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We deduce an evolution equation for an arbitrary hybrid Seiberg-Witten map for compact gauge groups
by using the antifield formalism. We show how this evolution equation can be used to obtain the hybrid
Seiberg-Witten map as an expansion, which is -exact, in the number of ordinary fields. We compute

explicitly this expansion up to order three in the number of ordinary gauge fields and then particularize it to
case of the Higgs of the noncommutative standard model.
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I. INTRODUCTION

The Seiberg-Witten map was introduced in Ref. [1] to
account for the fact that at the classical level the same
underlying field theory can be defined by using either
noncommutative gauge fields or ordinary gauge fields.
Indeed, when noncommutative gauge fields are used to
define the theory, the classical action is a polynomial with
regard to the x-product of the noncommutative gauge fields
and their derivatives and it is, the classical action, invariant
under noncommutative U(n) gauge transformations.
However, this action turns out to contain an infinity of
terms with ever increasing powers of the noncommutativity
parameters, when ordinary gauge fields are employed to
define it. The action in question is invariant under ordinary
U(n) gauge transformations, when expressed in terms of
the ordinary fields.

Strictly speaking, before the formalism proposed in
Refs. [2-4] came about, the standard model of particle
interactions had no counterpart on noncommutative space-
time—see, though, Ref. [5] for a close relative of the
standard model. The formalism in question is called the
enveloping-algebra formalism because the noncommuta-
tive gauge fields take values in the enveloping algebra of
the Lie algebra of the corresponding ordinary gauge theory.
In the enveloping-algebra formalism the noncommutative
gauge fields are defined in terms of the ordinary gauge
fields by using a Seiberg-Witten map, and thus the ordinary
infinitesimal gauge orbits are mapped into infinitesimal
noncommutative ones. Noncommutative matter fields are
defined in terms of the ordinary gauge fields and matter
fields by using the appropriate Seiberg-Witten map. By
employing the enveloping-algebra formalism the noncom-
mutative counterpart of the standard model of particle
interactions was finally formulated in Ref. [6]. Some
phenomenological consequences that arise when the
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standard model is formulated on noncommutative space-
time have been analyzed in Refs. [7-18]. The general
construction of noncommutative grand unified theories
was discussed in Ref. [19] and concrete examples were
given in Refs. [20,21]. The Seiberg-Witten map has also
been instrumental in the formulation of noncommutative
gravity theories: see, for instance, Refs. [22-27].

If the Seiberg-Witten map is computed by expanding the
noncommutative fields in powers of the noncommutativity
parameters and only a finite number of those terms are
considered in the computations, one misses the UV/IR
mixing effects that are a key feature [28,29] of non-
commutative gauge theories when formulated in terms of
the noncommutative fields. It was shown in Ref. [30] that
if the Seiberg-Witten map is defined as an expansion in
powers of the coupling constant, or as an expansion in the
number of ordinary fields, the UV/IR mixing effects do
occur also when the noncommutative theory is expressed
in terms of the ordinary fields; provided no expansion in
powers of the noncommutativity parameters is carried out.
This Seiberg-Witten map, where there is no expansion in
the noncommutativity parameters, is referred to as the 6-
exact Seiberg-Witten map. Several very interesting studies
of the properties and phenomenological implications of the
noncommutative field theories defined by means of the 6-
exact Seiberg-Witten map have been carried out so far—see
Refs. [31-36], but much work is still waiting to be done.

The computation of the #-exact Seiberg-Witten map by
brute force—i.e., by coming up with an ansatz that solves
the Seiberg-Witten map equation—for non-Abelian gauge
groups is a daunting task due to the highly involved
nonpolynomial dependence of the map on the momenta.
In Ref. [37], it was put forward a recursive method to
construct a f-exact Seiberg-Witten map for arbitrary gauge
groups. The method in question produces a solution to the
“evolution” Seiberg-Witten map equation, an equation
which was obtained in Refs. [38—41] by using the antifield
formalism techniques—see Refs. [42—44], for alternative
cohomogical approaches and also Ref. [45]. However, there
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is an important type of Seiberg-Witten map which was not
considered in Ref. [37] and whose “evolution” equation has
not been derived either in Refs. [38,39,41] or elsewhere.
This type of Seiberg-Witten map is called the hybrid
Seiberg-Witten map—see Ref. [46]—and it is needed
when we have noncommutative matter fields on which
some noncommutative gauge transformations act from the
left and others act from the right. The hybrid Seiberg-
Witten map is a must when one wants to analyze, using
ordinary fields, noncommutative theories with noncommu-
tative fields which transforms under the fundamental
representation of the Lie algebra of U(n;) on the left
and under the fundamental representation of Lie algebra of
U(ng) on the right. Actually, the concept of hybrid Seiberg-
Witten map was introduced in Ref. [6] to construct the
noncommutative Yukawa terms of the noncommutative
standard model. Generally speaking, a noncommutative
Yukawa term demands the existence of a hybrid Seiberg-
Witten map for it to be expressible in terms of ordinary
fields [19,47].

The purpose of this paper is threefold. First, to obtain, by
using the antifield techniques of Refs. [38—41], an “evo-
lution” equation for a general hybrid Seiberg-Witten map.
The reason why we shall use the antifield formalism, and
not a more direct method as in Ref. [1], is that we want to
fill a non-negligible gap that exists in the current literature.
Indeed, we want to show that noncommutative gauge
theories where there is a hybrid Seiberg-Witten map—
the noncommutative standard model, in particular—also
fall in the category of consistent deformations of gauge
theories as defined in Ref. [38] by using the fruitful
antifield formalism and, hence, that the hybrid Seiberg-
Witten map corresponds to an anticanonical transforma-
tion. This approach—the consistent deformation one—to
the formulation of noncommutative gauge theories has
proved to be very illuminating and played a chief role [48]
in the proof of the triviality of the #-dependent contribu-
tions to the noncommutative gauge anomaly expanded in
powers of 6. Second, to show that it can be solved
recursively in Fourier space by carrying out a formal
expansion of the noncommutative fields in terms of the
number of ordinary gauge fields. Thus, no expansion in the
noncommutativity parameters is introduced. Third, to work
out the #-exact expression for a general hybrid Seiberg-
Witten map up to order three in the number of ordinary
gauge fields and particularize them to the noncommutative
Higgs fields that occur in the noncommutative standard
model of Ref. [6]. It should be stressed that defining the
Seiberg-Witten map as a formal expansion in the number of
ordinary gauge fields is quite in keeping with a formulation
of the corresponding quantum field theory in terms of
Feynman diagrams.

The layout of this paper is as follows. In Sec. I, we derive
by using the antifield formalism an ‘“evolution” equation
which defines a general hybrid Seiberg-Witten map. In
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Sec. II, we show how solve recursively the hybrid Seiberg-
Witten map ‘“evolution” equation by expanding in the
number of gauge fields in Fourier space. The resulting
general hybrid Seiberg-Witten map is worked out explicitly
up to order three in the number of gauge fields. Then, the
general formulas are particularized to the standard model
Higgs case and a 0-exact expression is obtained for the
type of Yukawa terms that occur in the noncommutative
standard model. Several appendices are included, which
contain lengthy expressions not given in the main sections
of the paper.

II. THE HYBRID SEIBERG-WITTEN MAP
AND THE ANTIFIELD FORMALISM

Let L, and R, denote the generators, in arbitrary
faithful finite dimensional matrix unitary representations,
of compact Lie groups G; and Gg, respectively. L, and
R, will be Hermitian matrices of dimension n; and ng,
respectively. Let a,(x) = aj(x)L, and b,(x) = bj(x)R,
be ordinary gauge fields whose Becchi-Rouet-Stora-Tyutin
(BRST) transformations read

sa, = 0,A+ila,. 2], sb, = 0,0 +i[b,, w],
where A(x) = 1%(x)L, and w(x) = ®»*(x)R, denote the
corresponding ordinary ghost fields. Let ¢(x) denote an
ordinary scalar field which transforms as follows

s = —ilp + ipw,

under the BRST transformations that G;—acting from
the left—and Gz—acting from the right—give rise to.

Notice that ¢(x) is valued in the space of n; X ng
complex matrices; where n; and np are the dimensions
of the matrices which represent L, and R,, respectively.
Let us point out that it will become clear that the Seiberg-
Witten map “evolution” equations presented below
remain valid when ¢(x) is a fermion field, but that we
shall take ¢(x) to be a scalar to avoid the proliferation of
indices.

Let the Moyal product, %, of two functions, f| and f»,
be defined as follows:

d*p d*q - ~ Y ,
(f]*hfz)(x)_/ﬁﬁﬁ(p)f2(q)e—zj(p/\q)e—z(qu)x’

where p A g = 60" p;q;. f, and f, are the Fourier trans-
forms of f; and f,, respectively.

In the enveloping-algebra formalism [4], to the ordinary
gauge fields a, and its ghost field 4, one associates a
noncommutative gauge field, A,, and a noncommutative
ghost field A, respectively. A, =A, [al,,e] and A= A[aﬂ,ﬂ;e]
are functions of a,,, 4 and 0"/, such that they are a solution to
the Seiberg-Witten map equations
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sycAyla,: 0] = sA,la, 0], sycAla,, ;6] = sA[a,, 1;6),
Ada,0=0=a,  Aa,0=0] =4 (2.1)

Above, the symbol sy denotes the noncommutative BRST
operator, which, by definition, acts on A, and A as follows:
SNCA/J = 8ﬂA+ i[A/l’A]*h’ SNCA = —iA*hA. (22)

Analogously, one associates to the ordinary gauge
field b, and its ghost field w, a noncommutative field,
B, =B,[b,.0], and a noncommutative ghost field,

Q= Q[b,, ;0]. B,[b,,0] and Q[b,, w; 6] are a solution to

P e

SNcB” [b/),e] = SBﬂ [b
Bulb,.0=0/=b, wlb

P’ P’

sncQ[b,, ;0] = sw[b

®,0=0]=w.

;0),
(2.3)

/); ]’ P P

The action on syc on B, and Q is defined thus

SNCB;t = G”Q + i[Bﬂ, Q]*/,, SNCQ = —iQ*hQ. (24)

Following Ref. [46], we shall associate a noncommuta-
tive field, ®, to the ordinary field ¢». We shall assume that
O = ®[p,a,. b,; 0] is given by formal power series of the
ordinary fields ¢, a, and b, such that it satisfies the

following equations

snc®[p.a,. b, 6] = s®[p,a,, b, 0],

O, a,, b0 = 0] = ¢, (2.5)

where

Sne® = —iAx, @ + iP*,Q, (2.6)
with A and Q being the noncommutative ghost fields
defined by (2.1) and (2.3), respectively. A ®=®[¢p,a,.b ;6]
that solves (2.5) is called a hybrid Seiberg-Witten map.
This map defines the noncommutative field ¢ in terms of
the ordinary field ¢, a, and b, in such a way that maps the
ordinary infinitesimal gauge orbit of ¢ into the noncom-
mutative infinitesimal gauge orbit of .

To construct real actions one also needs the Hermitian
conjugate of ® and ¢, which we shall denote by ® and ¢,
respectively. As for the BRST transformations of ® and ¢,
we shall demand that

SNC(i:l'(i)*hA—iQ*h(i, Sé’):lq_’)l—lwi,
SNC(i)[q_ﬁvap’b/};g] = s(i)[(i)’ap?bp; ]’ (i[q_j’a/)’b/);ezo] :q_ﬁ,

do hold.

The purpose of the current section is to show that a
solution to the hybrid Seiberg-Witten map equations in
(2.5)—i.e., a Seiberg-Witten map—can be found by solv-
ing the following “evolution” problem:
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de 1 . i .. L.
dh EQ’JA;*hajq’ + Zglei*hAj*hq) T Egljaj@*hBi

- ieijé*th*hBi - %eiin*h(I)*th
Dla,. by, 3 ho)|,—o = ¢

where A; and B; solve the following equations

dA 1 ..
d_;:ZQJ{Ai,ajAM—l-AM g

dB 1 ..
d—hﬂ - é_lelj{Bi’afBﬂ + B,

(2.7)

Aylay; h8)|,—g = a,,

Bﬂ[a[); h9]|h:0 = bﬂ’
(2.8)

respectively. We use the following notation: A, = 0,A,—
9,A, +i[A,.A,], and B,, =0,B,—9,B, +i[B,.B,),,.
It has already been shown—see [38,39]—that (2.8) solve
the Seiberg-Witten equations in (2.1) and (2.3).

To show that by solving (2.7) one obtains a hybrid
Seiberg-Witten map, we shall take advantage of the
cohomological techniques that were developed in
Refs. [38—41] in the context of the antifield formalism.
Following Ref. [39] we shall prove first that the previous
statement is correct for the case of ordinary fields a, and 1
that take values in the fundamental representation of the
Lie algebra of U(n, ), along with ordinary fields b, and @
which take values in the fundamental representation of
U(ng). Once the proof for this (U(n;),U(ng)) case is
completed, one finishes the proof for the (G, Gg) case by
constraining a, and 4 to take values in the initial n;-
dimensional matrix representation of the Lie algebra of G,
and b, and w to be valued on the np-matrix representation
of the R, we started with. Notice that this procedure
works—see Ref. [39]—since we are considering faithful
representations of the compact Lie algebras of G; and Gy
by Hermitian matrices of finite dimension. Hence, until
otherwise stated L, and R, will be in the fundamental
representation of U(n;) and U(ng), respectively. This
implies that until we say otherwise a,, 4, A, and A will
be elements of the Lie algebra of U(n; ), with coordinates
a,‘j, A4, A,‘j and A%; and b,,, w, B,, and Q will be elements of
the Lie algebra of U(ng), with coordinates bjj, ®“, B, and
Q¢ We should like to point out that the requirement of
faithfulness of the representation is a technical condition,
not a fundamental one, needed for the approach used here
to work.

In the antifield formalism—see [49,50], for a review—
one starts by associating an antifield to each field and,
then, one sets up the antibracket and the master equation.
Let FM = (A!’j,A“,B,‘j,Q“,@;;,@;f) denote the noncom-
mutative fields collectively. Then F}, = (A, A}, B, Q;,
®*f,®*t) will stand for the corresponding non-
commutative antifields. Analogously, we have fM =

(a2, 29, b, -, pi*), for the ordinary fields, and
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Fi = (a2, bt ool 1,
fields. The antibracket for the F and F 3 pairs, on the one
hand, and f™ and f}, pairs, on the other, are defined as

follows

p*'*), for the ordinary anti-

9,X 0,y 0,X 0,
o 4 r M Yr l
(X’Y)_/dx(“)FMé?Fj‘w aF;, OF™"
8.X Y 9,X 9,
X.Y)= [ axo 2 2 2.9
I 22

The outcome of the analysis carried out in Refs [38—41]
is that there are at least three equivalent ways to character-
ize a Seiberg-Witten map. The way to characterize a
Seiberg-Witten map that suits our purposes goes as follows.

A map FM[fM f+  hO), Fi,[f™ . fiy:h0] is a Seiberg-
Witten map if, only if, it solves the following problem

dFM M M M M
(G, PP sl =,
dFTW Z % * M’ % %
dh =(J.Fy), Fylf anf§h9]|h=0:va (2.10)

where the functional J[FM,F3;:h6] is such that the
following equation holds

NP
— =B ,9), 2.11
=By +(J.9) 211)
for some functional fﬁ'o [f™; h6), which does not depend on
the ordinary antifields f7,. In the previous equation the
functional S[FM, F%,; h0)] is the minimal proper solution—
see Refs. [49,50], for terminology—of the classical master
equation,

(8,8) =0, (2.12)
of the noncommutative gauge theory. In the previous
equation the antibracket is defined with regard to the
noncommutative fields and antiﬁelds—gee 2.9). .

It is assumed that the functionals S, B, and J are

polynomials with regard to the star product of the
|

T[FM, Fi, ho) = /d“ [

'({8AA} ) —l—Q*

A*
+ 4
*lR< Ai*haj(l)+l
<1>*ZL< 0,Dx,A; —

({Al, 9;A +A,ﬂ}*h) +

0l
2 —AxA; *hfb—f— 8 | D*,B; —

9' Qi Qi -0 _ ix
4 @*hA *hA + B *ha (I) +l 4 Bi*th*h(P + lTBj*h(I)*hAi .
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noncommutative fields, noncommutative antifields and
their derivatives. This will not be so if we expressed them
in terms of the ordinary fields and ordinary antifields.

Let Sy[F™; h6] denote a real functional which is invariant
under the BRST transformations in (2.2), (2.4) and (2.6).
So[FM; ho)] is the classical noncommutative action of the
theory and it is constructed by using the noncommutative
field strengths and noncommutative covariant derivatives.
An example of such action which is a sum of integrated
monomials of the noncommutative fields, and their deriv-
atives, with mass dimension less than or equal to 4 are
given in Appendix A.

It is not difficult to show that the minimal proper
solution, S'[FM , Fysh0), to the master equation (2.12),
which satisfies the boundary conditions

S[FM, Fi, = 0; h6] = So[FM; h)],

reads

S[FM, Fi; h6] = So[FM; ho]
+ S pniticlas [FM . Fiys 1),
S anitieias ™., Fiys ho) = /d4x(AZ”(D”A)“ + B/ (D,Q)*
— AL (Ax AT — QL (Qx, Q)
+ O (iAo, D + P, Q)1
+ O (D, A — iQx,, D) IF).
(2.13)

Let us recall that, for the time being, the noncommutative

Lie algebra of U(n;) in the fundamental representation;
whereas the noncommutative fields B, and —and their
antifields—take values in the Lie algebra of U(ng) in the
fundamental representation.

Furnished with S[F™, F’;; h] in (2.13), we shall look
for a functional J[F™, F%,; h6] such that (2.11) holds. We
claim that the J [FM, F7i;; hO) in question reads thus

oY

37——«{3”61?—%Bm}w)

({3 Q. B, }*h)”

ij

9
2 Ai*hq)*th>

9 iL
q)*hB *hB

ir

2

iL

(2.14)
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Since j is linear in the noncommutative antifields F7,,
to show that our claim is correct it is enough to prove that
the Fj,-dependent bit of

OS[FM, F,: ho)
oh

is equal to the Fj,-dependent part of
(7.93).

Let A[FM, F%,;;h6)] denote the contribution to (7. 3)
which does depend on the noncommutative antifields,
F3,, 1.e., the contribution that vanishes when the noncom-

mutative antifields are set to zero. Now, the fact that ,_7 is linear
in the noncommutative antifields £, leads to the conclusion

that the classical noncommutative action, So[F™;h0]—
which in turn does not depend on the noncommutative

antifields, does not contribute to .,zl[F M F7,; hO). Indeed,

le[FM, Fish0) = (T, S aniifields) (2.15)

where § ‘Antifields 18 given in (2.13). A very long, but straightfor-
ward, computation—see Appendix B, for details—yields the
following result:

A[FM, Fyy ho) = —%/ d*x[Ad ({9iA,, 0;A %)
+ B ({0:B,, 0,9}, )¢
= AL (9iAx), 0, M) + Q4 (9,Q%,0,Q)°
+ @*fﬁ(—@iA*h@fI‘ + 8iq>*hajg>;;
+ B (0, Bw,,0,A — 0, Q0D D)'H].
(2.16)

. 1 ..
(J. AL, = ZH’J{AZ-, 0A,+A;

JHT
1 ..
(j’ BZ)Ra = ZQU{Bha/’Bﬂ + Bj/t}*ha

(7. o
P 1 .. - - ir
(T, &in) = <29Uaj<1>*hAi - iekfcp*hAj*hAi) |

1

where L, and R, are the generators of U(n;) and U(ng) in
the corresponding fundamental representations. L, and R,,
are normalized so that Tr(L,L,) = ., and Tr(R,R,) =
d.,- Hence, taking into account the results in (2.18) and the
equations in (2.17), one concludes that the “evolution”
equations in (2.7) and (2.8) define a Seiberg-Witten map.

1 .. i .. iL 1 .. i .. i ..
) = <§9”A,~*haj(1>—I—ZQ’/Ai*hAj*h(I))' + (Egljaj(b*hBi _Zel/®*h3j*hBi _Eglei*hé*th> N

1 .. - 0. S -
+ (29’-’Bi*hajq)+;91A/Bi*th*h¢>+;91AlBj*h¢*hAi> s
L
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By computing the partial derivative of S antifields [F™
Fjy3h0] in (2.13) with respect to h~—recall that no deriv-
atives of F™ and F’, with respect to h are taken, one also

obtains the right-hand side of (2.16). Thus we come to be
conclusion that

OS[FM, F,; ho)
oh

A8, [FM. ho) . .

P = 7.5)

n OS Antifields [FM, F%,; hO)
oh

— A[FM F,: ho)

OS5 [FMih0) . o
_T (._7,50)

= BylAY, BY, Bl & ho).

-(7.8) =

It is key to realize that BO[AZ,BZ, <I>§; , @ﬁf ; h@] does not
depend on the noncommutative antifields.

Now, taking into account that Jin (2.14) is linear in the
noncommutative antifields, one comes to the conclusion
that (7, FM) does not depend on the noncommutative
antifields. Hence the solution to the “evolution” problem

dFM

ol M
dh (T, F%),

FM[M frshOllmg = [ (2.17)
only involves the ordinary fields, ¥, and not the ordinary
antifields f%,: FM = FM[fM';hg). Thus, in our case
By[As, By, OF, @;’:;h@] does not depend on the ordinary

IR

antifields when we replace AZ, B, @} and & in (2.14)

with the corresponding solution to (2.17). We have thus
finished the proof that the equations in (2.10) define a

Seiberg-Witten map for the J in (2.14).
Notice that for J in (2.14), one has

~ 1 ..
(\7’ Aa)La = Zeu{aiA’Aj}*n’

~ 1 ..
(j’ Qa)Ra = Zeu{aig’ Bj}*h’

i
AT

3

I

So far the ordinary fields a, and 4 take values in the
Lie algebra of U(n; ), in the fundamental representation,
and the ordinary fields b, and @ take values in Lie
algebra of U(ng), also in the fundamental representa-
tion. Let us now move on and consider the case when
the ordinary gauge fields and ghosts take values in
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faithful matrix representations of Lie algebras of com-
pact Lie groups.

Let M; denote the Lie algebra of n; x n; matrices
which constitutes the finite faithful representation of the
Lie algebra of the compact Lie group G; we had at the
beginning of this section. Analogously, let My denote
the Lie algebra of ngx x np matrices which realize a
faithful representation of the Lie algebra of the compact
Lie group Gp we introduced above. M; is a Lie
subalgebra of the Lie algebra of U(n;) in the funda-
mental representation. Similarly, My is a Lie subalge-
bras of the Lie algebra of U(ng) in the fundamental
representation. Then, then by restricting a, and 4 to take
values in M,, and b, and o to take values in My, we
conclude that the “evolution” equations in (2.7) and
(2.8) define a hybrid Seiberg-Witten map for arbitrary
compact groups in faithful unitary finite dimensional
representations.

III. SOLVING THE HYBRID SEIBERG-WITTEN
MAP EQUATION IN A 6-EXACT WAY

Let us embrace the notion that in a noncommutative
quantum field theory each interaction vertex in momentum
space is a monomial in the ordinary fields. Then one finds
it natural to solve the problem in (2.7) by expanding
¢; h6] in the number of ordinary gauge fields.
¢; h6] will be given by

[ ”7 ”7

Hence, ®[a,.b,.

¢ h0) =Y ®"a,. b, p:h0].  (3.1)

n>0

[ /,u /47

where the superscript 7 in ) [a a,. by, ¢; h0) signals that its
Fourier transform is a monomial of degree »n in the ordinary
gauge fields. Obviously,

|
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©Olay. by, ¢ h6)l—o = b

n>0= ®"a, b, ¢;hd]|,_o =0 (3.2)

if the “initial” condition in (2.7) is to be met.
Substituting the expansion in (3.1) in the “evolution”

equation in (2.7), one finds that the differential equation can

be solved recursively. Indeed, &) [a a,. b, ¢; h8] is given by

doem 1 . "
dh :5911 Z AE 2>*haj(b(ml>

my+my=n

Z AEmZ)*]ZAg-m})*;lq)('n‘)

my+my+mz=n

i ..
+ -0
4

1 ”
+ 56" S 9,00m)x,B"™

my+my=n

_Airgij 3

my+my+mz=n

_%gi/’ Z

my+my+mz=n

(I)(ml)* B( )*hB(mz)
Al s, @0m) 5, B

It is important to stress that in the previous equation m, > 1

and m3 > 1, whereas m; > 0. A" [a,; h6) and B [b,; ho)]
are such that their Fourier transform are monomials of
degree m in a, and b,, respectively, and they furnish the
following solutions to the Seiberg-Witten problems in (2.8):

Jla,;ho)= ZA la,;h0)], B,[b,;h6)= ZB

m>1 m>1

[b,:h0).

A" [a,; hf]—and, therefore B" [b,; hf]—has been com-
puted in [37] for m = 1,2, 3.

Let us work out ®™[a,, b, ¢;h6] for n=0,1,2,3.
The equations to be solved recursively, for the “initial”
conditions in (3.2), read

1 . 1 1
:EQ’JA ) 5,000 + 291A ) 5,0,00 +%9!/A51>*hA§”*hq><0)+§9Uajc1><l>*h35”+§9Uaj<1><0>*h352)

de ast 1 . 1.
=0 = 0TA 0,00 42 070,000, B,
do®
dh
i 1 TR 1

_ZQJ(D(O)*}’BE )*th(' ) _EQJAE )*hq)(o)*hBE- ),
dod)
dh 2

1 1 P »
:—Q’JA ) 5,000 +§911A§2>*ha,<1><1> +§9uAf.”*hajq><2> +%9”A52)*hA§.])*h<I><O)—i—‘—llé’/AEl)*hAf)*h(I)(O)

P 1 1 1 0
+£9’1A§1>*hA§.1)*h<1>< +5070,90, ()+—¢9’16~<I><‘)*hBl(.2)+—«9’/8~<I>(2>*h351)—ie’HI)(O)*hBE.I)*hBEZ)

- iHiJQJ(O)*hB( )5, B ;91@ B, B

—%ew Ly 0, B,

—HUA *hé( >*hB

—_QIJA *h®(1)*hB§'])

(3.3)
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Hence, by integrating with regard to & both sides of each differential equation in (3.3), one obtains
a,. b,. $: h6] = .
1 .. 1 ..
¢(l [ ﬂ, ”,¢ hg] /) dt<29”ai*,(9j¢+Hlfajgb*,bi),
1 .. [ 1 ..
®a,,b,, ;ho| :/ dt( 0a;x,0;01)[10] +59uAf.2>[z9}*,a,¢+£9!fai*taj*,¢+§9'fajq><1>[te]*,bi
0
L0010, BO[16] = LG x s - Lo b
"‘5 ipx, B, [t ]_Z *bj*, iT5 aj*pxb; |,
h 1 .. 1 . 1 .. i ..
3 a,, b, s h0] = A dt(EH’JAES)[tH}*tajd)—|—E@”Agz)[l‘ﬁ]*ﬁj@(l)[l‘e]—|—§9”ai*,8jq>(2)[t9}—l—ZQ’JAl@[tH}*taj*tqﬁ
i . I .. 1 ..
+ ielfa,.*,Aj?) (0] %, + iﬁ”ai*,a i, ®W][16] + 5 0'i9;¢px, B [16] + 5070 1 [16]%,B[16]
+ 500,16 ,b;16] - 29’J¢*tb [10)%, B [16) - ieu(p*,Bﬁ?) (0] % b, [16] — iel@(') [10] % b %, b;

- é@ingz) (1] b b 16] — %Hijai[te]*,@m [160]%,b; [10] — éeifa,.*,qs*,B;” [t&]) : (3.4)

where we have taken into account that AV[a,; h6] = a, and BY[b,; h6] = b,—see [37].
Next, let us carry out the integrations over ¢ in the 1ntegrals in (3.4). Then, the following expressions for () and ®?) are
obtained in momentum space:

. d )4 d )22 B e (P1AP2) — 1 .
o)t / ! eilpitp)xgijp & T T (N ga Ji
lR(x) (2”) (271_) P2j P1A Py ( )]L i (pl)¢(p2)lR

d p d P2 v pii e—’z(Pz/\Pﬂ -1
+/—(27I)14—(2 )24e (P1+p2) prsz( ){gbf’(pl)qﬁ(pz)JR

/H d* pl —i(p1+patps)x

X {M 20) (11, P1)s (H2, P2)s P3s WO (Lo, m)}iale(pl)allz (P2)¢(P3){:
MYy, p1)s (2. pa): paz hON (L)'t (R, ag (p1)bic (p2)b(p3)E
+ MO (1. p1); (1. pa): p3i hO)(Ry, Ry, Vbl (p1)bii2 (p2)(p3) s

where

e~ B(PIAPI+PIAPHPIAPS) _ | ]

PiANPy+PIAP3+TP2APD3
1 |: e~ (PIAPEPIADEPIADS) _ | e~ BPin(patps) _ |

1
MO [y, p1); (2, 2)s P33 1) = = 507857

+ 090N 5,2 (py + p3) ;3 -
k Sy Aps P AP+ PIAPs+P2APs pLA (P2t p3)

1 .
+ 50704 2(pudy! 57 + pudsi') = (P2 = P1)id 3] p3;
e~ B(PIAPEPIADEPIADS) _ | e~ iBPitpa)Aps _ |

PIADP2+DPIADPs+PIAPy  (P1+D2) ADs

1
X
P1 N\ D>
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MED (1, p1): (2. p2); p3s h0) = 070N 5 8 (py + p3) ;3

— 070" (py + p3) ;P35 5

PHYSICAL REVIEW D 92, 065026 (2015)
e~ B(PIAPAPIADTPIAPY) _ ] o

T PIADP3 [P1/\P2+P1/\P3+P3 A D2

B(piApa+p3~p) 1]

PiAP2+P3AD2
e~ B(PIAPIFPIAPI+PIAPY) _ |

1
D2 NP3 [Pl APy +P1LAP3+DP3 AP

e~ BPIAPI+PIAP:) _ 1:|

P1AP2+P1AP3

e~ B (PIAPIEPIAPEPIADY)

+078 87

T PVADPLEPIADPIHDPIADY

Mml)[(ﬂhpl); (U2, P2)s P33 hO) =

The bar above M2 stands for complex conjugate.

To carry out the integration over ¢ in the expression in (3.4) giving () [a

M(Z’O)[(ﬂz, —p2)s (H1.=P1);

—p3;ho].

ay, by, §: h6], one needs A™[16], A7) [16], B [16]

and BEZ) [#0]: these are given in Ref. [37]. A lengthy computation yields

4
—i(p1+patp3tpa)x

X{M’

where MG 9], MZV[; 0], M(12)[-; ] and M©3)[-; 6] are
given in Appendix C.

IV. HYBRID SEIBERG-WITTEN MAPS OF THE
HIGGS FIELD IN THE NONCOMMUTATIVE
STANDARD MODEL

In this section, a,(x), b,(x) and G,(x) will denote the
U(1), SU(2) and SU(3) gauge fields of the ordinary
standard model; ¢(x) will stand for the ordinary Higgs
doublet and 11, will stand for the unit on C2. Let us recall that
a,(x) is areal vector field, that b, (x) is a Hermitian complex
matrix and that ¢)(x) takes values in C2. Below, we shall use
the entries, Gﬂi; (x), 51,8, = 1,2,3, of the matrix G,(x),
rather than the matrix itself, and, thus, make apparent the
doublet structure of the expressions displayed therein.

The reader should look up, in the previous section,
the definitions of the functions M@9[(x,, pl) (1. P2);
p3; ho), M(Ll)[(ﬂl»pl); (H2s P2); P33 h], M2 [(M1,P1>’
(42, p2); P33 ), MV (1, py); (12, p2); (s, ps) pa: ho),
M )[(ﬂlvpl) (2. P2); (3, P3); pas hO), MG Kﬂl’pl)’

d*p, d* . .
NS LT pm—"

e—i,z"(Pl AP2) — 1 1

[(/"lypl) (M2, P2)s (M3, P3); Pas hO)(Ly, Ly L,h);LLaZl‘ (p1)ait(p2)ag(ps)g p4)
+ M1, p1)s (2. )i (3. 3): pai h6)]
+ M2 [y, p1); (2. p2): (43, P3); pas h6)]

+MOI[(uy, pr); (42, P2)s (M3, p3)s pas hO) (R, Ra,Rq )l by (P1)byit (P2) by (P3)h(Pa ix

(

(Lo, La,)}t (R ais (p1)ags (p2)bii (p3)(pa)7
(La )  (RayRay )i ()b (p2) b (p3) b (pa ),
(

(
s (3:5)

(2. P2); (3. P3); pas €] and MU (g, p); (o p):
(13, P3); p4; hO], which shall occur below.

The construction of the noncommutative Yukawa terms
of the noncommutative standard model of Ref. [6] requires
three types of hybrid Seiberg-Witten map of the ordinary
Higgs field: one for leptons and two for quarks. Let us
begin with lepton case.

The noncommutative Yukawa term for leptons reads [6]

/ d4 ton * (I>lepton * 61('{ )
fif2

Here, the noncommutative Higgs field, ®epon, is defined
by the following hybrid Seiberg-Witten map

(I)lepton ()C) = ¢( ) + (I)]epton (x) + (I)lepton( ) + (I)l(epzton< )
4+,

where

=5 9a(p1)¢(p2) + gbi(p1)(p2)

(2m)* (2m)* PLA D2
_d4p1 d*p, —i(pi+p2)x gii errr) — / 1
- / 2a)* (2n)*¢ N [gai(p1)d(p2)].
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)12+ gb,, (P )) (—;g’am(pz)ﬂz + gbyz(pz)> > ¢(p3)

da, (p1)l,+gb, (p ))Q/apz(Pz)ﬂz)d’(m)

4
/ dp, —i(pr+patps)x
lepton 271')
20) Ly
x ¢ MED(uy, p1); (Has P2)s P33 1) 5
1
+ MO [(uy, p1); (2. p2)s pas h6)] (( 3
+ M(O’Z)[(ﬂl . P1); (M2, P2)s p3: h‘g}((d)zam (pl)aﬂz (Pz)“z)‘ﬁ(l%)}
and

4 14
3 d Di —i N
(I)l(epzlon(x) = /H (271_)4 e~ (P1+p2tp3tps)

x {M“'O)[(m,pl) (42, P2)s (3. p3): p4;h9]<<—%g’am (P12 + gb,, (m)) (—%daﬂz(pz)ﬂz +gbﬂ2(pz)>

1

X

g/am(pg)nz+gbm<p3>))¢<p4> M (g p): (a2 p2): (. pa): pa: 6]

X <<—%g/am(p1)ﬂ2—i—gbm(pl))< ~da,(p,)1 2+gbﬂz(Pz))g'%;(!’3)“2)¢(1’4)
M

+ M2y, )i (. p2)s (3, 3)s p4;h9]<<—

L ga, (p)12 +gb,,1<pl>)<s/>2am (p2)a, <p3>ﬂz)¢<p4>

+M(O‘3)[<ﬂ17171) (42, P2); (M3, P3); p4;h@](g’)3am(pl)am(pz)am(p3)1]2¢(p4)}.

The noncommutative Yukawa term for the down-type
quarks is [6]

4 down
/d fif2
fif2

In the previous expression, the indices s; and s, run from 1
to 3, since the ordinary quarks are in the fundamental
representation of SU(3). The noncommutative Higgs field,

|

s]L *(I)downié*d( R (41)

4 g
b s &1 P2 g
(I)Eiowns;(x) = / (277)4We (P1+p2) 91[’2'

d*py d*p,

) (2n)*

—i(prtp2)xgiip, .
j
D2 A\ Py

e~ BPAp)

[
Dgowns. (x), in (4.1) is defined by the hybrid Seiberg-Witten
map, with expansion

ot (X) = P(x)8Y + @G, (x) + Do) (x)
+(I)0)wns2( )+'”’

that is obtained by setting z; = 1/3 in the following
expressions:

1
N c9ai(P)B(P2)8s, + gbi(p1)b(p2)8s, + 9:Gis; (P1)d(p2)

e~ 2(/72A]71) -1 ,
[ng ai(P1)¢(P2)5

= 9,Giss(p1)d(p2)]. (4.2)
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down sz / H

. (gya,,z <p2>6izﬂz+gbm<p2>aiz+gscﬂ2§;<p2>n2>)¢<p3>

d4p1 +patpa)x ) pf(2:0) !
iprtr2tp)x S MO [(uy, py); (2. p2)s P33 hb)] 6

ga, (p1)55i12+gb, (p1)8s! +gsG,41§§(p1)ﬂz>

1 | o3l s
+MED (1. p1); (42, p2): p3:hb) <<6g’am (P1)0s 12 +gb,, (p1)ds) +95G, 5, (pl)]]2>
X (249 a,,(P2)35,12= 95G,, 3 (P2)12))p(P3)

AMOD (1. p1 )i (2. P2): P30} (2ag @y, (P1)5 12 9,G 31 (1) T2)

< cad 4 ()5 12-0,G, 2 p2) 1)) | (43)
and
@) s Ydtp
Diowns, (X) = / I1 ) e"(”‘+””””“)x{M<3'°> [(1, P1)s (Has 2); (3, P3)s pas 6]
i=1
1
< ((§7am (p0931s 490, (91035 + 0,6, 3012 ) (0 (P01 + (2202 + G230
1 S, s, s
X (E 9a,,(P3)0s3 12 + gby, (p3)8s; + gsGm‘s;(Ps)M) > $(pa)
1 3 S s
+ MY [(r, p1)i (2. p2)si (3. p3); p4;h9]<<5£/am(p1)5‘s;ﬂz+gb,,l(p1)5s3 +gsG,,1;;(p1)ﬂz>
1 53 S3 K S. S
* g9 ‘a,,(p2)d5; 15 + gb,, (p2)ds; + gsGﬂmZ(Pz)M) (zad a,,(p3)0s; 15 — 95G s (P3)“2)> #(p4)
1 s S s
+ MGy, p1): (2. p2): (3. pa): p4;h9]< 694 (P1)8s12 + gby, (p1)6s; +gsG,“;;(p1)ﬂz>
X (ngl%z (Pz)éiiﬂz - gsGmij (Pz)ﬂz)(zdg/am (P3)5§3“2 Gﬂ]s (P3)ﬂ ))4’(}74)
+ MOD (1, p1); (4. p2): (w3, P3);s pas hO)((zag a,, (p1)Sii T, — gsGmi;(Pl)M)
X (249 4y, (P2)853 12 = 956y, 2 (P2)) (209 @y, (P3)353 12 = 9,G, 32 (Ps)ﬂ2>)¢(l?4)}- (4.4)
|
Finally, the noncommutative Yukawa term for the up-  hose terms @&Qsle(x), q)’%)hh(x) and (1)1(43P)SZ~Y1 (x) are
type quarks [6] reads obtained by setting z;, = —2/3 and replacing ¢ with ity¢
in (4.2), (4.3) and (4.4), respectively.
/ a4 xy (up) Qs1 Sl * u(f 22 To close this section we shall derive, following Ref. [25],
I a f-exact expression of a general Yukawa term of the form

The noncommutative Higgs field, CDMP ,» 1s a hybrid 4
Seiberg-Witten map with an expansion in the number of Syukawa 0] = / d*xUx Dy,
gauge fields,

where ® is a noncommutative scalar field defined by the

@upii(x) = ity p(x)85), + ups( )+®MPS2( X) hybrid Seiberg-Witten map in (2.7) and ¥ and y are
noncommutative spinor fields defined by the following
+ o) w(x) +- equations
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av 1 .. .
%:zeuaj\:[]*hAi_igqu}*hAj*hAi

d 1 .. o
d—fl:50”8,»*,,8]»)(+%9’JB,»*,,B]<*M. (4.5)

Notice that U and y transforms under noncommutative
BRS transformations as follows
SNC\IJ = l-(D*hA, SNeX = —ig*h){,
so that Sy xawa 18 BRS invariant.
Now replacing 0 with h6"* in Syawa[0"] and using
(2.7) and (4.5), one obtains after some algebra
J

SYukawa[Q’w] = SYukawa[O] + Snccorrection [eyu}’

PHYSICAL REVIEW D 92, 065026 (2015)

= [ (0D #0201
n %\I/[h]*hAij[h]*hq)[h]*h){[h]
+ % U[h]*,B; [h]*hcb[h]*h;([h]> ‘

A, and B, are the field strengths of A, and B,
respectively. Integrating both sides of the previous equation
with respect to & one gets

ij

1 i .. 0
Snccorrection [9;41/] = / d4x[) dh (_ iewDi\I’{h]*hq)[h]*hDj)([h] + T \I/[h]*hAij [h]*hq)[h}*h)([h]

6l

—+ T \I/[h]*hBij[h]*hq)[h]*M[h]

where Syuawal0] 18 the Yukawa term on ordinary space-
time. The previous expression is a #-exact closed expres-
sion for Syyrawa[0**] in terms of the -exact Seiberg-Witten
maps where the full #-exact noncommutative correction to
the ordinary Yukawa term has been isolated and can be
used to iteratively compute such correction as powers in
the number of ordinary gauge fields. Notice that what
(4.6) shows is that the noncommutative Yukawa correction,
Shecomection 0], has a beautiful expression in terms of the
noncommutative differential-geometric objects—namely,
the gauge curvatures and the covariant derivatives—and
is thus explicitly gauge invariant. The particularization of
the previous expression to the noncommutative standard
model is straightforward.

V. FINAL COMMENTS AND OUTLOOK

In this paper we have shown how the antifield formalism
can be successfully used to derive an “evolution" equation
for the hybrid Seiberg-Witten map for arbitrary compact
gauge groups in arbitrary faithful matrix representations,
thus implying that noncommutative gauge theories with
hybrid Seiberg-Witten map are consistent deformations of
ordinary gauge theories in the sense of [38]. We have also
shown that this “evolution” equation can be solved recur-
sively in a #-exact way, thus providing a tool to system-
atically construct hybrid Seiberg-Witten maps which will
give rise to UV/IR mixing effects. We have computed the
expansion of a general #-exact hybrid Seiberg-Witten up to

order three in the number of ordinary gauge fields. Finally,
we have worked out explicitly, up to three ordinary gauge
fields, the three #-exact hybrid Seiberg-Witten map that are

) »

|

needed to formulate the Yukawa terms of the noncommu-
tative standard model. We also derive the general expres-
sion of the #-exact noncommutative corrections to a general
ordinary Yukawa term in terms of noncommutative field
strengths and covariant derivatives. Furnished with for-
mulas presented in this paper—along with the results
in Ref. [37]—a systematic study of the occurrence of
noncommutative effects—UV/IR mixing phenomena, in
particular—on the physics of the Higgs particle and other
particles of the standard model can be launched. Besides,
the equivalence, at the quantum level, of supersymmetric
noncommutative U(n) gauge theories formulated in terms
of noncommutative fields and the same classical theories
formulated, by means of the Seiberg-Witten map, in terms
of ordinary fields can be systematically analyzed for matter
in the fundamental, antifundamental and bifundamnetal
representations.
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APPENDIX A: GENERAL ACTION
Let @i; be a boson field. Let

Ay =0,A,—0,A, +ilA, A,
B,, = d,B,—d,B, +i[B,.B,],.
D,® = 3,® + iA,x® — iDxB,.
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Then, a standard functional that is invariant under the
BRST transformations in (2.2), (2.4) and (2.6) reads

~

1 1
So=——5 [ d*xTrA A" — — [ d*xTrB,, xB"
0 493/ XTrA,, * 4g%;/ XTrB,, *

+ / d*x(D,®){**(D,®)!: — V[DL, DF],

ig?> Y

where

V[P, B8] = M2 [ dhx B adl 41 d'x D x Dl D 4,
IR” 1L ) 3 JL Ip Jr R

PHYSICAL REVIEW D 92, 065026 (2015)

In the equations above repeated indices indicates sum over
all their values.

APPENDIX B: ANTIFIELD COMPUTATIONS

Here we shall give some details of the computation of
A[FM F%,;h6)] in (2.15) and (2.16). We shall focus on the
contributions that are linear in the antifields <I>* R,

The antibracket (.7, Sanitieids) is defined, in full ‘detail, as
follows

(j Sv ) ) _ /d4x arj alSAntiﬁelds _ 8rt,\7 alS\'Antiﬁelds 8rtA7 aI:S\'Antiﬁelds _ 8rt,\7 algAntifields arj algAntifields
nifields OAL DA DAY Al OB: OBJ  OB) 0B PV
_ 8“/\7 81‘§Antiﬁelds 8“/\7 81‘§Antifields _ 8r:7 8IS\‘Antifields 8r\A7 8ISAntifields _ 8r:7 alSAntifields
OA: DA o4 0, o Q¢ acpjﬁ; aq)*ff acp*;f 6<I>f;
+ ar_{] alS‘A_ntilf'ields _ a_r:? alS‘Ar_lti‘fields:| ) (Bl)
9%k 9% 9F 9B

Let us display the contributions to the previous equation which are linear in <I>*f’2:

/ iy 2T DS aniieas
OAL  OAY

0T 013 ("

/ e »7 M

OA*  OA}
f

0 j alSAntlflelds
/ d4 0 \7 8ISAnt1f1eld§

o 0
8<I>’L 8(1)*’R

0

+— 5 0j[=iAx, @ +i®%,Q|%,B; —i—

0l

0 \7 8lSAntlflelds
aé*iﬁ 8@5;

/ drx—

0l

0 0
+ ( |:7Ai*haj(1)+l 4

(01 6 0 6
:—/d‘b{@*i:( D A*ha (D+l D A*hA *hq)+l 4 A *hD A*h*h<D—l D A*h¢*hB > N

0/
qu)*hDjQ*hB

e
/dﬁ[@*ﬁf <7Ai*h[—iA*h<I>+i<I>*hQ]+z

_TAi*h[_iA*h(D + i(I)*hQ]*th)

/d4 q)*lRKA*hF A;j%,,0; <I>—|—194

ol
— lI(D*th*hBi—TAi*hq)*th]>

—A: */’lA *h(b—f— 8 (b*hB

i
iR

210 1) i
i II(P*th*hDiQ_ l7Ai*11(D*hDjQ) s

ir

in 0" i
/d“x@*iflj(@iA*hAj*h(I) + A% 0 A%, @),

/d4x@*lk (@*haiQBj—i‘@*th*haiQ)iz,

0
TAi*hAj*h [—ZA*h(p + Z(I)*hg}

N
4 [ lA*h®+ i(I)*hQ]*th*hBi

iL:|
ip ’
Ai*hAj*h(P +781(I)*hBl
ir
iR
l ij

9 0 i
q)*hB *hB - 3 Ai*h@*th *hg .

iR

The substitution of the previous results in (B1) and some lengthy algebra yields that the contribution to .Zl[F M F3.; ho)]

that is linear in ®** reads

/ d*x <1>*'R (a A%, 8@ — 8,0%,0,Q)'L,
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which matches the appropriate summands in the right-hand side of (2.16). All the remaining summands in the right-hand
side of (2.16) are obtained by carrying out similar algebraic computations.

APPENDIX C: SEIBERG-WITTEN MAP TERMS INCLUDING THREE GAUGE FIELDS

In this Appendix we give the value MO [(ur, p1):(ua. pa)i (3. p3); pas h6l, MO [(uy.py)i(ua. p2): (3. p3);

Ppash0], MED[(uy, py); (2, pa)s (13, p3); pas h0) and MU [(uy, py); (42, p2); (43, p3); pas k6] in (3.5). Let us begin with
some definitions

1 ij 2 2 2
P (proin)s (Paaia)s (p3ops);6] = 19”9”{[4([7315’;:“5/,-43 +pud87) = 2(p3 = p2)8 81 p1 ;0
+ [4(p3i8 8+ pudn8) = 2(p3 = P2) w88 1(p2 + p3); 8"
—[2(p382 87 + pud?82) = (p3 = P2)i82 5 p1md,!
= 2(pai82 87 + pud) = (p3 = p2) ;8871 (p2 + p3)wdi' 1
1 ..
Q1 iz: 0 = =507 (81 523 — 8115 57).

2(p1 022 P3: P0) = Y _p1 Ap;=(P1+ P2+ ps) A ps+p2Aps+pi AP+ ps),
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The bar above M('?) and M®?) denotes complex conjugation.

065026-14



HYBRID SEIBERG-WITTEN MAP, ITS 6-EXACT ...

[1] N. Seiberg and E. Witten, String theory and noncommuta-
tive geometry, J. High Energy Phys. 09 (1999) 032.

[2] J. Madore, S. Schraml, P. Schupp, and J. Wess, Gauge theory
on noncommutative spaces, Eur. Phys. J. C 16, 161 (2000).

[3] B. Jurco, S. Schraml, P. Schupp, and J. Wess, Enveloping
algebra valued gauge transformations for non-Abelian
gauge groups on noncommutative spaces, Eur. Phys. J. C
17, 521 (2000).

[4] B. Jurco, L. Moller, S. Schraml, P. Schupp, and J. Wess,
Construction of non-Abelian gauge theories on noncommu-
tative spaces, Eur. Phys. J. C 21, 383 (2001).

[5] V.V. Khoze and J. Levell, Noncommutative standard
modelling, J. High Energy Phys. 09 (2004) 019.

[6] X. Calmet, B. Jurco, P. Schupp, J. Wess, and M.
Wohlgenannt, The standard model on noncommutative
space-time, Eur. Phys. J. C 23, 363 (2002).

[7] B. Melic, K. Passek-Kumericki, and J. Trampetic, K — piy
decay and space-time noncommutativity, Phys. Rev. D 72,
057502 (2005).

[8] A. Alboteanu, T. Ohl, and R. Ruckl, Probing the non-
commutative standard model at hadron colliders, Phys. Rev.
D 74, 096004 (2006).

[9] M. Buric, D. Latas, V. Radovanovic, and J. Trampetic,
Nonzero Z — y gamma decays in the renormalizable gauge
sector of the noncommutative standard model, Phys. Rev. D
75, 097701 (2007).

[10] C. Tamarit and J. Trampetic, Noncommutative fermions and
quarkonia decays, Phys. Rev. D 79, 025020 (2009).

[11] J. Trampetic, Enveloping algebra Noncommutative SM:
Renormalisability and High Energy Physics Phenomenol-
ogy, arXiv:0901.1265.

[12] M. Haghighat, N. Okada, and A. Stern, Location and
direction dependent effects in collider physics from non-
commutativity, Phys. Rev. D 82, 016007 (2010).

[13] W. Wang, F. Tian, and Z. M. Sheng, Higgsstrahlung and pair
production in ete™ collision in the noncommutative stan-
dard model, Phys. Rev. D 84, 045012 (2011).

[14] S. Yaser Ayazi, S. Esmaeili, and M. Mohammadi-
Najafabadi, Single top quark production in t-channel at
the LHC in noncommutative space-time, Phys. Lett. B 712,
93 (2012).

[15] S. Aghababaei, M. Haghighat, and A. Kheirandish, Lorentz
violation in the Higgs sector and noncommutative standard
model, Phys. Rev. D 87, 047703 (2013).

[16] M. Ghasemkhani, R. Goldouzian, H. Khanpour, M. K.
Yanehsari, and M. Mohammadi Najafabadi, Higgs produc-
tion in e~e™ collisions as a probe of noncommutativity,
Prog. Theor. Exp. Phys. 2014, 081B01 (2014).

[17] M. Haghighat and M. Khorsandi, Hydrogen and muonic-
hydrogen atomic spectra in non-commutative space-time,
Eur. Phys. J. C 75, 4 (2015).

[18] R. Fresneda, D.M. Gitman, and A.E. Shabad, Photon
propagation in noncommutative QED with constant external
field, Phys. Rev. D 91, 085005 (2015).

[19] P. Aschieri, B. Jurco, P. Schupp, and J. Wess, Noncommu-
tative GUTs, standard model and C,P, T, Nucl. Phys. B651,
45 (2003).

[20] C.P. Martin, The minimal, and the new minimal super-
symmetric grand unified theories on noncommutative
space-time, Classical Quantum Gravity 30, 155019 (2013).

PHYSICAL REVIEW D 92, 065026 (2015)

[21] C.P. Martin, SO(10) GUTs with large tensor representations
on noncommutative space-time, Phys. Rev. D 89, 065018
(2014).

[22] X. Calmet and A. Kobakhidze, Second order noncommu-
tative corrections to gravity, Phys. Rev. D 74, 047702
(2006).

[23] S. Marculescu and F. Ruiz Ruiz, Seiberg-Witten maps for
SO(1,3) gauge invariance and deformations of gravity, Phys.
Rev. D 79, 025004 (2009).

[24] P. Aschieri and L. Castellani, Noncommutative gravity
coupled to fermions: Second order expansion via Seiberg-
Witten map, J. High Energy Phys. 07 (2012) 184.

[25] P. Aschieri, L. Castellani, and M. Dimitrijevic, Noncom-
mutative gravity at second order via Seiberg-Witten map,
Phys. Rev. D 87, 024017 (2013).

[26] M. Dimitrijevic and V. Radovanovic, Noncommutative
SO(2,3) gauge theory and noncommutative gravity, Phys.
Rev. D 89, 125021 (2014).

[27] P. Aschieri and L. Castellani, Noncommutative Chern-
Simons gauge and gravity theories and their geometric
Seiberg-Witten map, J. High Energy Phys. 11 (2014) 103.

[28] S. Minwalla, M. Van Raamsdonk, and N. Seiberg, Non-
commutative perturbative dynamics, J. High Energy Phys.
02 (2000) 020.

[29] M. Hayakawa, Perturbative analysis on infrared aspects of
noncommutative QED on R*, Phys. Lett. B 478, 394 (2000).

[30] P. Schupp and J. You, UV/IR mixing in noncommutative
QED defined by Seiberg-Witten map, J. High Energy Phys.
08 (2008) 107.

[31] R. Horvat, D. Kekez, P. Schupp, J. Trampetic, and J. You,
Photon-neutrino interaction in theta-exact covariant non-
commutative field theory, Phys. Rev. D 84, 045004 (2011).

[32] R. Horvat, A. llakovac, P. Schupp, J. Trampetic, and J. Y.
You, Yukawa couplings and seesaw neutrino masses in
noncommutative gauge theory, Phys. Lett. B 715, 340
(2012).

[33] R. Horvat, A. Ilakovac, P. Schupp, J. Trampetic, and J. You,
Neutrino propagation in noncommutative spacetimes, J.
High Energy Phys. 04 (2012) 108.

[34] R. Horvat, A. Ilakovac, D. Kekez, J. Trampetic, and J. You,
Forbidden and invisible Z boson decays in a covariant
f-exact noncommutative standard model, J. Phys. G 41,
055007 (2014).

[35] R. Horvat, A. Ilakovac, J. Trampetic, and J. You, Self-
energies on deformed spacetimes, J. High Energy Phys. 11
(2013) 071.

[36] J. Trampetic and J. You, The theta-exact Seiberg-Witten
maps at the e3 order, Phys. Rev. D 91, 125027 (2015).

[37] C.P. Martin, Computing the #-exact Seiberg-Witten map for
arbitrary gauge groups, Phys. Rev. D 86, 065010 (2012).

[38] G. Barnich, M. A. Grigoriev, and M. Henneaux, Seiberg-
Witten maps from the point of view of consistent
deformations of gauge theories, J. High Energy Phys. 10
(2001) 004.

[39] G. Barnich, F. Brandt, and M. Grigoriev, Seiberg-Witten
maps and noncommutative Yang-Mills theories for arbitrary
gauge groups, J. High Energy Phys. 08 (2002) 023.

[40] G. Barnich, F. Brandt, and M. Grigoriev, Seiberg-Witten
maps in the context of the antifield formalism, Fortsch.
Phys. 50, 825 (2002).

065026-15


http://dx.doi.org/10.1088/1126-6708/1999/09/032
http://dx.doi.org/10.1007/s100520050012
http://dx.doi.org/10.1007/s100520000487
http://dx.doi.org/10.1007/s100520000487
http://dx.doi.org/10.1007/s100520100731
http://dx.doi.org/10.1088/1126-6708/2004/09/019
http://dx.doi.org/10.1007/s100520100873
http://dx.doi.org/10.1103/PhysRevD.72.057502
http://dx.doi.org/10.1103/PhysRevD.72.057502
http://dx.doi.org/10.1103/PhysRevD.74.096004
http://dx.doi.org/10.1103/PhysRevD.74.096004
http://dx.doi.org/10.1103/PhysRevD.75.097701
http://dx.doi.org/10.1103/PhysRevD.75.097701
http://dx.doi.org/10.1103/PhysRevD.79.025020
http://arXiv.org/abs/0901.1265
http://dx.doi.org/10.1103/PhysRevD.82.016007
http://dx.doi.org/10.1103/PhysRevD.84.045012
http://dx.doi.org/10.1016/j.physletb.2012.04.063
http://dx.doi.org/10.1016/j.physletb.2012.04.063
http://dx.doi.org/10.1103/PhysRevD.87.047703
http://dx.doi.org/10.1093/ptep/ptu110
http://dx.doi.org/10.1140/epjc/s10052-014-3235-2
http://dx.doi.org/10.1103/PhysRevD.91.085005
http://dx.doi.org/10.1016/S0550-3213(02)00937-9
http://dx.doi.org/10.1016/S0550-3213(02)00937-9
http://dx.doi.org/10.1088/0264-9381/30/15/155019
http://dx.doi.org/10.1103/PhysRevD.89.065018
http://dx.doi.org/10.1103/PhysRevD.89.065018
http://dx.doi.org/10.1103/PhysRevD.74.047702
http://dx.doi.org/10.1103/PhysRevD.74.047702
http://dx.doi.org/10.1103/PhysRevD.79.025004
http://dx.doi.org/10.1103/PhysRevD.79.025004
http://dx.doi.org/10.1007/JHEP07(2012)184
http://dx.doi.org/10.1103/PhysRevD.87.024017
http://dx.doi.org/10.1103/PhysRevD.89.125021
http://dx.doi.org/10.1103/PhysRevD.89.125021
http://dx.doi.org/10.1007/JHEP11(2014)103
http://dx.doi.org/10.1088/1126-6708/2000/02/020
http://dx.doi.org/10.1088/1126-6708/2000/02/020
http://dx.doi.org/10.1016/S0370-2693(00)00242-2
http://dx.doi.org/10.1088/1126-6708/2008/08/107
http://dx.doi.org/10.1088/1126-6708/2008/08/107
http://dx.doi.org/10.1103/PhysRevD.84.045004
http://dx.doi.org/10.1016/j.physletb.2012.07.046
http://dx.doi.org/10.1016/j.physletb.2012.07.046
http://dx.doi.org/10.1007/JHEP04(2012)108
http://dx.doi.org/10.1007/JHEP04(2012)108
http://dx.doi.org/10.1088/0954-3899/41/5/055007
http://dx.doi.org/10.1088/0954-3899/41/5/055007
http://dx.doi.org/10.1007/JHEP11(2013)071
http://dx.doi.org/10.1007/JHEP11(2013)071
http://dx.doi.org/10.1103/PhysRevD.91.125027
http://dx.doi.org/10.1103/PhysRevD.86.065010
http://dx.doi.org/10.1088/1126-6708/2001/10/004
http://dx.doi.org/10.1088/1126-6708/2001/10/004
http://dx.doi.org/10.1088/1126-6708/2002/08/023
http://dx.doi.org/10.1002/1521-3978(200209)50:8/9%3C825::AID-PROP825%3E3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3978(200209)50:8/9%3C825::AID-PROP825%3E3.0.CO;2-V

C.P. MARTIN AND DAVID G. NAVARRO

[41] G. Barnich, F. Brandt, and M. Grigoriev, Local BRST
cohomology and Seiberg-Witten maps in noncommutative
Yang-Mills theory, Nucl. Phys. B677, 503 (2004).

[42] J. Gomis, K. Kamimura, and T. Mateos, Gauge and BRST
generators for space-time noncommutative U(1) theory, J.
High Energy Phys. 03 (2001) 010.

[43] D. Brace, B.L. Cerchiai, A.F. Pasqua, U. Varadarajan,
and B. Zumino, A cohomological approach to the non-
Abelian Seiberg-Witten map, J. High Energy Phys. 06
(2001) 047.

[44] M. Picariello, A. Quadri, and S. P. Sorella, Chern-Simons
in the Seiberg-Witten map for noncommutative Abelian
gauge theories in 4-D, J. High Energy Phys. 01 (2002)
045.

PHYSICAL REVIEW D 92, 065026 (2015)

[45] K. Ulker and B. Yapiskan, Seiberg-Witten maps to all
orders, Phys. Rev. D 77, 065006 (2008).

[46] P. Schupp, Non-Abelian gauge theory on noncommutative
spaces, arXiv:hep-th/0111038.

[47] C.P. Martin, Yukawa terms in noncommutative SO(10) and
E¢ GUTs, Phys. Rev. D 82, 085020 (2010).

[48] F. Brandt, C. P. Martin, and F. R. Ruiz, Anomaly freedom in
Seiberg-Witten noncommutative gauge theories, J. High
Energy Phys. 07 (2003) 068.

[49] M. Henneaux and C. Teitelboim, Quantization of Gauge
Systems (Princeton University Press, Princeton, USA,
1992), p. 520.

[50] J. Gomis, J. Paris, and S. Samuel, Antibracket, antifields and
gauge theory quantization, Phys. Rep. 259, 1 (1995).

065026-16


http://dx.doi.org/10.1016/j.nuclphysb.2003.10.043
http://dx.doi.org/10.1088/1126-6708/2001/03/010
http://dx.doi.org/10.1088/1126-6708/2001/03/010
http://dx.doi.org/10.1088/1126-6708/2001/06/047
http://dx.doi.org/10.1088/1126-6708/2001/06/047
http://dx.doi.org/10.1088/1126-6708/2002/01/045
http://dx.doi.org/10.1088/1126-6708/2002/01/045
http://dx.doi.org/10.1103/PhysRevD.77.065006
http://arXiv.org/abs/hep-th/0111038
http://dx.doi.org/10.1103/PhysRevD.82.085020
http://dx.doi.org/10.1088/1126-6708/2003/07/068
http://dx.doi.org/10.1088/1126-6708/2003/07/068
http://dx.doi.org/10.1016/0370-1573(94)00112-G

