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Abstract. We review the electroweak charged and neutral currents in the non-commutative standard model
(NCSM) and compute the Higgs and Yukawa parts of the NCSM action. With the aim to make the NCSM
accessible to phenomenological considerations, all relevant expressions are given in terms of physical fields,

and Feynman rules are provided.

1 Introduction

The approach to non-commutative field theory based on
star products and Seiberg-Witten (SW) maps allows for
the generalization of the standard model (SM) of particle
physics to the case of non-commutative space-time, keep-
ing the original gauge group and particle content [1-8]. Tt
provides a systematic way to compute Lorentz violating
operators that could be a signature of a (hypothetical)
non-commutative space-time structure [9-20].

In this article we carefully discuss the electroweak
charged and neutral currents in the non-commutative
standard model (NCSM) [6] and compute the Higgs and
Yukawa parts of the NCSM action. Among the features
which are novel in comparison with the SM is the ap-
pearance of additional gauge boson interaction terms and
of interaction terms without Higgs boson which include
additional mass dependent contributions. All relevant ex-
pressions are given in terms of physical fields, and se-
lected Feynman rules are provided with the aim to make
the model more accessible to phenomenological consider-
ations.

In the star product formulation of non-commutative
field theory, one retains the ordinary functions (and
fields) on Minkowski space, but introduces a new
non-commutative product which encodes the non-
commutative structure of space-time. For a constant anti-
symmetric matrix 6*¥, the relevant product is the Moyal—
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For coordinates: x* * z¥ — z¥ * x* = if*¥. More generally,
a star product has the form

(f)(@) = F(2)g(e) + 50" ()0 (2) Dug(a) + O,
©)

where the Poisson tensor 0#”(x) may be z-dependent and
satisfies the Jacobi identity. Higher-order terms in the star
product are chosen in such a way that the overall star
product is associative. In general, they involve derivatives
of 0. For a discussion of the Seiberg—Witten approach to
non-commutative field theory in the case of the space-time
dependent 0*¥(z), see, for example, [21-25].

Carefully studying non-commutative gauge transfor-
mations one finds that in general, non-commutative gauge
fields are valued in the enveloping algebra of the gauge
group [3,4]. (Only for U(N) in the fundamental represen-
tation it is possible to stick to Lie-algebra valued gauge
fields.) A priori this would imply an infinite number of
degrees of freedom if all coefficient functions of the mono-
mials that form an infinite basis of the enveloping algebra
were independent. That is the place where the second im-
portant ingredient of gauge theory on non-commutative
spaces comes into play: Seiberg-~Witten maps [2, 3] which
relate non-commutative gauge fields and ordinary fields
in commutative theory via a power series expansion in 6.
Since higher-order terms are now expressed in terms of the
zeroth-order fields, we do have the same number of degrees
of freedom as in the commutative case. Non-commutative
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fermion and gauge fields read

o~

5= _ ®)
= - %aaﬁvaagw + éf’“ﬁ[va, Vsl ¥+ 0(6%),

‘7u = ?N[V]
—V, 4 9aﬁ{a Vi + Fay, Va} +0(67), (4)

where ¢ and V,, are ordinary fermion and gauge fields,
respectively. Non-commutative fields throughout this pa-
per are denoted by a hat. The Seiberg—Witten maps are
not unique. The free parameters are chosen such that
the non-commutative gauge fields are hermitian and the
action is real. Still, there is some remaining freedom
including the freedom of the classical field redefinition
and the non-commutative gauge transformation. The non-
commutative actions considered here are covariant under
(global) Poincaré transformations provided that the Pois-
son tensor 0 is transformed as well. With respect to a
fixed 6-background, however, the classical Lorentz sym-
metry is broken. What remains is a twisted Poincaré sym-
metry [26], which can in principle be extended to SW ex-
pansions.

In [6], it was shown how to construct a model with
non-commutative gauge invariance, which stays as close as
possible to the regular standard model. The distinguish-
ing feature of this minimal NCSM (mNCSM) is the ab-
sence of new triple neutral gauge boson interactions in the
gauge sector. However, as shown here, triple Z coupling
does appear from the Higgs action. Triple gauge boson
interactions do quite naturally arise in the gauge sector
of extended versions [6,9, 10, 15] of the NCSM and have
been discussed in [9,10]. They also occur in an alternative
approach to the non-commutative standard model given
n [27,28]. Another interesting novel feature of NCSM,
introduced by Seiberg-Witten (SW) maps , is the appear-
ance of mixing of the strong and electroweak interactions
already at the tree level [6,9,29].

We consider the 6-expanded NCSM action up to
first order in the non-commutativity parameter, which is
anomaly free [19], with an emphasis made on the elec-
troweak interactions only. In Sect. 2, we give an introduc-
tory overview of the NCSM. In Sect. 3, we discuss different
choices for representations of the gauge group which then
yield minimal and non-minimal versions of the NCSM. In
Sect. 4, we carefully discuss electroweak charged and neu-
tral currents of the NCSM. Explicit expressions for the
NCSM corrections in the Higgs and Yukawa sectors are
worked out in Sect.5. These expressions can be used di-
rectly for further studies. The Feynman rules for the se-
lected three- and four-field electroweak vertices are given
in Sect. 6.

2 Non-commutative standard model

The action of the NCSM formally resembles the action
of the classical SM: the usual point-wise products in the
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Lagrangian are replaced by the Moyal-Weyl product and
(matter and gauge) fields are replaced by the appropriate
Seiberg-Witten expansions. In the limit of vanishing non-
commutativity one recovers the usual commutative theory.
This limit is assumed to be continuous. If the transition is
not continuous (compare, e.g. [16]), perturbative aspects
of the theory under consideration can still be addressed.
Problems with unitarity may occur in the non-expanded
theory with non-trivial time-space commutation relations.
These problems can be overcome by a careful analysis of
perturbation theory in a Hamiltonian approach, cf. [20,30]
for scalar field theory. Other problems in non-commutative
theories that are encountered already at the classical level
are charge quantization in non-commutative QED, the
definition of the tensor product of gauge fields, gauge in-
variance of the Yukawa couplings and ambiguities in the
kinetic part of the action for gauge fields. As demonstrated
in [6], all these problems can be overcome and do not af-
fect the NCSM presented here. The action of the NCSM
is

SNCSM = Sfermions + Sgauge + SHiggs + SYukawa ) (5)
where

S| fermions

1@L”)+QL « (10 ay)

W (D)

[aex (B
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:/ (h* (D 45) *ho( A) — 1 2h)(B) * ho (D)
N (D) * ho (D)  hi (D) *ho@)) : (7)
Syukawa
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67 (@« ha@) < )
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The gauge part Sgauge Of the action is given in the next
section. The particle spectrum of the SM, as well as that
of the NCSM, is given in Table 1.

Analogously to the usual SM definitions for fermion

fields, we define QZ = 1?[ 7%, (The ~ matrix can be pulled
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Table 1. The standard model fields. Here ¢ € {1, 2, 3} denotes the gen-
eration index. The electric charge is given by the Gell-Mann—Nishijima
relation Q@ = (75 +Y). The physical electroweak fields A, W+, W~
and Z are expressed through the unphysical U(1)y and SU(2) fields A
and B, (a € {1,2,3}) in (26). The gluons G* (b € {1,2,...,8}) are in

the octet representation of SU(3)c

SUB)e SU@ UMy U(l)e T
e 1 1 —1 ~1 0
_ ()
=" ) 1 2 12 0 1/2
e’ ~1 ~1/2
ne 3 1 2/3 2/3 0
d 3 1 ~-1/3  —1/3 0
, (i)
g) _ ub) 3 9 1/6 2/3 1/2
d!’ -1/3 ~1/2
+
@ = ¢0 1 2 1/2 ! 1/2
¢ 0 —1/2
Wt w-, Z 1 0 (£1,0) (£1,0)
A 1 0 0 0
G* 8 1 0 0 0

out of the SW expansion because it commutes with the
matrices representing internal symmetries.) The indices
L and R denote the standard left and right components
1, = 1/2(1 —v5)y and ¥r = 1/2(1 +~5)%. For the conju-
gate Higgs field, we have @, = iro@* (72 is the usual Pauli
matrix). In (6) and (8) the generation index is denoted
by 4,5 € {1,2,3}. The matrices G., G, and G4 are the
Yukawa couplings.

The non-commutative Higgs field P is given by the
hybrid SW map

b = [0, V,V]

— P+ %aaﬂvg <8aq'> - %(Vaé - @V@) 9)

) .
+§9°‘5 (aacp - %(Vadi — @Vé)) Vi+0 (%),

which generalizes the Seiberg—Witten maps of both gauge
bosons and fermions. @ is a functional of two gauge fields
V and V' and transforms covariantly under gauge trans-
formations:

§P[D,V, V'] =idxd —idx N, (10)
where A and A’ are the corresponding gauge parameters.
Hermitian conjugation yields ®[®,V, V']l = ¢[of, V' V].
The covariant derivative for the non-commutative Higgs
field @ is given by

~

D,®=0,0—iV,xP+i0x V). (11)

As explained in [6], the precise representations of the
gauge fields V and V' in the Yukawa couplings are in-
herited from the fermions on the left (¢)) and on the right
side () of the Higgs field found in (8), respectively. The

following notation was introduced in (7) and (8):

(12)

The representations R, determined by the multiplet ),
are listed in Table 2.

Note that Ry (f(V,)) = f(Ry(Vy)) for any function
f- Gauge invariance does not restrict the choice of repre-
sentation for the Higgs field in Shiges. The simplest choice
for hy which is adopted in the NCSM closely follows the
SM representation for the Higgs field. For a better un-
derstanding of the gauge invariance, let us consider the
hypercharges in two examples:

V] * B[®,V, V'] % ex[V']

Y. 1/2 —1/2;1 -1,
————
_ R 1/2 R (13)
QL[V] * @[®,V, V'] x dr[V']
Y: -1/6 1/6;1/3 —1/3.
———
1/2
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Table 2. The gauge fields in the covariant derivatives of the
fermions and in the Seiberg—Witten maps of the fermions in the
non-commutative standard model. The matrices 17 = 7%/2
and T = A\’/2 correspond to the Pauli and Gell-Mann ma-
trices respectively, and the summation over the indices a €
{1,2,3} and b € {1,...,8} is understood

v Rw (Vu)
eg) —-g A,
(4) (i)
Ly = (i) *%gl Au +gBLIE
eL
ne 29’ Ay + g-GL TS
s —29 A+ g.GLTS
(i) US) 1 b b
L= o 59 A+ 9 BT +gs GT3
L

The choice of representation allows us to assign separate
left and right hypercharges to the non-commutative Higgs
field 5, which add up to Higgs usual hypercharge [6]. Be-
cause of the minus sign in (10), the right hypercharge at-
tributed to the Higgs is effectively —Yy,.

In grand unified theories (GUTs) it is more natural to
first combine the left-handed and right-handed fermion
fields and then contract the resulting expression with
Higgs fields to obtain a gauge-invariant Yukawa term.
Consequently, in NC GUTs we need to use the hybrid
SW map for the left-handed fermion fields and then sand-
wich them between the NC Higgs on the left- and the
right-handed fermion fields on the right [31].

3 Gauge sector of the NCSM action

The general form of the gauge kinetic terms is [31]

- [ et et (= (5e) o (7).

(14)

Sgaugc =

where the non-commutative field strength ﬁuv

F, =0, 17 —3,V, —ilV, t V]

[0} 1 «
_F;w+ 9 B{ oy Vﬁ}_ie 5{Vav(aﬁ+Dﬁ)FﬂV}
+ 0(92) : (15)

was obtained from the SW map for the non-commutative
vector potential (4). Ordinary field strength F),, is given
by

v=0,V, =0,V

—i[Vi, Vi, (16)
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while its covariant derivative reads

—i[Vs, Fl).

Here V), represents the whole of the gauge potential for
the SM gauge group,

)Y + gZB“
(18)

The sum in (14) is over all unitary, irreducible and in-
equivalent representations R of a gauge group. The free-
dom in the kinetic terms is parametrized by real coefli-
cients cr that are subject to the constraints

Z CRTI‘

where g7 are the usual “commutative” coupling constants
g, g, gs and Tf are generators of U(1)y, SU(2)L, SU(3)c
respectively. Equations (14) and (19) can also be written
more compactly as

DgF,, = 0gF), (17)

VM( ) = TL +982Gb

b=1

T R(T7)) (19)

N[\D‘ =

1 n LV
Sgauge = — /d%ﬁGZF * FH,
1 (20)
— T ey
g[ G2 I+1»

where the trace Tr is again over all representations and
G is an operator that commutes with all generators 17
and encodes the coupling constants [9]. The trace in the
kinetic terms for gauge bosons is not unique, it depends
on the choice of representation. This would not be of im-
portance if the gauge fields were Lie algebra valued, but
in the non-commutative case they live in the enveloping
algebra. The possibility of new parameters in gauge the-
ories on non-commutative space-time is a consequence of
the fact that the gauge fields can take any value in the
enveloping algebra of the gauge group.

It is instructive to provide the general form of Sgayge,
(14), in terms of SM fields:

1 4 3%
Sgauge = 2 d*x ’I‘I'GQ F F

v [t | (1o

+0(6%).

3.1 Minimal NCSM

In the minimal non-commutative standard model
(mNCSM) which adopts the whole of the gauge potential
(18) for the SM gauge group, the mNCSM gauge action is
given by

mNCSM
Sgauge

(22)
1

:—/d4l’( Tl“1+ Tl“2+ ’I‘YS)F;LV*FMV
2 9° 9s
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Here the simplest choice was taken, i.e., a sum of three
traces over the U(1), SU(2), SU(3) sectors with

yoL(r o).
2\ 0-1

in the definition of Tr; and the fundamental representa-
tions for SU(2) and SU(3) generators in Tre and Trs,
respectively. In terms of physical fields, the action then
reads

(23)

mNCSM
Sgauge
1 1
= [t (GAwA™ 4 T BB £ GG )
L debegre | a* 1G‘1 Gb,—Go.Gh, ) Gl
+ng T\ 1o T = Cppoy

+0(6%), (24)

where A, B, (: Bgny‘) and G, (: waTg) denote
the U(1), SU(2)1, and SU(3). field strengths, respectively:

A#y == 8;1,-/41/ - 8VA/_L )
B, = 0,B — 0,B} + g € B} By,

G, = 0,G% — 9,G + gs [*°GLGy, . (25)
Note that in order to obtain the above result,! one makes
use of the following symmetry properties of the group gen-
erators Tf* = 7%/2 and T§ = \*/2:

1

Tr (T°T"%) = 55“", Tr (797°7¢) = 21",

Tr ()\a)\b)\c) —9 (dabc + ifabc) ,
where €2°¢ is the usual antisymmetric tensor, while f2b°
and d**¢ are totally antisymmetric and totally symmetric
structure constants of the SU(3) group.

There are no new electroweak gauge boson interac-
tions in (24) nor the vertices already present in SM, like
WHW = and WTW~Z, do acquire any corrections. This
is a consequence of our choice of the hypercharge (23) and
of the antisymmetry in both the Lorentz and the group
representation indices. However, new couplings, like ZZ Z,
and 6 corrections to SM vertices enter from the Higgs ki-
netic terms as elaborated in Sect. 5.1.

For the convenience of the reader, we list some usual
definitions that we use in the analysis of the electroweak
sector. The physical fields for the electroweak gauge
bosons (W*, Z) and the photon (A) are given by

1 i R2
e BB
" V2
—g' Ay + 9B}
Z, - u‘z/;igﬂu = —sin A, + cos fw B,
g°-+g
A, +¢B3
A, = 9I2n T I P og OwA, + sin QWB;?Z ., (26)

Vgt +g”

where the electric charge is e = gsin 6w = ¢’ cos Ow.

! Note that hereby we correct (56) of [6].
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3.2 Non-minimal NCSM

We can use the freedom in the choice of traces in kinetic
terms for gauge fields to construct non-minimal versions of
the mNCSM (nmNCSM). Since the fermion-gauge boson
interactions remain the same regardless on the choice of
traces in the gauge sector, the matter sector of the action
is not affected, i.e. it is the same for both versions of the
NCSM.

The expansion in 6 is at the same time an expansion
in the momenta. The #-expanded action can thus be inter-
preted as a low-energy effective action. In such an effective
low-energy description it is natural to expect that all rep-
resentations that appear in commutative theory (matter
multiplets and adjoint representation) are important. All
representations of gauge fields that appear in the SM then
have to be considered in the definition of the trace (20).
In [9] the trace was chosen over all particles on which co-
variant derivatives act and which have different quantum
numbers. In the SM, these are, five multiplets of fermions
for each generation and one Higgs multiplet. The operator
G, which determines the coupling constants of the theory,
must commute with all generators (Y, T, T%) of the gauge
group, so that it does not spoil the trace property of Tr.
This implies that G takes on constant values g1,...,gg on
the six multiplets (Table1). The operator G is in general
a function of Y and of the Casimir operators of SU(2) and
SU(3). The action derived from (21) for such nmNCSM
takes the following form:

nmNCSM __ ogmNCSM
Sgauge - Sgauge

1
+ g/glilopa/d4l’ <4ApaApu - »A,upAuo) A
1
+ ¢ ¢* k077 d*z [(4.,4‘,03;” — AM‘,B;L(,) B+ c.p.]

1
+¢'gks 9”‘7d4x [(4“4“’%” - Aqufia> GHb 4 C.p.]

+0(0%), (27)
where c.p. denotes cyclic permutations of field strength
tensors with respect to Lorentz indices. The constants 1,
ko and k3 represent parameters of the model given in [9,
10]. In the following we comment only on the pure triple
electroweak gauge-boson interactions.

New anomalous triple-gauge boson interactions that
are usually forbidden by Lorentz invariance, angu-
lar moment conservation and Bose statistics (Landau—
Pomeranchuk—Yang theorem) can arise within the frame-
work of the nmNCSM [9, 10], but also in the alternative
approach to the NCSM given in [27]. Neutral triple-gauge
boson terms which are not present in the SM Lagrangian
can be extracted from the action (27). In terms of physical
fields (A, Z) they are

Loy = Zsin 20y Kopys 077 AP (A Ay — AA,, Ay

Ly = Z $in 20w Kz, 0°° 22" (24,0 Ave — AupAye)
4 82, AP Ay — Zpy Ay AP
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Lzzy = Lzyy (A < Zy),

EZZZ = ‘C’y’y’y(A/L — Z,u) 5 (28)
where
1 !
Kyyy = 599 (k1 + 3k2),
1 / /2
KZW:§ [9 "flJF(g —2g )/‘@2} )
—1
o= 2 (7))
ZZ~ 299 g K1+9g° g g ) K2
1 4 .
Kzzz7 = 27 (9/ k1 + 39 Hz) ) (29)

and here we have introduced the shorthand notation
X = 0,X, — 0,X, for X € {A,Z}. Details of the
derivations of neutral triple-gauge boson terms and the
properties of the coupling constants in (27) are explained
in [9,10].

Additionally, in contrast to the mNCSM (24), elec-
troweak triple-gauge boson terms already present in the
SM acquire 6 corrections in the nmNCSM. Such contribu-
tions which originate from (27) read

Lwwy = LW + Lyw, + 0 (67),
CWWZ = »C{S/&}/[WZ + ‘CIG/VWZ + O (92) s

‘CIO/VW'Y = g sin 20\)\/ KWW’y 0r°
x {AM 2 (W W, + W, WE)
= (W Woo + W W5

+4A,, WHHW, + W W1
—ApeWEW L

E%VWZ = £€/VW7(AH — Zyu), (30)
with
g 2 2
Kwwy = Tag [g’ +yg } K2,
!
Kwwz = —=Kww~ . (31)

9

It is important to stress that in both the mNCSM and
the nmNCSM there are additional 6 corrections to these
vertices coming from the Higgs part of the action. This
will be elaborated in detail in Sect. 5.1.

The new parameters in the non-minimal NCSM can
be restricted by considering GUTs on non-commutative
space-time [31].

4 Electroweak matter currents

In this section we concentrate on the fermion electroweak
sector of the NCSM. Some terms are derivative valued.
Nevertheless, the hermiticity of the Seiberg—Witten maps
for the gauge field guarantees the reality of the action.
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Using the SW maps of the non-commutative fermion field
1 with corresponding function R (Va)

~ 1
b == 507 Ry(Va) D50
1
+ gf)“ﬁ Ry (Va), Ry(Va) 9+ O (0%) ,  (32)
and its covariant derivative
Db = 8,1p —iRy(V,) 1
1
=D, [w - 59“6 Ry(Va) Op¢

+ 30 RV Ru(Vo)l
— iRy <i9°‘ﬁ{aav,t + Fop, vﬁ}> Y

20 (R (V)i + O (87)

it is straightforward to derive the general expression

S, = / Az %iDo (34)

— 1=
= /d% (w P = 00" Ry(Fu) Dyt + O (92)) ,
where 617 is a totally antisymmetric quantity:

GrVP = GHV AP 4 GUPyR LGPV (35)

The terms of the form given in (34) appear in Stermions (6).

One can easily show that Sgermions = Stermions, to order
O(6%). From (34) we have

Sh=50- 1 / d'z (60" Ry(DyF)b) + O (67) .

Since Ry (0#*?D,F,,,) = 8""PRy(D,F,.,) for constant 6,
and

0" (Dplyy) = 0"y (DpFpw + Dy Fyp + DyFyp)
the #-dependent term vanishes due to the Bianchi identity
D,F,,+D,F,,+D,F,, =0,

thereby proving the reality of the action Sy and, hence,
the reality of the action Stermions to O(6%). However, note
that the reality of the action is not essential, but is very
desirable.?

Next, we express the NCSM results for the electroweak
currents in terms of physical fields starting with the left-
handed electroweak sector. In the following ¥r, represents

RS {L£z ) Qg )} and has the general form

WL — 77[}up,L )

wdown,L
2 Weinberg writes in his book: “The action is supposed to be
real. This is because we want just as many field equations as
there are fields. [...] The reality also ensures that the genera-

tors of various symmetry transformations are Hermitian oper-
ators.” [32].

(36)
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In this case, according to Table2 the representation
R, (V,,) without SU(3) fields takes the form

R, (Vu) = g/'AMYWL +9 BZTE' (37)

The hypercharge generator Yy, (see Tablel) can be
rewritten as

= Qwup = deown

and we make use of (26). The left-handed electroweak part
of the action Sy, can be cast in the form

- TSv"/}Up,L - T37'¢}down,L ? (38)

Spaws. = [ dto (i P+ BIVW)

= /d4$ (y:/Ll @WL + QZup,le(g)quown,L

‘szdown,L JQ(%)wup,L
/s J(L) 7/ J(L) 39
+wup,L 11 wup,L + wdown,L 22 wdown,L 5 ( )

where J®) is a 2 x 2 matrix whose off-diagonal elements
(Jl(;“), J. (L)) denote the charged currents and diagonal ele-

ments (Jl(l) J(L)) the neutral currents. After some algebra
we obtain

JE = f W+ 50 +0(6?), (40a)
J = 7 W+ a5 +06?) (40b)
= {e@wup A+ 0 (T3, — Qoo Si0” Oyy) Z]
+I70 +0(6%), (40c)
a =
|:6deown A + 08 Ouy (Tgﬂ/,dome - deown sin? Qw) Z]
+I5 7+ 0 (67), (40d)
where
(L,0) 9 o+ 2 S R
H? = 50 W, {-i 0,9,
— —
+ e [Qwup AI/ ap +Q"/}down AV 8,;
+(Qwup + deowu)(apAV)}
2 —
6089 |:( 3,%up,L Qd} sin QW) Zl/ 3p
.92 ~
( 3,%down,L deown sin GW) Zy dp
((T37w\lp,L + Tngdown,L)
—(Quuy + Qupaonn) Sin° Ow) (9,2,)] (41)
ieg

cos 9W (lelp Tvadown‘L - Q"/’down T31wup,L) AV ZP}

and

1 . F
Jl(]f,e) — ieﬂup { leQ'(/)up (8;/14”) 8/)
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ig 2 -
COSGW (T37"/Jup,L _Qwup sin GW) (8VZ;4) 8,;

- Q7. (0,A)A,
2

_|_

.2 2
COSZ g (Toavns = Quuy sin® bw)” (9,2,)2,

02
Cost9 Quup (T3,pupr. — Quiy 5i0° Ow)
< [(0pA0) 20 — Au(9,2,)]
92

2
ieg?
5 (2Qy,, —
.3
19
— (2T
+ 2 cos Ow [( 3, %up.L

—(2Qy,,

N
(Wiw, 5, + 0wy
ledown) W;WI/_AP

- Tgawdown,L)
— Qo) SN Ow | WIW,Z,}

J(L 0) B J1(1579)
L,o - L,0) »

s iy
under W+ A W_7Qwup A deOWIl7TS7wUp,L Ae TSywdown,L
Here and in the following we use the notation in which

(42)
while

(43)

—
0, denotes the partial derivative which acts only on the

fermion field on the right side, while 5,) denotes the partial
derivative which acts only on the fermion field on the left
side, i.e.
— o«
apileé‘pL/J 8{?1;/}51/]8;) .
We note that in contrast to the SM case, although

(44)

t
</ d4x¢up,LJ12wdown,L> :/d4x/(/)down,LJ21¢up,L7

we have ;
L L
J2(1) #° <J1(2)> Yo -
The reason is the specific form of the interaction term (see
(34)) which contains derivatives, whose presence produces

g (Jl(; <6<—>8))T .

Now, we turn to the results for the right- handed elec-

troweak sector. Here R represents g € {eR ,uR ,d( )}
and the representation Ry, (V) from Table2 Wlthout
SU(3) fields is given by

RdJR(VM) = g/ANY’le = eQwAM - LQw Sin2 HWZM .
cos O
(45)
For the right-handed fermions, T3 4, = 0 and Yy, = Q.

The right-handed electroweak part of the action Sy, is of
the form

Spew,R = /d4$ (@ZRi PYr + KZRJ(RWR) ; (46)

cos 9

J®R) — {tel) A— Qy sin? Oy Z]
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+JB + 0 (67, (47)

TE0 = 20 [ieQu(0,4,) B,
cos@wa sin Gw(ﬁ Z,) a
—e*Q}(0p A Ay — — 529 — Q% sin 0w (0,7,)7,
Qs O [0,4,0 7, ~ 4, 2] (1)

Let us now present our results® in a form suit-
able for further calculations, derivation of Feynman rules
and phenomenological applications, i.e. in terms of ¥ &
{L® QW1 and thus Yup € {v@ u@Y and Yaown €
{e®,d@}. The electroweak part of the action S, then
takes the form

Spew = /d‘*x{@i Qv

_ 1 - 1

+ Z[}upjl(g)i(l - 75)¢down + wdownJQ(%)g(l - 75)1/}‘1!3
Bl L g®) (g0 gm)

+ 1/’up§ [(Jn +J ) (Jn ) } Yup  (49)

+ %Edown% [(JQ(IQ) + J(R)) - (JQ%) - J(R)) 75} 1/)down} ;

and the currents Jz'(]L) can be read from (40)—(43), while
J®) is given by (47) and (48) (with @, substituted by
the corresponding Qy,,, or Qyg,....)-

Finally, we note that the fermion fields appearing in
this section are not mass but weak-interaction eigenstates.
In order to present the results in terms of mass eigenstates,
the Cabbibo-Kobayashi-Maskawa matrix (denoted by V;;
in the following) enters the quark currents leading to mix-
ing between generations and to the modification of the
quark currents by V;; factors:

(@)

(i ) 1 L
a0 Vi Iy s ) 4D AV J() 5 (1 =) aups

where q( Y and qé@wn represent mass eigenstates. In the
NCSM, as in the SM, the neutrino masses are not consid-
ered and consequently the leptonic mixing matrix is diago-
nal in contrast to the neutrino mass extended models. The
corresponding non-commutative extensions which include
neutrino masses can be made along the lines sketched here
(see Sect. 5.2 for further details on this subject).

In this section, only electroweak interactions were con-
sidered. Pure QCD, as well as mixed terms which appear
in the NCSM due to the Seiberg—Witten mapping, are left
for a future publication [29].

3 We note that in the preceding considerations we have cor-
rected the electroweak currents presented in the appendix of [6]
and expressed them using more compact and transparent no-
tation.
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5 Higgs sector of the NCSM action

In the preceding section we have expanded the fermionic
part of the action and performed a detailed analysis of
the electroweak interactions. We devote this section to the
analysis of SHiggs and Syukawa to first order in 6.

5.1 Higgs kinetic terms

The expansion of the Higgs part of the action (7) to first
order in 6 yields*

SHiggs = /d437 ((DMQ)T (DH®) — MQQST@ —A (¢T¢)2)

1
+ 5904[3 /d41‘

x P <Uag+U sts u *F,p — 20 (D, @)*Dﬁ>¢

(50)

where
—
U,y = (au +ivu> (= 0, Vads — Vaduds + 02V .05
HV, Va0 + %Vanaﬂ + %aM(VaVﬁ)

%V#vavﬁ + 5{Va 03V + FW}) NG
Equation (50) contains the usual covariant derivative of
the Higgs boson D, = 9,1 -1V, where V,, = ¢’ A4, Y51 +
gB{ T}, and 1 is a unit matrix, suppressed in the following.
Also ¥, =90,V, -0, V, —i[V,,V,].

Let us construct explicit expressions for the elec-
troweak gauge matrices occurring in (50) and (51). The
gauge field V,, can be expressed in a matrix form as

9+
—W
V2
gAY + 975 4,,.. B

g/A;LY'P + gT3,¢Up Bi

VvV, =
H LW_
No
(52)

where from Table 1 one can read® Yg = 1/2, T34, = 1/2,
T3 paown = —1/2. The diagonal matrix elements can also

be expressed in terms of physical fields using (26). Hence,
one obtains

g .
Vllp, GA +m(17281n29\;v) Z‘u,
g
Voo ) = ———— 53
22 2cos by " (53)
The product of two gauge fields is given by
‘/ll,u‘/ll a + W+W—

V.V, = (54)

\[(W ‘/22[L+W Vlla)

4 In order to make the presentation more transparent, in this
section, we denote the 2 X 2 matrices appearing in the action
by bold letters.

® Note Yo = Qg = Qéaown

= T5.6up —T5,640wn-
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9
V2 2
Vao,uVa2,0 + %W;W;

(WiVi, + W,f‘/éz,a)

while the product of three gauge fields can be expressed
as

VHVQVB = Muaﬁ, (55&)

with matrix elements
Myap11 = Vi1,uViteVig

2
g - _ _
+2 (Vi Wa Wy + WEW Vi + Wit Vas, oW )

Myaﬁ,lQ

-5 (ViaaWit Vs, + Vit Vina Wi + W Vaz,aVan

9t +
+?WM W, Wﬁ > ,
Muaﬁ,?l

= % (sz,ﬂW;Vn,ﬁ + V22,;LV22,aW5_ + W, Vi1aVirg

92 +
Jr?VVN W Wﬁ > ,

Map22 = Va2, Va2, Va2.8 (55b)
2

g _ — _
+2 (Vao,Wa Wi+ Wi Wit Vasg + W Vi oW )

For the field strength one obtains

g . 9
——(1-2 Ow) Z,..
2COSHW( st W) !

g Ww-
V2

eA,, +

pr =

9w+

4%
2 M
O
2cosbw M
g [ wrwy Wy
2 \ V2 (Biw, - W, B

3 +R3
V2 (BIW,F — W, B}) (56)
~Wiw, +ww, )

where X, = 0,X, —0,X, for X € {A, Z W, W~}
By making use of (26) one can completely express the off-
diagonal elements in terms of the physical fields A, and
Z,,. The other combinations of fields appearing in (50) and
(51) can also be easily obtained. We will not provide the
explicit expressions here.

It is not difficult to see that the value of the Higgs
field that minimizes the (non-commutative) Higgs poten-
tial is the same as in the commutative case because of the
following: We are looking for the minimum value of the po-
tential attained for constant fields and hence can ignore all
derivative terms and all star products. This leaves terms
like 8PV, V3@ in the hybrid SW map that could possibly
lead to corrections of the vacuum expectation value of the
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Higgs. Taking into account also the potential of the gauge
fields it is, hgwever7 clear that we should consider only
Vo = 0, i.e. @ = & when fixing the vacuum expectation
value.

The Higgs field is chosen to be in the unitary gauge

(57)

where v = y/—pu?/\ represents the Higgs vacuum expec-
tation value, while h(z) is the physical Higgs field.

There are several points that need to be mentioned in
connection with the NCSM version of the Swiges part of
the action (50). From (57) one trivially obtains

/ Azt Ho = / d*2(h(x) + v) Haa(h(z) + v),

where H stands here for any 2 x 2 matrix. Taking into
account this along with (52) and (54-56), it is easy to see
that terms containing one or more Higgs fields h(z) as well
as terms containing solely gauge bosons reside in (50).

First, let us examine the contributions of the last two
f-dependent terms in (50). By making use of (50-56) for
the Higgs field in unitary gauge we find

1 1 .
ggaﬁ /d4x qu (2M2Fa,8 - 21)‘¢(D0¢¢)T Dﬁ) ¢
= 50 {iyz / At (h+0)* [ 4+ A+ 0)*] WEW5

J /d4x(h+v)2

cos Ow
X [~12(DaZs) + 2M(h + 0)(0a1) Z5] } -

(58)

Owing to the Stokes theorem the term containing only one
Z field vanishes. Similarly, by performing partial integra-
tion and taking into account v? = —pu?/\, the spuriously
looking two-field terms vanish and (58) simplifies to

%aaﬁx / d*z h(h +v)(h + 20)

. - g
X {192(h + ’U)W;WB + 2COSGW (aah)Zg} . (59)

Second, let us note that, in contrast to the SM case, in
the NCSM action Shiggs (50) there are terms proportional
to v? that cannot be identified as the mass terms of the
Higgs and weak gauge bosons fields but represent inter-
action terms. Hence, after the identification of the mass
terms (—1/2m%;h?), My, W,FW=# and 1/2M% Z,, Z* with
Higgs, W and Z boson masses

m% = 2u? = =202\, (60)
1 1 2 M2
M2, = 24242 M2:72(2 />: w
w 41) g, A 4U g +g COSQG\}V’

respectively, additional terms remain which describe in-
teractions of Higgs and gauge bosons and interactions
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of solely gauge bosons. The latter behavior is novel in
comparison with the standard model and is introduced
by the Seiberg-Witten mapping. The analysis of (50)
reveals that, in addition to the interaction terms con-
tained in Sgauge (21), the last three terms of the second
bracket in U,g (51) give rise to order # contributions
to the three- and four-gauge-boson couplings. Specifically,
the three-gauge-boson interaction terms from Sz, read
( 1/4)7} 9“6[ af —l—] ﬁ]gg , where I3 = V“[(a A\ )Vﬁ +

Vo(05V,) + (08V ) V4] . By making use of (55) one ar-
rives at explicit expressions for the WTW—~, WTW~Z
and ZZZ interaction terms:

—1 o 4
=1 208 {Lw + Iaﬁ} N
_ EMQ aaﬁ
[(W*“W +WHW) uﬁ+(agA ) WHW ]

+ (Z“W; +ZQW+“) s (Z“W + Z W)W
— cos 20w

[(W+“W + W W) Zug + (05 Za) WHW, |}

2 pafB 7p _
Toos 9wM 70 ZH Z,, (28[3ZH 8HZQ). (61)

The four-gauge-boson interaction terms can be analyzed
analogously.

5.2 Yukawa terms

Next, we proceed to the f-expansion of the Syuxawa action
(8). Similarly to the analysis of the electroweak currents
presented in Sect. 4, let us first analyze the general form
for the Yukawa action,

S, ¥, Yukawa

/d4 l:( dov)vn
3,j=1

+ h.c.)

=) ~
+ (ijg> <¢L % by, () * wleR> +h.c.)] .

Here Gyown and G, are general 3 x 3 matrices which

=(i
(WL * Mg (P ) * wg{))wn R)

(62)

comprise Yukawa couplings while w(j )R and wéjo)me de-
note up and down fermion fields of the generation j. As we
analyze a simple non-commutative extension of the SM,
G'7, vanishes for leptons. Furthermore, as in the SM one
can find a biunitary transformation that diagonalizes the
G matrices

2
£ Sdown Mdown TT
v

down

2
Gup = V2

Gdown =
and obtain the diagonal 3 x 3 mass matrices Myown and
M,p. Next, one redefines the fermion fields to mass eigen-
states
—=(4) y —=(7)
7vzjdown,L‘SV((;(Z\zzn —

U, . TT(H) ) (i)

down *down, R down,R>

- Sup Mup T1,
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=) o =)
¢upLS ] _>¢up,L7

This redefinition of the fields introduces the fermion mix-
ing matrix V = Sﬂ:p Siown i the electroweak currents
(49), and, owing to the hybrid SW mapping of the Higgs
field, in the Yukawa part of the NCSM action as well.
We introduce the matrix Vy, which, like in the SM, corre-
sponds to

TT & ¢1(1Q - wup R

Vf:{ 1 forf=t (©3)
V =Vekm for f=g¢q

where ¢ and ¢ denote leptons and quarks, respectively.
Hence, the quark mixing is described by the CKM matrix,
while the mixing in the lepton sector is absent but can be
additionally introduced following the commonly accepted
modifications of the SM which comprise neutrino masses.
Furthermore, as the Higgs part of the NCSM action intro-
duces mass dependent gauge boson couplings (see (61)),
the Yukawa part of the NCSM action introduces fermion
mass dependent interactions. In contrast to the NCSM,
in the SM fermion mass dependent interactions always in-
clude an interaction with the Higgs field.

Using (12) we find

i3 o = o)
Ty, * gy, (P )*¢down,R

- / d'z (7120 n)
1 —(i
+3 /d% grrg” [—i 9, P 0,

— —
= 0v Ru, (V)P — PRy (Vi) 0v
- R‘I’L (Vu)(auds) - (8u¢) R'(/)down,R(‘/N)
+ iRg/L (VM)R‘I’L (VV)¢ + i¢R'¢)down,R, (VM)R¢down,R. (VV)

— R (Vi) PR (Vi) |65 (64)

The representations Ry, (V) and Ry,,,.(Vy) can be
read from Table 2. Expressions valid for both leptons and
quarks, with strong interactions omitted, are given in (37)
and (45). For the Higgs field (57) is used.

Finally, using (64), after some algebra we obtain the
following result for (62) expressed in terms of physical
fields (and with gluons omitted):

Sy, Yukawa /d4 Z [%OWD( NYED 4o NA(ZJ)) o

i,j=1
5 (NI 495 NA ) 0l

+7/71(f)< V(m)+ CA(U)> (4)

down

7))

+wdown ( du(”) + Fy (65)

The neutral currents read

V(ij h V,0(ij
Ndd(j) = —Md(oin (1 + ) + Nya “Wio (6%) .



B. Meli¢ et al.: The standard model on non-commutative space-time: electroweak currents and the Higgs sector

NAG)

dd — — chléie(ij) +0 (92) )

lebfu(u) — _Méy) (1 + v> +qu&9(”) +0 (92) 7

NAWD = N2 1 0/(67) (66)
where
V,0(ij
N (i)
0“ Mdojwn { f; 31/
- [eQd)down
S — .2 (Ouh)
* 2 cos Bw (T3 tacn . = 2Qugenen 5107 ) Zu] »
+ [eQ"pdown (al/AlL)
g .
+ 2 cos Oy (T3 pa0umr. — 2Qpuonn SI0% 0w ) (05, Z,)
2
.g _ h
A,0(ij)
Ndd !
= g v r(ig) h
=T 6" M 1+-\)Zz7
4 cos by 3,%down,L down < + ’U) "
— N )
X K&, - (%) + 216Q¢dOWDAV} ) (68)

and

V()
Nvixu,e(ij) (W < W~ ,down — up).

V,0(ij
Nag

The charged currents are given by

(69)
Cri) = V) 1 o (62)

CA(M) CA ,0(i7) +O( )

ud
where

V,0(ij
Oud (i5)

- 4f ' ( i z)
L[V Maon) ™ + (Mo V) ™) (0, W,F)
+ (Vi Maown) ™ 8, + (Moo V)™ 2, ) W] (71)
ie (Vy Maown) ™ Qo = (MupV3) ™ Qg ) AuWiE
G |V Maown) ™ (2.4, = Qus, sin” brv)

cos Ow

- (Mupvf)(lj) (2T37wdown,L - deown Sin2 0W):| ZP'W;} )

+i

and
Coi D = Ol (Myy — =Myp),  (72)
while
V(i VG, = % T
Cdu( 2 - (Cud( J)(8H8)> )
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= - (chPGen)

Note that 3 and 5 are defined in (44).
At the end, observe that the simplified introduction of
the fermion mass and the use of the relation

/d4

—*szp(

Sy, /d4m1p * (1E m)z/J

m) ¢ (74)

L) (10°° D, — moH ) +O (6%)]

is valid only in the case of pure QED and pure QCD.

6 Feynman rules

On the basis of the results presented in Sects. 4 and 5, it is
now straightforward to derive the Feynman rules needed
for phenomenological applications of the NCSM, i.e. for
the calculation of physical processes. In this section, we
list a number of selected Feynman rules for the NCSM
pure electroweak interactions up to order . We omit in-
teractions with the Higgs particle, boson interactions with
four and more gauge fields, and fermion interactions with
more than two gauge bosons.

The following notation for vertices has been adopted:
all gauge boson momenta are taken to be incoming; fol-
lowing the flow of the fermion line, the momenta of the
incoming and outgoing fermions are given by p;, and
Dout, respectively. In the following we denote fermions by
f, and the generation indices by ¢ and j. Furthermore,
qui) € {v®, u®} and féi) € {e®, d"}.

For the Feynman rules we use the following definitions:

CVJ = Tgva — 2Qf sin2 Qw,
CA f = Tgva . (75)
The charge @ and the weak isospin T3 can be read from
Table 1. The notation Vy is introduced in (63), while §#*7
is defined in (35). We also make use of (6k)* = 0*'k, =
—k, 0" = —(k0)" and (kfp) = k6" p,.

6.1 Minimal NCSM

In this subsection we present selected Feynman rules for
the mNCSM containing SM contributions and 6 correc-
tions. The # corrections to vertices containing fermions
are obtained using (49) and the Yukawa part of the ac-
tion (65) has to be taken into account as well, because
it generates additional mass dependent terms which mod-
ify some interaction vertices. In comparison with the SM,
this is a novel feature. Similarly, the gauge boson couplings
present in (24) receive additional 6 dependent corrections
from the Higgs part of the action (50) and even new three-
and four-gauge boson couplings appear, see (61).
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First, we list three-vertices that appear in the SM as

well. We have

sin 20w

2v/2 sin Oy

>NWAM</€>

f

. i,
ieQy ['Yu - gk (Opwp Py — Oy )

=1ieQy Vu
1
+56Qf [(poutapin)'y,u - (poutg)u(féin - mf)

—(bous = my)(0pin)u] (76)

Zu(k)

f

ie i
{(’Yﬂ - Qky‘gwppipn) (cv.s —cars) (77)

1
= 30w my [pi (cvif — ca,575) = Pous (v, p + CA,f%)]} :

() (7)
u d

>WWWJ (®) >WWW“_ (®)
féj) éi)

ie (Vf(“) i
) Xkl | (1= s)  (78)
(i )) {{W pvp pm} 5
v 2

2

i mem '\ me@\ .
—2%[( Y1) = (7002 (1 4+5)

m .. m ..
£ £

W (ks)
W, (k2)

A#(kl)

ie {g"" (k1 — k2)” +g"° (k2 — k3)"" + g (k3 — k1)"”

b LM R+ 07K g O — g (k)"
g (012)']}.

W (ks)
W, (k2)

(79)

Z/L(kl)

ie cot Ow {g"” (k1 — k2)” + "7 (ko — k3)"
+ g7 (ks — k1)”

B. Meli¢ et al.: The standard model on non-commutative space-time: electroweak currents and the Higgs sector

G ME [0 RE + 0MRY + g (k1) — g7 (Bka)"
+9°" (0k1)"]

- iM% (0" (ky — ko) + 67 (ks — ks)"
O (kg — k)Y
29" (0k3)" — 29”7 (0k1)" — 29" (0k2)"]} -

(80)

Here we give the new three-gauge-boson coupling

which follows from the Higgs action (50), i.e., (61):
° Zﬂ(k3)
Zt/(k2)
Zu(kl)
€ M% 104 P vp H
m (0" (k1 — ka)” + 0Y° (ko — ks3)

+ 0PF (ks — kp)”
— 29" (0ks)” — 29"° (0k1)" — 29" (0k2)"].  (81)

Additionally, from the Higgs action (50) one can de-
rive the 0 corrections to the electroweak four-gauge-boson
vertices already present in SM (see (24)), as well as, new
four-gauge-boson vertices.

Equation (49) also describes the interaction vertices in-
volving fermions and two or three gauge bosons. These do
not appear in the SM. In the following we provide all con-
tributions to such vertices with four legs and correspond-
ing mass dependent contributions from (65). We have

y f Au(kl)
f AV(k2)
-1

- € Q70p (K7 — k5) (82)

[ )
f Au(kl)
f ZV(kQ)
_ €2Qf
2 sin 20 (83)
X [Oup (k7 = k5) (cv,p — caf5) — 20 my cafys)
¢ f Zu<k1)
f ZU(kQ)
—e p_ 1P 2
Ouvp (kK7 — KS) (v —carys)”,  (84)

2sin? 20w
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¢ >f§: Wi (k1)
f W (k2)
2
—e
—— [0 (P}, + k7)) (1 —y5) +20,,my],  (85)
8 sin” Ow
(4) (4)
hd fu Au(kl) d A”(kl)
£y W (k) £ W, (ko)
g2
44/2 sin Oy
Q@ Q.
< Q0 [ (087) 10— (057 0+ 1)
Qf((z]) Q 0
X (1—=1s)
b | (1070 ) 1 ) (56)
mfé]) QfL(‘l)
m ) Q Vf(ij)
- d (1 + 75) #(ij) |
mf,y)ny) 7
(@) (4)
* N Z (k) Ja Zu(k)
1y W (ks) £ W, (ks)
e v
4+/2 sin Oy sin 20w (Vf*(ij))
< L0y | [ vt TCa D (P2, + K?)
CV,féj) + cA!fc(Lj)
A ) (o, 4 k)| (1= )
CV,fﬂ” + CAhqui)
M) |Cyr 2) T 3C, 2()
Lo, I [ VLIS g } (1)
mf;j) {Cv’f&i) + 3CA7f1(Li):|
M) |Cy o) +3C, 4(0)
(e b eare] Aty)| - 6

g (e g+ 364 g00]

Similarly, ffWWZ, ffWW~ and f fyW Z can be ex-
tracted from (49) as well. They have no mass dependent
corrections.

6.2 Non-minimal NCSM

Here we give the selected Feynman rules for the non-
minimal NCSM introduced in Sect. 3.2. Observe that the
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fermion sector is not affected by the change of the repre-
sentation in the gauge part of the action. Let us define

93((/‘3 kl)v (Va kQ)a (,0, k3))

= —0"" [k] (kaks) — K5 (k1ks)]

+ (0k1)" [97° (koks) — koks]

0k1)" [97 (kaks) — k5 k5]

0k1)" (9" (kaks) — Ky k]

+ (k10k)[k5 9" — k5g""]

+ cyclical permutations of (p;, k;) .

—(
—(

(83)

We use the simplified notation py = p, e = v and pus = p.

First, we list the Feynman rules for the modified
WHW =y, WTW~Z and ZZZ vertices already present
in the mNCSM. We have

o W;(ks)

;@sz)

Eq. (79)
+ 2esin ZGWKWW’Y @3((/1’7 kl)? (Vv k2)7 (pv k3)) )

(89)

Eq. (80)
+ 2e sin 20WKWWZ @3((#, kl), (l/7 kg), (p, kg)) y

(90)

Eq. (81)
+ 2e sin 29\7\/[(222@3((/,6, k?1), (l/, ]432), (p, ]4?3)) .

Additionally, we give the new gauge boson vertices yy-,
Z~vy and ZZ~:

° Ap(kB)

(91)

V(kQ)

b
=

=
RS

2e Sin29WKW"W Os((k; k1), (v, k2), (ps k3)) 5 (92)
° Ap<k3)
W"“@
Au(kl)
—2e sin 20w K 74, O03((1, k1), (v, k2), (p, k3)) (93)
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® Zp(kS)
Zu(kQ)
Au(kr)

—2e sin 2OW[(ZZ'Y 93((/1” k1)7 (I/a k2)7 (p7 kS)) .

The functions K are not independent and they are
defined in (29) and (31).

(94)

7 Conclusions

The main purpose of this article is to complete the non-
commutative standard model constructed in [6, 9], and
thus to make it accessible to phenomenological consider-
ations and further research. The NCSM action are given
in terms of physical fields and mass eigenstates. The free-
dom in the choice of traces in kinetic terms for gauge fields
produces two versions of the NCSM, namely the mNCSM
and the nmNCSM. However, such freedom does not affect
the matter sector of the action and the fermion-gauge bo-
son interactions remain the same in both versions of the
NCSM. We have provided an explicit expression for se-
lected vertices of which some already appear in the orig-
inal SM, but in the NCSM they gain 6-dependent cor-
rections, whereas others appear for the first time in the
non-commutative version of the SM. We have presented
a careful discussion of electroweak charged and neutral
currents as well as a derivation of the Higgs and Yukawa
terms of the NCSM action.

Among the novel features in comparison with previ-
ous works [6,9] are the appearance of additional gauge
boson interaction terms (30) and (61) in the gauge (21)
and in the Higgs (50) parts of the action, and the appear-
ance of mass dependent corrections to the boson—boson
and fermion—boson couplings stemming from the Higgs
and Yukawa parts of the action, respectively. In (76)—(78)
the mass dependent terms stem from the Yukawa inter-
actions (64)—(73), while in (79) and (80) the mass cor-
rections arrise from the 6-expanded Higgs action (61). To
first order in 6, (65) contains coupling of fermions to gauge
bosons that depends on the mass of the fermion involved.
Also the appearance of new terms (61) would certainly
produce important contributions in a number of physical
processes. All the above features are introduced by the
Seiberg-Witten maps.

CP violation induced by space-time non-
commutativity has potential to be a particular sensitive
probe of non-commutativity [33]. The analysis of C, P,
T properties of the NCSM and the NCGUTs [31] shows
that @ transforms under C, P, T in such a way that it
preserves these discrete symmetries in the action. How-
ever, considering 0 as a fixed background (or spectator)
field, there will be spontaneous breaking of C'P (relative
to the background), just as one has spontaneous breaking
of Lorentz symmetries in non-commutative theories.
Consequently, non-commutative effects can also mix with
the CKM-matrix C P-violating parameter ¢ in the spirit
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of [33]. Since the fermion sectors of the mNCSM and the
nmNCS are equal, the above conclusion is valid for both
models. It should be noted that in the present work, the
unitary CKM mixing matrix has been considered with
matrix elements not as functions of space-time but as
constants. Furthermore, the #-expansions of the SW map
and the star product have been worked out only up to
first order.

In conclusion, the thorough analysis of the electroweak
sector considered in this paper facilitates further research
on reliable bounds on non-commutativity from hadronic
and leptonic physics.
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