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Abstract. This paper is a direct extension of our earlier work on electroweak currents and the Higgs sector
in the standard model on non-commutative space-time, now with strong interactions included. Apart from
the non-commutative corrections to standard model strong interactions, several new interactions appear.
The most interesting ones are gluonic interactions with the electroweak sector. They are elaborated here
in detail and the Feynman rules for interactions up to O(g20) are provided.

1 Introduction

This paper closely follows the paper by Meli¢ et al. [1],
extending it by including strong interactions. In this pa-
per we present a careful discussion of QCD and QCD-
electroweak charged and neutral currents in the non-com-
mutative standard model (NCSM) [2] and compute the
corresponding Yukawa parts of the action.

All relevant expressions are given in terms of physical
fields and selected Feynman rules are provided with the
aim to make the model more accessible to phenomenolog-
ical considerations.

In Sect.2 we briefly review the NCSM. The non-
commutative QCD and QCD interactions with the elec-
troweak and Yukawa sector are presented in Sects.3 and
4. The selected Feynman rules to O(g26) are summarized
in Sect. 5, while Sect. 6 is devoted to concluding remarks.

2 Non-commutative standard model

The action of the non-commutative standard model
(NCSM) formally resembles the action of the classical
standard model (SM): the usual point-wise products in
the Lagrangian are replaced by the Moyal-Weyl prod-
uct and (matter and gauge) fields are replaced by non-
commutative fermion and gauge fields (denoted by a hat)
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which are expressed (via Seiberg-Witten maps) in terms
of ordinary fermion and gauge fields 9 and V,:

U =U[V] (1)
= — %aaﬁ Ve, Ot + éoaﬁ [Va, Vsl b + O(6%),

‘?u = ?M[V]
=V, + iaaﬁ{aavﬂ + Fop, Vit + O(6%). (2)

Here, F),, is the ordinary field strength and V), is the gauge
potential corresponding to the SM gauge group structure

3 8
V(@) = g Au(@)Y +g Bi(z) I{ +g: Y Gl(2) T,

b=1
(3)
and T = 7,/2, T4 = A\b/2, with 7% and A’ being the Pauli
and Gell-Mann matrices, respectively. Here, A,,, BZ and
G?, represent ordinary U(1)y, SU(2)r, and SU(3)¢ fields,
respectively.

The approach to non-commutative field theory based
on star products and Seiberg—Witten maps allows the gen-
eralization of the SM of particle physics to the case of
non-commutative space-time, keeping the original gauge
group and particle content [2-11]. Tt provides a system-
atic way to compute Lorentz violating operators that
could be a signature of a (hypothetical) non-commutative
space-time structure [12-22]. In this paper we do not re-
peat the derivation, but take the NCSM action Sxcsm =
Sfermions+Sgauge +SHiggs +SYukawaa given already in terms
of commutative SM fields, as a starting point. Note that
the Sncsm action is anomaly free [23].

a=1
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With respect to the gauge sector there are two models:
the minimal non-commutative standard model (mNCSM)
[2] and the non-minimal non-commutative standard model
(nmNCSM) [16]. The main difference between the two
models is due to the freedom of the choice of traces in the
kinetic terms for gauge fields. In the mNCSM, we adopt
the representation that yields a model as close as possible
to the SM without new triple-gauge boson couplings. In
the nmNCSM [16] the trace is chosen over all particles on
which covariant derivatives act and which have different
quantum numbers. In the SM, these are five multiplets for
each generation of fermions and one Higgs multiplet.

Note that the fermion sector of the action Sycswm is
not affected by choosing different traces over the repre-
sentations in the gauge part of the action and remains the
same in both models.

2.1 Minimal/non-minimal NCSM

The minimal NCSM gauge action is given by [1]

S
1 1
=3 / d*z <2Aﬂ,,AW + Tr B, B* + Tr GWG’“’>
1 aoc o a a v,c
+9sd be e /d% (4GWGZD GPHGI;V) GH:
+0(6%), (4)
where A, B (= By, 1) and G, (= Gf,T§) denote

field strengths.

In the non-minimal NCSM, the gauge action (4) is
extended by new gauge terms, (27) in [1], from where the
Lagrangians including gluons are derived

6 : log 124 a a
Lygg = 7 sin 20w Koge 077 [241 (267, G, — G, G,
+ 8A,,GH G, — Ay G, GHP] 6, (5)
Lzgg = Lygg(Ay — Z,), (6)

with the following coupling constants:

/

2
7; K'YQ.‘]' (7)

299’

2
g9 — (9/ +g2> K3, KZgg =

Details of the derivations of neutral triple-gauge boson
terms and the properties of the coupling constants in (7)
are given in [16,17].

3 QCD and QCD-electroweak matter currents
The general fermionic action in NCSM reads [1]

s0= [ a (lwpwwaww Fu) m)
+O(?), ®)
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where §#VF = GFV~P 4 QVP~F + GPF~Y is a totally anti-
symmetric quantity, ¥ denotes any fermion field, while
the corresponding representations R, for various fermion
fields are listed in Table 2 of [1].

We express the NCSM currents in terms of physical
fields starting with the left-handed sector. In (8), the rep-
resentation Ry, (V,,) of the SM gauge group takes the form

Ruy, (Vi) = g' Ay Y, + g BITY + g, GO TS (9)

The hypercharge generator Yy, can be rewritten as Yy, =
Qaup — T3.00p1 = Qaaown — I3,q00wn..- Lhen the left-handed
electroweak part of the action Sy can be cast in the form

Szp,ew,L = /d4(E (@L 1@ U, + @L J(L) EpL) R

J(L) = Qup,L Jl(g) ddown,L + qdown,L JQ(%) Gup,L (10)

_ L _ L
+ Qup,L Jl(l) Qup,L. + Gdown,L J2(2) Gdown,L>

where JI) is a 2 x 2 matrix whose off-diagonal elements
(Jl(g), J. (L)) denote the charged currents and diagonal el-

ements (Jl( ) J2( )) the neutral currents. After some alge-
bra, with gluons included (G, = G}, T§), we obtain

L)
1y =

+0(6%),

W+ + J12 (11a)

V2

EW + 50"+ 0(6?),

7y = (11b)

J11 = [e Qqup A

g .
T~ Qu, 0% 0)Z 0.

+ 75D L 0@6?),

L
T35 = [e Quupun A
_9
cos Ow

(12a)

(Tqu(lown,L - quown SinQ QW)Z + gs@:|

+J57 +0(6%), (12b)

where Jl(;“’e) and Jl(lf’e), (41)—(43) in [1], receive the fol-
lowing additional contributions from the inclusion of glu-
ons:

s WW*{ (G (8, + 8,) +2(0,6.)]

2v2
—iegs (Qqup - quown )A,,Gp

—ig
* cos Ow

X <(T3>q“p,L - T3~,qdown,L)

7(qulp - quown) SiIl2 0W> ZVG/’

+ig2 G.G,}, (13)
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5.
1 .10, —
50" {198 3,G,) 9,
2 = . 3
—9s [G/LGV O0p JF(@/)G#)GV] +ig; GLGLG,
—egs Qquy, [(0pA4,) Gy — Ay (0,G)]

Js (TS,qup,L - Qqup sin? HW)
Zu(0, Gy)]

 cos 0
x[(0,2,) G
2

9

+5 9 W,W, Gy +ieQq,, 92 A G, G, (14)

+i

QE(TB,qup,L - Qqup sin? QW) Zu G, Gp} s

cos Ow

while

i G (15)
J2(15,0) J(L )
under (W+ <~ W_7 Qqup A QQdown ’ T3

R
In this paper we use the notation (9,q =9, ¢) and (9,q =
—

79p)
For the right-handed sector g¢r represents ¢r €
{@up,Rs @down,r }, and the representation R, (V},) is given

by

<~ T3

squp,L )qdown,L)'

R(IR(V) g A + Yyr s G/tv (16)

with SU(3) fields included. Note that for the right-handed
fermions we have T3 ,, = 0 and Y, = @Q,. The right-
handed electroweak part of the action Sy,

SyewR = /d4$ (CTR i9 qr + qr J® QR) ,

J®) = [eQqA—eQq tanbwZ + gs & + J®&:0)
+0(6%), (17)

has the following additional gluon contributions to (48)
in [1]:

1 LV : =
TR0 200 {ig (9,G) D,

_ a2 3 . 3

g [G#GV 3, +(8PG#)GV] +ig? GGG,
—9seQq [(0,A,) Gy — A, (9,G0)]

+9s€Qq tanbw [(0,2,) G, — Z,(0, G,)]

+ig2eQq [A, —tanbwZ,] G, G,}. (18)

The full electroweak part of the action Sy ew = Sy ew,L +
Sw,ew,r takes the form given in (49) from [1]. As explained
there, the weak eigenstates (qup, ¢down) are transformed
into the physical mass quark eigenstates (u(®), d®).
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4 Yukawa terms

By an analysis similar to the one in the preceeding section,
one can show that the Yukawa part of the action,

Sy, Yukawa = /d4 Z {d( 2 (NV( i) +s N, (U)) d@)

,j=1
La® ( NYGI) 4 Nﬁ(ij)) ud)
+,a(z) (CV(U) + 75 OA(U)) d( 7)
+dD (C1D 445 0D ) )] (19)

contains additional gluon contributions to the neutral cur-
rents ((67)—(69) from [1]):

N;ﬂ(ij) .
—5 950 ML, (20)

o, h . h
X {—Gu ( » ) + [0, G, +1igs G,.G.] (1—!— v)}’

A,0(37) .
N7

1995 o 1) N
Zeony o T ZuGu |1+ ), (2
2 cos Ow down 13:taown. ZuG ( + . > (21)
as well as to the charge currents, (71) and (72) in [1],

V,0(¢
Cud (J)

199s h
_ o (14 2
o (1+3)
x [(VMdOWD)W) - (MupV)(ij)} G W,

A,0(i§
Coi ™ (22)
i99s h
299s guv (142
42 ( v)
x [(VMdown)“j) " (MupV)(ij)} G Wi

In the above, M) are the usual 3 x 3 diagonal mass

up, down
matrices defined in [1], and
que(ij) N;ZEG(H) B
N (Wt & W™, down — up),
NAOG) v p)

. 3 ¥
C;/u(”) _ (CL(U)(gHg)) ,

n

Cli(ij) _ (CA(”)(6<—>6>) 7 (23)

while V() are the standard CKM matrix elements.

5 Feynman rules

In this section, we list a number of selected Feynman
rules for the non-commutative QCD and non-commutative
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QCD-electroweak sectors up to the first order in # and up
to g2 order. Higher-order terms are not considered in this
work.

The following notation for vertices has been adopted:
all gauge boson lines are taken to be incoming; the mo-
menta of the incoming and outgoing quarks, following the
flow of the quark line are given by pi, and pout, respec-
tively. In the following we denote quarks by ¢ € {u(®,d®},
and the generation indices by 7 and j. In the Feynman
rules we use the following definitions:

Cv,q = — 2Qq sin 20w,
CAq = (24)
We also make use of (0k)* = 0"k, = —k,0"" = —(kO)*,
(kOp) = k,0"p, and OF7P = GHV P 4 GVPH L GPF Y

5.1 Minimal NCSM

The 6 corrections to vertices containing quarks are ob-
tained using (10) and (17). The Yukawa part of the ac-
tion (19) has to be taken into account as well, because it
generates additional mass-proportional terms which mod-
ify some interaction vertices. In comparison with the SM,
this is a novel feature. According to (4), the gauge boson
couplings receive # proportional corrections to three- and
four-gluon couplings.

First, let us define the three-gauge boson vertex func-
tion

93((/143 kl)v (V’ kQ)a (pa k3))
— (k10k2) [(k1 — k2) g + (k2 — k3)"g"”

+(ks — k1)" g™"]
— 0" [k} (koks) — kb (k1ks)]
— 0"P (kY (ksk1) — k5 (k2k1)]

— 071 (kg (k1k2) — kY (kskz)] (25)
+ (Oka)" [g"7 k3 — k5 KS] + (Oks)" [g"° k3 — k5 kY]
+ (Bks)” [g"7 k2 — KIRE) + (Ok1)" [9" k3 — kikS)

+ (0k1)” [9" k5 — kbS] + (0ka)? [g" K3 — K{RY]

which is the same function as in [1], but written in the
explicit form.

Similarly, the result of the four-gauge boson vertex
function is

@4((#, kl)a (Vv k2)7 (p7 k3)7 (U’ k4))

= (ksbks) (979”7 — g"79"")
+ 0" kS kY — g7 (kska)) + 077 (K5 kY — k5 EY)
—0"PIkS kY — 9" (kska)] — 0" [R5 Ky — g"" (kska)]
+ 0" [k5ky — g7 (kska)] + 077 (k5 kY — g (kska)]
T (Oks)" (K 97" — Kf 9"

(k5 7 — K5 ")

(K 077 ~ K 97)

(ks g7 — k5 g")
Oka)? (kS g7 — K% g7)

lo}
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— (02)” (1 977 — K ")
— (0k3)” (K g0 — Ky ")
+ (0kq)7 (K5 g7 — k5 g"°) .

The three vertices that appear in the commutative SM as
well are

® g

>“m u(h)

q

(26)

igs [’Yu - % K (Ouwp oy — O mq) | TS
=195 T§

(Pout 9)# (ﬁéin

—mgq)(0pin) ] T,

1
+§ s [(poutepin)/}/u - - mq)

- (ﬁout

o Gi(ks)
G (k2)

G, (k1)

Js fabc [g,uu(kl - kQ)p + gup(k2 - kS)/L
+ gpu(ki% — k1),

by 00 d™ Ou((p k), (o). (o k). (29)

The #-corrected gggg vertex takes the following form:
[ ]

G lks) G4 (ks)

Gg(k;;) Ga(kl)
193 {fabrcfcd:c (g,uagup
+facszd:r (guogup . guugpo)
+fadmfbcm (g,upgua _ g;uzgpcr)}
i abx jedx
+5 gf {f b d ¢ @4((.[14’ kl)v (Va kQ)a (pa k3)a (07 k4))

2
H(% kla CL) A (p’ k?ﬂ C)]
(07 k4a d)]

+[(,u,k‘1,a) <~
(p, k3, 0)] + [(v, ka,b) < (0, kg, d)]

+[(V7 k‘Q,b) L
+[(u, k1,a) < (p, k3, ¢), (v, ka,b) + (0, ks, d)]}.

Equations (10) and (17) describe the interaction ver-
tices involving quarks and two or three gauge bosons.
These do not appear in the SM. In the following we pro-
vide all contributions to such vertices with four legs and
the corresponding mass-proportional contributions:

G.(k1)

)

g"’g

(29)

® g

q Gﬁ(kQ)
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2
9s a
_5 {e;ujp (kf - kg) TSTg

+ 1[0 (0f, + K5) = Opmg] FO°TS),  (30)
® g A, (ky)
q Gy (k2)
1
— §gsqu Opvp (KY — K5) TG, (31)
N Zu(kl)
q Gy (k)
—€Js
T 20w {GW (K7 — k) (cvig — caqs)
+20uy mq CA,q’YE)} T§7 (32)
o ,® W, (k1) dW >§j:: W (k1)
dv) Gy (k2) u® Gy (k2)
—€J7s V;
_— 0,,(KP — kD) (1 — 33
ke <V> ot -y a-m)

My, (4) Mg a
— 1-— — 1 5 Ts.
elw |:<md<-7')) ( ) (mu“)) (+ ,YO):| } 5

Similarly, the five-field vertices qgWWg, qqvgg, qqZgg,
aqW~g, qqW Zg and qqW gg are extracted from (10) and
(17) as well. They have no mass-proportional corrections:

. q W (k) ,
e gS a
W (ks) —m@m (1—)Ts,
g Gplks) (34)
¢ q Au(kl)
i aobc C
G%(k2) _5695 Qqbuvp f beTs,
¢ = Gylks) (35)

503
* q Zur(kl)
>% Ga (k)
q G (ks)
: 2
legS aoc C
—mgw (cvig — caqys) f°°TS,  (36)
o L0 W (ky) do W, (k1)
>§§ Au(ko) Aulhs)
4 Go(ks) u® Go(ks3)
e’y Vij .
Vot (—V*) e (1 = 6) 25, 7
ij
¢ y® Wi (k1) dW) Wi (k1)
>%§; Z, (k) Z, (k)
Ao G5 (ks) u® Go(ks)
€2 g, cos By Vis “
m v Opvp (L —5) TS, (38)
ij
e O Wi (ki) dv) W, (k1)
>%L G (k) Gy (k2)
o) G (ks) u® G (k3)
s 2
—1€7; Vij abc e
m <‘;*> H/Wp (1 _'75) f b Ts. (39)
ij

The Feynman rules for pure QCD vertices, (27)—(30),
have already been given in [13].

5.2 Non-minimal NCSM

Here we give the Feynman rules for 6 corrections to the
gauge boson vertices Zgg and ~ygg in the non-minimal
NCSM introduced in [16]. Observe that the quark sector
is not affected by the change of the representation in the
gauge part of the action, and, consequently, is the same
in both models, the mNCSM and the nmNCSM one.

o Gh(ks)
G (ks)

Au(kr)
—2esin 29WK799 83((”7 kl)v (V7 k2)7 (P, kS)) 5ab’ (40)
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G (k3)
Gy (k2)

Zu(kl)
—2e sin20wK 749 Os((1, k1), (v, k2), (p, k3)) 6°°.(41)

The constants K are not independent, and they are
defined in (7), from where K745 = —tan 6wk, 4.

6 Conclusions

This article, together with [1], represents a complete de-
scription of the non-commutative standard model con-
structed in [2,16] and makes it accessible to further re-
search.

We have presented a careful discussion of QCD-
electroweak charged and neutral currents as well as a de-
tailed analysis of the Yukawa part of the NCSM action.
The NCSM action is expressed in terms of physical fields
and mass eigenstates, up to the first order in the non-
commutative parameter 6.

The novel feature of the NCSM presented in this article
is the presence of mixtures of gluon interactions with elec-
troweak ones. We again encounter the mass-proportional
corrections to the quark—boson couplings, stemming from
the Yukawa part of the action (19). These features are
introduced by the Seiberg—Witten maps.

With these interactions provided, together with [1], we
complete the analysis of all interactions of the NCSM ap-
pearing at the order 6, and hope that this will enable
further investigations leading to stringent bounds to the
non-commutativity parameters.
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