesimal non-abelian
gauge transformations (2.5), with k — 0.

6 Modified field equation

In this section, by completion, we intend to highlight the main features of the VSR effects in the ordinary non-abelian Chern—Simons
theory, described by (4.17). To this end, we consider only the VSR contributions at the leading order (m? /m,%) of the amplitudes
(GG), (GGG), i.e. Egs. (3.8) and (4.26), respectively. Thus, the relevant effective action at this order, for the positive value of m,,
is presented as below

2

l—wgssr _ 8 d3x €vp (Gaua G + = fachauvach>
T

g2 m2
(= /d X upn” [G““ OG™) + (n.G%)

1
09" G* — G» 09" (n.G%)
(n.9)2

327 \ m2 (n 8)2

2igfabc v an b 0 . ]
+ 3 (naG >n.G ((n.a)Z"'G> . 6.1)

The field equations for the gauge field Gj; can be found from the variational principle T'%J" = 0, resulting into

€vp (28vGa,0 + igfachvacp)

1 (m? 1 1
+2 (mé) {zm’ [gwpm(mcw) T e 3)253 G awpn)‘WDB‘”Gf{]

2 [ [ (2567) () (50) () 0 (0°)

w0 () o (£50°) ()

ety [((D2>3 GM) o2 ((ig) GM) %G ((na 2)} Gd) He”

w2 (250) o) () (50%) ) ()

() (e (o) ) (e o)l 2 e

The first line corresponds to the ordinary non-abelian pure Chern—Simons equation of motion, and the other terms, which are
proportional to m?, indicate the VSR corrections. For the source free case, it is well known that the ordinary Chern—Simons theory
has F,, = 0, which leads to the pure gauge solutions (flat connections) as G, = 9_18M g, where g is in the gauge group [21].
Naturally, this solution no longer holds for (6.2), and should be complemented by VSR correction terms. However, it is not an easy
endeavour to obtain this VSR pure gauge solution since (6.2) involves nonlocal and higher-derivative terms.

7 Final remarks

In this paper, we have studied the one-loop effective action for a non-Abelian gauge field, with the SU(3) gauge group, in (2+1)-
dimensional spacetime with VSR group SIM(1). Our main interest was the analysis of the VSR modification in the non-Abelian
Chern—Simons terms.

In order to find the non-vanishing terms of the series I'[G], we started with the evaluation of the respective graphs contributing to
the one-loop amplitude of (G G), corresponding to the free part of the gauge field effective action. The one-loop result of (GG) was
the same as the Abelian case [16], except for the overall color factor Tr(T“T?). Actually, at the low-energy limit, the amplitude of
(GG) contained the kinetic term of the Yang—Mills—Chern—Simons action and their VSR modifications. Besides, as we expected,
in the non-VSR limit, m — 0, the usual free parts of the Yang—Mills—Chern—Simons action were recovered.

In the next step, we have examined the relevant diagrams contributing to the one-loop amplitude of (GGG), corresponding to
the cubic self-coupling part of the gauge field effective action. This calculation in the low-energy limit led to the generation of the
self-coupling terms in two different sectors: parity-even Yang—Mills piece and the parity-odd Chern—Simons part, as well as their
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VSR corrections. We observed that Furry’s theorem is not satisfied and indeed (GG G) led to the generation of cubic self-coupling
terms in non-Abelian case.

In order to complete the structure of the induced ordinary Yang—Mills action, it was necessary to generate the quartic part of the
self-coupling terms. Therefore, we considered all of the respective one-loop diagrams related with theh amplitude (GGGG). Our
result demonstrated that the leading non-VSR contributions are exactly the quartic part of the self-coupling terms in the Yang—Mills
sector at the low-energy limit.

Finally, in order to highlight the main features of the VSR effects in the non-abelian Chern—Simons action, we have considered
the induced non-Abelian Chern—Simons action with its leading VSR corrections. Next, we have obtained the equation of motion
for the gauge field, containing the nonlocal and higher-derivative VSR terms. Taking into account the complexity of the equation of
motion, we realized that the pure gauge solutions of the standard case are no longer satisfied in the presence of the VSR effects.
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A Useful integral

In order to cope with the momentum integrals in VSR, we use the Mandelstan-Leibbrant prescription. A simple way to get the
integrals was developed in [24]. Here, we mention an important integral for our computations as below:

1 1
I?r 7b’ 1A = d
vr (@, 5.4 ) /d”(p2+2p-q—A2)“(n-p)b
. I'a+b—w) _
= (=D)*ige—2) =~ i)l A Al
(D" ()P ) Iy (e, b g, ), (A1)
with @ = d/2 and
! b—1 1
1 b A) = det’™ . A2
b &)= [ e (A2

This is the basic integral. Other tensorial integrals can be obtained from A.1 by taking a derivative with respect to pj,.
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