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Lorentz violation parameters and noncommutative scale
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We consider the noncommutative Standard Model that contains Lorentz symmetry violation as a subset
of the Standard Model extension. We introduce a constant electromagnetic field as a background to derive
mutual relations between the free parameters of both theories. As the Lorentz violation parameters of the
Standard Model extension are extensively explored in different experiments and many stringent bounds on
these parameters are available, we can find new bounds on the scale of noncommutativity of the order of a

few to tens of teraelectron volts.
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I. INTRODUCTION

The Standard Model of particle physics has achieved a
remarkable phenomenological success through the past
decades, but there are still unresolved various issues. Such
issues are often discussed in the context of new physics or
beyond the Standard Model theories. Meanwhile, the
Standard Model of particle physics as well as many other
theories for describing beyond the Standard Model respect
the Lorentz symmetry that is supported by many exper-
imental inspections. Although in the lower energy limit the
Lorentz symmetry is an almost exact symmetry of nature, it
is natural to study theories involving Lorentz symmetry
breaking. In fact, in the Planck scale, the Lorentz symmetry
violation arises through quantum gravity. However, irre-
spective of the underlying fundamental theory, there is an
appropriate prescription for considering both Lorentz and
Charge conjugation-Parity-Time reversal (CPT) violation
in the minimal Standard Model [1]. In the so-called
Standard Model extension (SME) the Lorentz violation
is assumed to be induced by a spontaneous Lorentz
symmetry breaking. Therefore, the Lorentz violated terms
in the SME contain Lorentz violated (LV) parameters that
are Lorentz quantities and act as constant backgrounds.
Furthermore, the SME preserves the observer Lorentz
symmetry, whereas the particle Lorentz symmetry is
violated. Meanwhile, the phenomenological aspects of
the SME have been extensively considered by many
authors [2] that have been led to very tight bounds on
the LV parameters [3]. Furthermore, noncommutative (NC)
space-time intrinsically breaks the Lorentz symmetry that
in many works has resulted from considering the NC effects
on the deviation in Lorentz symmetry invariance [4].
Moreover, the Lorentz symmetry violation in the non-
commutative Standard Model (NCSM) may be systemati-
cally compared with the SME to find various relations
between the LV parameters and the parameter of
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noncommutativity 6,,. Although the NC field theories
and their phenomenological aspects have been studied
for many years [5], the obtained tight bounds on the LV
parameters can provide new bounds on the value and even
the components of 6,,. Actually, such relations in the QED
and Higgs parts of NCSM and the SME have resulted in
more restricted bounds on the NC parameter [6,7]. Here, we
will study the Lorentz violation in the electroweak part of
NCSM to find the corresponding relations between the LV
and NC parameters. In this article, we briefly introduce the
Lagrangian of the SME and NCSM, respectively, in Secs. II
and III. The mutual relations among the parameters of both
theories are explored in Sec. IV. We study the components
of LV parameters to find new bounds on the value and also
the components of the NC parameter in Sec. V. Moreover,
we examine the time and location dependence of LV
parameters to give the location dependence of the NC
parameter in different experiments. In Sec. VI, we give a
summary and some concluding remarks.

II. STANDARD MODEL EXTENSION

The Standard Model extension provides a framework for
considering the violation of Lorentz symmetry via a
spontaneous symmetry breaking (SSB) at a fundamental
level. Regardless of the fundamental theory, it can be
constructed by taking all possible Lorentz violating terms
into account that preserve the gauge symmetry of the
Standard Model and to be power-counting renormalizable.
These additional terms are combinations of the ordinary
SM fields and parameters with Lorentz indices acting as
constant backgrounds that lead to particle Lorentz sym-
metry violation [1]. To this end, the Lagrangian density for
the electroweak part of the Standard Model in natural units
h =c =€y =1 can be introduced as follows:

1. o Lo
LM on =5 iLay"D, L, + 2 IRV DyRy, (1)

Fermion 2
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1
‘cgz\i/{xge = —ETI‘(WWW”"> - ZB/MJBW’ (2)

i A
Lt = (D) D'+ 124" =5 (6707, (3)

LM = —[(G)spLadRp] +H.c., (4)

Yukawa

where D, denotes the appropriate covariant derivative in

each term, A0,B EA(G_I;B) - (a;A)B, and W, and B,
are the field strengths for the gauge groups SU(2) and U(1)
with the gauge fields W, and B, respectively. In the
Higgs and Yukawa parts, ¢ shows the Higgs doublet
representation with coupling A and G;’s are the Yukawa
couplings. Meanwhile, the left- and right-handed fermions
are defined as

7
=) R (5)
Ia/) 1
for leptons and
, Ua ,
Ly, = ’ Ry = (Qa)rs (6)
A/ L

for quarks where A = 1, 2, 3 labels the flavors for each
generation, and Q is up- or down-type quarks. Now, we add
all possible Lorentz violating terms to the SM-Lagrangian
that preserve the gauge symmetries and are power-counting
renormalizable. These additional terms can be categorized
into CPT-even that preserves the CPT symmetry and CPT-
odd with the CPT symmetry violation. Therefore, the SME
Lagrangian can be introduced as follows: The fermion
sector

1 - < A - o
ﬁlgfl’?n:gl\;en = IE(CL)IMDABLA]/MDULB + l§<CR)ﬂyABRA}/”DDRB,
)

and
L:(F:erfn_iggd = _(aL)ﬂABl_’AyﬂLB - (aR)ﬂABRAyﬂRB’ (8)

where the free parameters c¢; and a; show the LV
parameters in the fermion sector for the leptons.
Meanwhile, the quark terms can easily be found by
replacing L and R, respectively, with L’ and R’ in an
appropriate manner [1].

The gauge sector

ECPT—even —

Gauge - (kW )yypaTr(Wﬂy WPG)

(kF)pw/mBlepa’ (9)

N I

and
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2,
Lehie = (ky) 4 Tr <W/1Wﬂ,, + 3 lgWiWﬂW,,>

+ (k1) € B;By, + (ko) W*, (10)

where the LV parameters in this sector are ky, kr, and k¢ ; »
and 7r mean the trace with respect to the SU(2) group.
Nevertheless, the real parameters k | , are associated with a
negative contribution to the energy, which leads to some
instability in the SME, and one may assume them to
be zero.

The Higgs sector

L CPT—even _ l

Higgs 2<k¢¢)ﬂy(D/¢¢T)Du¢+H'C-

1 1 .
_E(k(,bB)Wbe(bB;w —E(k(pw)””(ﬁ' Wyé, (11)
for CPT-even and for CPT-odd one has

Liresedd — i(ky ) p'D,g + Hee., (12)

where H.c. shows the Hermitian conjugate and k., kyp,
kyw, and kg denote the LV parameters in the Higgs sector.
Finally, the Yukawa sector can be cast into [1,8]

1 _
C%f;;f“ = D) (KL)W8"¢8”¢ - (h)ABLA¢RB

—iys(h')agLadRs
1 -

- E (HL)MDABLA¢GﬂDRB + H'C" (13)
for the CPT-even part, and the CPT-odd part can be
written as

L odd — —(I1) ,apLay, PR
- (JL>MABI_‘A7/57//4¢RB + H'C'7 (14)
where K;, h, ', H;, I, and J; are the LV parameters in
the Yukawa sector. The LV parameters that are introduced
in (7)—(14) are sensitive to different experiments. The

current bounds on the values of different LV parameters
are available in Ref. [3].

III. NONCOMMUTATIVE STANDARD MODEL

In noncommutative space-time, the coordinates are
operators that in the canonical version obey a noncommu-
tative relation as follows:

i€
[X4, x] = xfaxt — xaxt = i == (15)
NC

where Anc denotes the NC scale of energy, and 6* is a real
constant antisymmetric matrix that can be realized as two
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distinct constant vectors in a four-dimensional space-time.
These constant vectors obviously violate the particle
Lorentz symmetry that in turn relates the NCSM to a
subset of the SME. Meanwhile, based on the Weyl-Moyal *
product that can be defined as

(00 = exp (50 52 7))o

. (16)

y—=Xx

which in the leading order leads to

frg=F g+ 50°W0f 0,9+ 0@), (1)

one can construct the NCSM by two different approaches.
As in the NC space only for a unitary group does one have a
closed Lie algebra for generators of the group; therefore, in
the first approach the SM gauge group has been achieved
through a two steps spontaneous symmetry breaking from
|
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the U(3)x U(2) x U(1) symmetry group [9]. In the
second approach, by extending the algebra [10], one can
consider the SU(n) gauge group via Seiberg-Witten (SW)
maps [11]. However, to find the relation between NCSM
and SME, we consider the second approach in which
the symmetry group, the number of particles, the couplings,
and the gauge fields are the same as the SM in the
commutative space. To this end, one can define the whole
gauge potential V, in the noncommutative Standard
Model as

V,= Y+gZW Ta+gSZG,,bx)TS, (18)

where Y, T¢, and T% are the generators of U(1),, SU(2),,
and SU(3). with the corresponding nonphysical gauge
fields B,, W,, and G, respectively. Therefore, the full
NCSM action can be written as follows:

3 3

2 () L aaa(i X (i) L aaa(i 1 o ~w 1 N -

SNesM = /d4x g ‘I’(L>*1D‘I’(L) +/d4x g ‘I’EQ)*tl)‘I‘ge) —/d4x2—g,tr1FW*F” —/d4x2—gtr2FW*F”
i—1 i—1

= [atagtrabs b [ d(ooD,8) po (D) = () 4pu(®) = ipo () 4p0()1pu(®) w0 (®)

3 . . D g
+ / d“x(— S WL xp, (&) xed) + éQ*(pL(@)'*L(L’)))

ij—=1

where the hat denotes the field in the NC space that
can be obtained in terms of the corresponding field in the
ordinary space via the SW map. For the fermion fields,
Higgs field, gauge potentials, and the field strengths on
the NC space-time the corresponding relations can be
found in Refs. [10,12]. The matrices W/, G/, and G”
show the Yukawa couplings and tr;’s, and i = 1, 2, 3 show
traces with respect to U(1),, SU(2),, and SU(3),, re-
spectively, as is defined in [10]. Now we would like to
explore the Lorentz violation in the electroweak (EW) part
of the NCSM (NCEW). For this purpose, the electroweak
part of NCSM should be expanded up to the first order of 6.
To this end, one can introduce the corresponding action as
follows:

SNCEW = SFermmn + SGduge + Sl—hggs + SYukaWa (20)

As (19) shows, one can easily see that

K = | d4x<2‘i’(LA)*iﬁ‘i’(LA) + Z@;;%mgﬂ),
A

where ¥\") and ‘i’%‘) are the left-handed SU(2) doublets
and the right-handed SU(2) singlets for the flavor A,
respectively. To find the fermion part of action up to the
first order of @ the star product should be expanded in terms
of @ and the NC fields should be replaced by the ordinary
fields up to the first order of @ via the SW map. For
instance, for the first generation of the lepton fields ¥, =

=¥, + ‘I’E‘U where

can be obtained as

L;, er and up to the leading order ‘i’A

for the ith generation ‘I‘gl)

i 1 i 1 i
LE)] [B,W] = —EQ'Q”VB,,@L,(_) - EQHWW,J@DL(L>

i i
+20" (9B + gW,) (9B, + gW,)LY. (22)
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for the left-handed leptons and

i 1 i
ei[B] = ~ 390" B,d,c5 .
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(23)

for the right-handed ones. Therefore, the leptonic part of the action can be rewritten as

si’e%ton—/d“x(Z( L9+ L) w i(pS™ 1 ) » (LY

i

+ O(6%),

) DS+ AP e+ ! >)

(24)

in which for the vector potential in the NC space we have defined f/ﬂ =V, + il', where up to the first order of & through the

SW map one has

1
Fﬂ:lZQ"ﬁ{g’Ba+gWa,g’8ﬁBﬂ+g(9/;W”+g’Bﬁ,, +gWﬂ”},

with the field strengths B,, and W,

(25)

corresponding to the gauge groups U(1) and SU(2), respectively. By replacing (22),

(23), and (25) in (24) and expanding the star product up to the first order of € and after a little algebra one can find the lowest

NC corrections on the leptonic action as follows:

SNC

Lepton = /d4xZLL IDSML

/ d“xZL JB,, + gW,,)ipMLY)

1
-0 / d‘chLL 7*(¢/Byy + gW4,)iDMLY / d4xze ipSMell

1 —(i . i
—19””/d4xze§g)d3ﬂyll)we§g)

where DM shows the covariant derivative in the ordinary
Standard Model. The quark part of the fermionic action has
a similar structure to the leptonic part, which can easily be
obtained by inserting ¥, = L/,, R/, for the left- and right-
handed quarks with the appropriate SW map in the action
(21) [10].

In (19) the gauge part of the EW action is

1 1 . A
SGauge /d4 g tl'IF * FW /d4x2_gtr2F;w * 1,

(27)
with the following expansion for the field strength:
F,, =F, +Fl, +0(), (28)
where
F;w = g/B/u/ + ngn (29)
and
1 1 aff 1 af
F, = 59 {Fua- Fup} — 10 {Ve (95 + Dg)F,,}.  (30)

—50" / d4xZé%>y"g/BaﬂiD§Meg) +0(62),

(26)

|

By inserting the field strengths up to the lowest order in
(27) and expanding the star products one finds the EW
gauge action up to the first order of 6 in the NC space as

NC
SGauge

1 1
= / d'xB,,B" 2 Tr / d*xW, W

— g0 Tr / d*xW,, W, Wre.

The NC action for the Higgs field in ([10]) is

50— [ @50(DB) wpu(D4D) ol ) # ()
= Apo(®) T po (D)) % (po (@) % po (D)), (32)

where up to the lowest order of 8 one has
po(®) = b+ po(¢") + O(6%), (33)

with
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po(¢') = —%9”/” (9/'Ba+ gWa)Oph + iié"’” (9'Ba+ gWa)(9'By + gWpy)h. (34)
By retaining all terms in the action (32) at the leading order of the expansion in @ one can easily find
Shiges = / d'x((DMG) DM — k2 — A¢7h) (¢7)) + / d'x((D;Me)" (DSMﬂpowl) + %eaﬁa{,waﬁfﬁ + m)
+ <D§Mpo(¢') + %eaﬂaavﬂa,,qs + rﬂ¢) TDSMﬂ(p
+ %Mzé”‘”qﬁ* (9B + gW,u) — 2107 T p(D3M$) (DM p)) + O(6%). (35)

For the NC-Yukawa action, we only consider the leptonic part while the quark part can be obtained by replacing the
corresponding fields with the leptonic ones. In this case, the action is

e = [ (ZWU Lo >>*é§{>+é§§>*<pL<<i>>**L2f>>>), (36)

where by keeping only terms up to the first order of # and using the appropriate representation for p; [10] the action (36)
leads to

SI\}IEkawa = S§(11\.1/Ikawa / (Z W <(Ll (LleL (¢ )) (Lilqb)ell? + liguﬂaaLlLaﬂgbefe + e;? (¢TLIIAI)
+ek(pL(0')'Ly) + 2§ ('L1) +i 59"/’8aé§e3/;¢'L"L>), (37)

|
which S$M _is defined in (4) and L(L1> and eg) are givenin  where with respect to the left- and right-handed fields

(22) and (23). The total action through the NC-parameter  J — (‘ VS)W and R = (1+75)U,, one has
0,, violates the particle Lorentz symmetry, which can be

considered as a subset of SME. Now we are ready to [CPT—even
explore the mutual relations between the LV parameters

and the NC parameter.

A= A <
= i5 Py D'y — iz dypy'y’ Dy, (39)

where
IV. LORENTZ VIOLATING PARAMETERS o = 1 (cL) + 1 (cz) (40)
IN TERMS OF NC PARAMETER o e T SR
In the previous section, the electroweak part of the d :l(c ) —l(c ) (41)
NCSM has been introduced up to the first order of the NC- w N R

parameter. Since the parameter of noncommutativity is a
constant tensor, consequently each sector of the action
violates the Lorentz symmetry. Therefore, it is sensible to
have some relation between the NCSM and the SME. In the
following subsections, we explore the mutual relations LYC =i
among the parameters of both theories in each sector.

Meanwhile, the fermion part of the NCSM Lagrangian
density up to the first order of € can be written as

(1), [B, WILy*DVL

| —

! 5 .
+i5 (cr)w[BIRy*D*R + o), (42)
A. Fermion sector

. . . in which in terms of the flat space metric
In the fermion sector, the Lagrangian density for the P v

CPT-even part of the SME is 1
| (CL);w[B’ W] = _Eeaﬁ(g/Baﬁ + gWaﬁ)n;w

) _ <~ ) 1 _ <—>y
= i3 () Ly DL + 15 (ca) RY"D'R, - (38) =0 (9 Bua + IWia), (43)

L:CPT—even
F 2
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and
1
(CR)/W[B] = _Egaﬁngaﬂn;w - gayg/B/mv (44)
or in a similar way as is defined in Eq. (39),

1
Cuv [B’ W] == Zeaﬂ(z.g/Baﬂ + gW{lﬂ)r]ﬂU

1
- Eeau(ZQ/B/m + gWﬂa)’ (45)
1 af 1 led
d;w[W} = _19 QWa/ﬂ?,w - 59 qu;m- (46)

It should be noted that c,, [B, W] and d,,[W] as defined in
(45) and (46) are not the usual LV parameters ¢ and d,
respectively. In fact, they depend on the dynamical fields B
and W, which are the gauge fields before spontaneous
symmetry breaking. Therefore, to find the appropriate LV
parameters from (45) and (46) one should perform the
following steps:

(1) Replace the gauge fields B and W with the physical

fields A and Z as follows:

we _WLFWE o —gB,+ oW
" V2 s /gz + g2
B, +dW,
and A”—g ”2 g /2”, (47)
gty
and for the field strength tensors
B,, = cos0,A,, —sind,Z,,, (48)
W3, = sind,A,, +cos6,Z,, (49)

where 6, is the Weinberg angle.
(2) Introduce a background electromagnetic field A,’j,,
viaA,, — Afjb + A, in (45) and (46), which leads to

3 3
¢, [A%] = gsind, (— 1 OPAL i — 3 Q“UAZO,) ,
(50)

and

. L.
d,,[A"] = gsiné,, (—19 ﬂAZﬁnW 5 .

g >
(51)

where the LV parameters are obtained in term of the
NC parameter through the electromagnetic back-
ground field A”. In fact, (50) and (51) show that
in the presence of the NC background the LV

PHYSICAL REVIEW D 96, 075017 (2017)

parameters in the fermion sector arise only when
there is a background electromagnetic field. Mean-
while, as the NCEW respects the CPT symmetry,
the coefficients a,(L, R) in this sector are absent.

B. Gauge sector

There are two versions for the gauge sector of the NCSM
as is given in (27). The origin of freedom in the gauge
sector is due to the fact that the commutator of two gauge
parameters does not form a closed Lie algebra in non-
commutative space. The only exception is the fundamental
representation of the U(N) group. Therefore, for the gauge
group of the Standard Model one needs to extend the
algebra, which leads to an infinite number of undefined
parameters. They can be limited to the right number of
fields and parameters via Seiberg-Witten maps, which
themselves cannot be uniquely determined in the model.
However, these many degrees of freedom lead to a freedom
in the kinetic term of the gauge fields. In fact, gauge
invariance alone is not enough to pick one of the possible
choices [13]. In the minimal noncommutative Standard
Model (mNCSM), which has minimal modification with
respect to the ordinary Standard Model, there is no cubic
self-interaction term for photons. In this case, where
tr; Y3 = 0, there is not any LV coefficient for the gauge
sector from mNCSM in comparison with the SME.
However, if one uses the freedom in the choice of trace
for the gauge fields, as a nonminimal version of NCSM
(nmNCSM) one has [13]

SnmNCEW
Gauge

1
= Sgal.\lll(égw + ¢°K,07 / d*x (ZB,DGB#V - B#ﬂBun) B

1
+ ¢ K, 0°° / d*x KZ B,,Wi,—B,, W;‘(,> Whv-a c.p.] ,
+0O(6%), (52)

where x| and k, are constant parameters, c.p. denotes the
cyclic permutations of field strength tensors with respect to
the Lorentz indices, Sghce " is given in (31), and the field
strengths B, (=B, Y) and W, (=W}, T{) are

B, =0,B,—0,B,,
W, = 0,We — 9,Wi + ge®* WhHWr¢. (53)

Now, the triple photon coupling can be extracted from (52)
by rewriting B, and W, in terms of the physical fields as

LomNCGuEe _ € G 20, K, 007 (A Ay — 4A, )AL ) AR,

1444

(54)
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with

1
KYW = Egg/(Kl + 3K'2). (55)
Meanwhile, ZZy and WWy interactions can be obtained as

LopNCaaee Zsin 200K 1,00 2% (22,1, 2,0 — Z 7 )

+8A,,2" 2,y — ApoZ,, M), (56)
with a similar expression for E;;nuljf Gauge 1y replacing Z by
W and Kz, by Ky, where

-1
Kzz, = 59 + (¢ =207, (57)

299

and

PHYSICAL REVIEW D 96, 075017 (2017)

g
Kww, = _279/ 9% + ¢k (58)

Therefore, in the presence of the electromagnetic back-
ground, A, — Afj,/ +A,, in each NC Lagrangian term,
which in comparison with the CPT-even gauge part of the
SME as

1

1
‘Cgi"l}“g—eeven = Z (kW );wpa WHWPe — Z (kF );wpaAﬂyA/m P (59)

where W = [Z, W%, one finds all appropriate LV coef-
ficients for this sector as follows:

(k)7 AP] = —8egr (ALY + 160° (AP
+ 32e0% (AP P, (60)

where by rewriting (60) as

(kp)re[AP] = —2600° (AP )™ + 4e6° (ALY + 8e@7 (ALY # + 26007 (AP)H — 4e0 (AP) — 8e0/™ (AP)Y

+ 2607 (AP — 4e0P (AP0 — el (ALY

° — 26077 (AP 4 4e0 (AP)C + 8ed (APY . (61)

one can see that the tensor k has the properties of the Riemann curvature tensor and zero double trace. Meanwhile, in a

similar way one has

(kz)r7[A%] = 8e6P (AP —

166647 (AP — 326/677 (AP 7,

— 28/9/)(;(1417);41/ _ 48191/0'(Ab)/4p _ SS/GAU(Ah)”ﬂ’]W _ 28/9/)6(Ab)uu + 48/9””(1417)”/) + Sgleﬂa(Ah)uﬁnW)
_ 28/6{7/)(Ah)ﬂl/ + 4£/9D/)(Ab)}l0' + 88/9)“/)(14}])”/17’]”7 + 2819/)6(Ab)uu _ 46/9/4/)(Ah)w; _ 88/9)‘/)(14}})”/17]”6, (62)

and

(kwi )/wpa[Ab} — 88//9/)0-(Ab);w _ 168//0110(Ab)/4p _ 3261/925(Ab)/4/1’7vp,
— 28//9;)5(Ab);w _48//9110(Ab);4p _ 88//910(141));41”14) _28//9pa<Ab>y,u +4€//9/45(Ab)up + 88//9/10(Ab)vﬂ,,ﬂp
—2¢"g0r (Ab)/w +48//9yp (Ab)/w + 88//9@ (Ab)ﬂﬂ,]ud + 28//9p6(Ab)l/[4 _48//9/4/)(1417)1/6 _ Sgl/eip(Ab)ulnﬂa’ (63)

e
where ¢ = 4sin 2¢9wKW,

¢ = ¢sin20,K;z,, and £ = ¢sin26,,Kyy,. One should note that by replacing ¢ — 32¢ in (60)

the result given in [6] for the QED part of SME can be rederived. As one expects, the k, parameter in this sector is absent.

C. Higgs sector

In this sector the NC-Higgs action is

oo = [ @D D9 -8 =20 DD+ [ 30,0 (D001 + J090,v0009 79 )

1 i 1 . . y
(D)4 5070,0,000 4 T8 ) D9+ 30208 B+ W) — 109 9D, (D) )

+ 0(6?),

(64)

where after a little algebra by inserting I', from (25) and po(@p') from (34) in (64) one has
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1 NN !
LN = (—EewaaBﬂ - MG"”Qﬁ'g{)) (Du$)" D,
1 ;
+ (1/3\/ 9>+ gz@””)«ﬁ'f/)BW

\/z
+ (_TQﬂzg;u/) ¢TWMU¢' (65)
By replacing W and B in (65) with A and Z and by
comparing the obtained Lagrangian with (11), one can
easily read the LV parameters in this sector as

(kgqﬁ)lw[Ah} = _eayaaAhﬂ’ (66)
(kg1 4) = 20707, (67)
(ktﬁB);u/ - \/ 912 + 92 Hvs (68)
and
2
<k¢W>/4b = _ggﬂzguw (69)

where we have written ky, in terms of symmetric and
antisymmetric parts as (kg )[A, ¢] = (k§,)[A] + i(kj,[¢]).
We also set (¢'¢p) = v? where v is the vacuum expectation
value of the Higgs field after SSB. These parameters have
already been introduced in [7].

D. Yukawa sector

For the Yukawa sector, we first substitute (22) and (23) in
the NC Yukawa action. Then, by using the SW map given
in [10] and after some manipulations, the action up to the
first order of @ leads to

3 .
/ d*x Z Wi ( EQ"”ig’B,w] (Li gpel)

+ [202](D,LLD.gel) + [10/B.] (D, L gel)
[0 (=3¢ B, +2gW,) (L} D,defy) ) +Hoc.,
(70)

NCSM _ ¢SM
SYukawa S Yukawa

for leptons and a similar relation for quarks. As (70) shows,
only the first term in the NC corrections can be cast into a
power-counting renormalizable form and can be compared
with its counterpart in the SME. By comparing (70) after
SSB with (13), one can find the coupling constant £ in the
NC space as follows:

1
h[A?] = 1 —~60"g cos6,Ab, (71)
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where A%, is not a dynamical field and it should be
considered as a constant background the same as the other
LV parameters. Therefore, for a constant magnetic field
about 1G and A ~ 1 TeV, the LV parameter 1 ~ 10727 that
is minuscule is the same as the other LV parameters.

V. THE COMPONENTS OF LV PARAMETERS

In the previous section, we have found the LV parameters
in the electroweak part of the SME in terms of the NC
parameter. These relations can be used to find new bounds
on the value of free parameters of each theory from the
existing bound on the other theory. However, the SME free
parameters are extensively examined, and there are strin-
gent bounds on each component or some combinations of
LV parameters [3]. Therefore, by studying these compo-
nents new bounds on the NC parameter is expected. To this
end, we define the electromagnetic background Aij where
the Lorentz indices are T and I = X, Y, Z as follows:

A (ATX’ ATY’ A?‘Z)
AIJ - (A}})’Z’ A%X’ AXY)

(EX7 EYa EZ)
(Bx. By.Bz). (72)

and for the 6,

Qt = (HTXv QTY’ gTZ)v

0, = (eYZaazX’eXY)’ (73)
where 0, and 6, are the time-space and space-space compo-

nents of the NC parameter, respectively. Consequently, for
instance, cyy, Cyy, and ¢z, from (50) are

Cxx = a[_eTYEY - eTZEZ + eYZBX]’ (74)
Cyy = (Z[—HTXEX - HTZEZ - QXZBY]’ (75)
CZZ = a[_eTXEX - eTyEy + HXYBZ]’ (76)

and a suitable combination of the LV parameters for the LV
experiment as ¢y = cyx + Cyy — 2¢zz, which lead to

CQ = (Z[eTxEX + GTYEY — 29TZEZ
+ OyzBx — OxzBy — 20xyB], (77)
wherea = —3 g sin 8,,,. The other important components and

their relevant comblnatlons for the fermion part are given in
Table I and for the other sectors are found in Appendix A. As
Table I shows, the bounds on the components of 6,, can
easily be obtained as shown in the third column of Table 1.
The Lorentz violating parameters are defined in a non-
rotating frame. Since the laboratory frame rotates with the
Earth’s rotation, the LV components should be time and
location dependent. Therefore, similar experiments in
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TABLE I. The LV components in the fermion sector. @ = —%gsin 0, and f = —%gsin 0,

Parameter NC correspondence Bound System
Cx a[~OryEy — 077E; + 6y, Bx] 10-13 Astrophysics [16]
Cy a[~0rxEx — 0rzE; — Ox;By] 10715 Astrophysics [16]
Yz alfrzEy — Ox7B7] 1071 Astrophysics [16]
zy alfryEz + OxyBy] 10716 Astrophysics [16]
7z a[-07xEx — OryEy 4 0yyBy] 10715 Astrophysics [16]
crr a[~OxyBz + OxzBy — Oy;Byx] 1071 Collider Physics [17]
Cry alfyyEx — OyzE7] 10-15 Collider Physics [17]
cyr al0rxBz — 0r7By] 10-1 Collider Physics [17]
1z al0xzEx + OyzEy] 10-13 Collider Physics [17]
Cry alOxyEx — OyzE7] 10777 IceCube [18]

Cyz + ¢y al0rzEy — 0xzB7 + OryE; + OxyBy] 1072 Comagnetometer [14]
Cxz +Cox al0r7Ex + 0y;B; + 0rxE; + OxyBy] 1072° Comagnetometer [14]
Cxy + ¢vx al0ryEx + OyzBy + OrxEy — Ox7Bx] 10 Comagnetometer [14]
Cxx — Yy a[~0ryEy + 0y;Bx + OrxEx + 0x,By] 107% Comagnetometer [14]
cH alby;Bx — 0x,By — 20xyB;| 1072 Cs/Hg clock comparison [19]
ch al@yzBy — 0y, By — 260xyB] 1072 Be clock comparison [19]
dyx Pl=0ryEy — OrzE; + OyzBy] 10714 Astrophysics [16]
dy, PlOrzEy — 0x2B7] 101 Astrophysics [16]
dz; Pl—0rxEx — 0ryEy + OxyBy] 1071 Astrophysics [16]
dix Bl—OxyEy — OxzE;] 10714 Astrophysics [16]
dfy PlOxyEx — 0yzE;] 10715 Astrophysics [16]
diz BlOxzEx + OyzEy] 10777 Astrophysics [16]

different places should lead to some discrepancy that is
caused by the noncommutativity. To this end, one needs
some relation between the nonrotating basis (X, Y, Z) and
the rotating one (x, y, z) where Z is along the north direction
parallel to the Earth’s axis and z is normal to surface of the
earth, as follows:

cosycosQt cosysinQt —siny X
y | = —sin Q¢ cos Qt 0 Y|,
Z sinycosQt sinysinQt cosy Zz
(78)

where Q = 27/(23 h 56 min) is the Earth’s sidereal rotation
frequency and y is the angle between Z and z [14,15]. By
transforming the timelike and spacelike vectors of the
tensors 6, and A,’j,, as are given in (72) and (73), one has
|

Ab = B, = cos y cos QiBy + cos y sin QtBy — sinyBy,

Al = B, = —sinQiBy + cos QiBy,

Al = B, = siny cos QtBy + sin y sinQtBy + cos y B,
(79)

and

Al = E. = cos ycos QtEy + cos y sin QtEy — sin yE,

Al = E, = —sinQtEy + cos QiEy,

Al = E. = siny cos QtEy + siny sin QtEy + cos yE,
(80)

with similar relations for the 6,, components. Meanwhile,

the components of LV parameters depend on the time and

location via 6,, and Azu dependency. For instance, the
combination ¢y, + ¢,y leads to

cyz + czy = a{ =0, E, sin 2y sin Qt — , E, sin y cos Qt — 0, E_(cos? y — sin? y) sin Qt + 0, E (cos® y — sin? y) sin Qt

+ 0, E, cos y cos Qt + 0, . E sin 2y sin Qt — 0, E, sin y cos Qt + 0, E, cos y cos Qt + 0, B, sin 2y sin Q¢

— 0,.B_(cos? y —sin® ) sinQr — 6, B, (cos? y — sin’ y) sin Q¢ — 6, B, sin 2y sin Qr + 6, B, sin y cos Qt

—0,,B,cos ycos Qt + 6, B, siny cos Qt — 0,,B, cos y cos Qt},

(81)
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TABLE II. Location dependence of the nonzero LV parameters in the fermion sector. Here, « = — % gsind,, and

the electric field has been ignored.

Parameter NC location dependence

Crr o{-(0-B),—(0-B),—(0-B).}

Cxx a{ycos’y(0- B), +5(0-B), +5sin’x(0- B)_ + ysin2y(0,B. + 0.B,)}
Cyy af{jcos? y(0- B), +3(0- B), +3sin? (0 - B), + ;sin2x(6,B, + 6,B,)}
Czz a{sin’ (0 B), + cos? y(0- B), — 3sin2y(6,B, + 0.B,)}

Cxy a{isiny(0 x B), —1cos (6 x B). }

Crx a{—%siny(0 x B), +1cos y(6 x B) .}

o af(cos? y —2sin’ x)(0- B), + (0 B), + (sin® y — 2cos® y)(6 - B),

+3sin2y(0,B, + 6.B,)}

where its time average is zero as sin Qf = cos Q¢ = 0. All
time and location dependence of the LV components and
their relevant combinations are given in Appendixes B
and C. However, the nonzero parameters after the time
averaging for the fermion and Higgs sectors are presented
in Tables II and III. In Table II, for simplicity, the NC
location dependence is given in terms of the physical
parameters in the rotating frame. For this purpose, the

magnetic vector in the rotating frame is B = (Ab AL, AD)

which is obtained from (79) and similarly for the vector

-

0= (0,,.6.,.0,,) in the same frame as

0, =0,,=cosycosQify; +cosysinQitl;x —sinyOyy,

92 = 92){ = — Singtgyz +COSthzx,

03 =0, =sinycosQtby, +sinysinQr6,y +-cosybyy, (82)
TABLEIII. Location dependence of the nonzero LV parameters

in the Higgs sector. Here, a = —14°\/¢”? + ¢ p = —49/42,
and y = 2107,

Parameter NC location dependence
(kr/zB)Tz a{—siny0,, + cos y0,.}
(k¢B)XY 0({— Sin)(ayz + COS){QXy}
(kyw)17 p{—siny0,, +cos y6,. }
(kqﬁW)XY ﬁ{_ Sinxeyz + COS)(exy}
(Kjy)rz r{—siny0,, + cosx0,.}
(k) xy y{—siny6,, + cos y6,,}

which leads to 0-B = 6,4 + 0,A%, + 0;AL, in
Table II.

Nevertheless, to find the bound on the components of
0,,,» one should precisely examine how the electromagnetic
background field affects the system under consideration.
One of the experiments that leads to valuable bounds on the
NC parameter is the clock comparison test. In such a
system:

(1) The background electric field is usually of order
of 10 V/cm ~ 10722 GeV?, which is much smaller
than the background magnetic field of order of
0.1-1 T~ 107710716 GeV? [14]. Therefore, the
electric field can safely be ignored.

(2) Although the parameter of noncommutativity 6 is
fixed, the magnetic field rotates with respect to the
fixed frame,

By = cos y cos QiB, —sin QB + sin y cos Q1B
By = cos y sin QtB, + cos QtB, + siny sin QtB.,

B; = —sinyB, + cosyB._, (83)
where y = 118° is the angle between the magnetic
field and the Earth’s axis of rotation in the Cs/Hg
clock comparison test [19]. In this experiment
the time average By =By =0 while B, =
—0.88B, — 0.46B,. Therefore, for (B,,B,,B,) =
(0,0,B), one has B, = —0.46B, which puts a
bound on Oyy as cy = a(0.92B)0xy ~107% or

TABLEIV. NC bounds from the clock comparison experiment for the fermion’s LV parameters |55 < 10727 GeV and |d5| < 1022 GeV
where J = X, Y as is given in [3]. The corresponding nonzero parameters in the NC space lead to b; = —md,;r and d; = m(dr; + %d”)

where m is the mass of the fermion.

Parameter NC correspondence Experimental bound Bound on 6

dsr pl—0ryBz — Or7By] 2x 107 |07y] < (10 TeV)~2
dyr BlOrxBz — O17Bx] 2x 107 |07x| < (10 TeV)~2
dy +5dsr Bl=OxyEy — OxzE7] + 5 p[=0ryB7 — O71;By] 2x 107" |0ry| < (10 GeV)~2
diy + %dXT Pl=OxyEx — OyzE7] + %ﬁ[gTXBZ — 07z By] 2% 107" |0rx| < (10 GeV)™?
ch a(0yzBy — OxzBy — 20xyBy) 107% |Oxy| < (10 TeV)™?
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|0xy| < (10 TeV)~2 for B ~ 1 T. For the other clock
comparison tests available in Ref. [3], one can put
new bounds on different components of the NC
parameters as is given in Table IV.

VI. CONCLUSION

We considered NCSM as a subset of SME to find the
mutual relations between the parameters of both theories.
For this purpose, the electroweak part of the NCSM up to
the first order of the NC parameter has been expanded by
using the SW maps. Although #-dependent terms violate
particle Lorentz symmetry, except in the Higgs sector, they
have not any counterparts in the SME. Consequently,
NCSM is considered in the presence of a constant electro-
magnetic field as a background. Subsequently, a lot of
relations between the LV parameters and the NC parameter
in each sector of the SME have been found in Sec. I'V. For
the Yukawa sector, we found a power-counting renorma-
lizable term that violates Lorentz symmetry and is propor-
tional to the NC parameter. This term in a background field
about 1G and for A ~ 1 TeV leads to the corresponding LV
parameters of the order of 10727, which is very small like
the other LV parameters. In Ref. [3] the latest bounds from
many precise measurements on the components or some
combinations of LV parameters is collected, which led to
new bounds on the components of NC parameter or some
combinations of ,, components as is given in Tables I and
I'V. For instance, in the clock comparison test a bound of
order (10 TeV)~™ can be found on the |fyy|. We also
explored the time and location dependencies of the LV
parameters to obtain the location dependence of different
experiments on the NC parameter as is found in Tables II
and III

APPENDIX A: THE COMPONENTS
OF LV GAUGE PARAMETERS

In this appendix, we derive all the LV parameters in
the gauge sector that are related to the kr in terms of
the NC-parameter and the electromagnetic background
fields.

- 2
k=73 [(kp)TXTX 1 (k) TYTY 4 (k) T272)

17

— _T6 [QTX(Ab)TX + gTY(Ab)TY + GTZ(Ab)TZ}
1

— _l6 [HTXEX + HTYEY + HTZEZ],

. (A1)

k= (kF)TYXZ
— _8€9XZ(Ab)TY + 1689YZ(Ab)TX

= —8e0*“E" + 160" EX, (A2)

PHYSICAL REVIEW D 96, 075017 (2017)

k2 — (kF)TXYZ
— _8€9YZ(Ab)TX + 16€9XZ(Ab)TY

= —8e0"ZEX + 16e0X7E", (A3)

k3 — (kF)TYTY _ (kF)XZXZ
= 240" (AP)TY + 24£07X (AP )X2 — 326677 (AP)T2
+ 32607X (AD)XY
= 24¢0"VE¥ — 24¢0”X BY 4 326077 EZ — 32¢0%Y B,
(A4)

k4 — (kp)TZTZ _ (kF)XYXY
= 246077 (AP)TZ — 2460X7 (AP)XY — 320" (AP)TY
+ 32607X (AL)X7
= 24¢0"7EZ — 24e0"" B + 326077 EY — 32¢07¥ B,
(AS)

K= (kF)TXTY + (kF)XZYZ
= 240" (AP)TX + 24607%(AP)XZ — 32607 (AD)XY
= 24e0"VEX — 2407 B — 3260%V B, (A6)

k6 _ (kF)TXTZ _ (kF)XYYZ
— _889TZ<Ab)TX _ 889YZ(Ab)XY

= —8e0TZEX — 8¢0"ZB7, (A7)

k7 —_ (kF)TYTZ + (kF)XYXZ
— —SEQTZ<Ab)TY _ 8€€XZ(Ab)XY

= —8e0TZEY — 8¢0Y?BZ, (A8)

k8 — (kF)TXXY + (kF)TZYZ
= 240" (AP)TX 4 246077 (A")T7
= —24¢0" EX 4 24¢0"7E7,

k9 — (kF)TXXZ _ (kF)TYYZ
— SSQXZ(AIJ)TX _ 8€9YZ(Ab)TY

= 8e0XZEX — 80" ZEY, (A10)

klO — (kF)TYXY _ (kF)TZXZ
— _8£9XY(Ab)TY + 8€9XZ(Ab)TZ

— —8e*VEY + 8e*ZEZ, (Al1)

where ¢ has been introduced in the gauge subsection
of Sec. IV.
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APPENDIX B: TIME DEPENDENCE ON LV PARAMETERS

In Sec. V, 6,, and Azy were introduced in terms of their electric- and magnetic-like components and, subsequently, their

time and location dependence. Here, by using these relations we give the time dependence of the LV parameters in the
fermion and Higgs sectors of the SME.

(i) Fermion sector
The time dependence of all components and some of their important combinations in the fermion sector are as follows:

Crr = a{_gyzAfz - gxyA,Iéy - ezxA?x ’ (Bl)

1 1 1
Cxx = a{ —0,, AL (sin’y + cos?ysin’Qt) — EH,XAtby cos y sin2Qt + 3 0,, AL sin 2ycos>Qt — 5 6,,A?, cos y sin 2Q1
1 1 1
- 0,,Ab cos>Qt — 3 0,,A?, siny sin2Qr + 5 0,,Ab, sin 2ycos>Qt — 5 0,.Ab, siny sin2Qr — 0, A? (cos’y + sin’ysin®Qr)

1 1 1
+ 0,, A% cos?ycos?Qt — EQyZAfx cos y sin 2Q + 3 0,.A%, sin2ycos?Qr — 3 0.,Ab, cos y sin2Qt 4 0, AL sin’Qt

1
0,,A, sin y sin 2Qt + nyAfgysinzxcosth}, (B2)

1 1
- EeZXAfgy sin y sin 2Q¢ + 3 0,,Ab, sin2ycos*Qt — 5 O AL

1 1 1
_ b (cin2 2,002 b . b o -2 b ~
Yy — Y ix A Vtxidt A Vtxt A VtyAx
Cyy a{ 0, Al (sin“y + cos*ycos=Qr) + 29 A}y cos y sin 2Qt + 26 A7, sin 2ysin“Qf + 26yA cos y sin2Q¢
1 1 1
— 0,,A%,sin*Qr + 3 0,,A?. sin y sin 2Qr + EH,ZA& sin 2ysin’Qt + EH,ZA?), sin y sin 2Q¢ — 0,, A% (cos?y + sinycos>Qt)
1 1 1
+ 0, A% cos’ysin’Qr + 3 0,.Ab, cos y sin 2Qt + EQyZAfy sin 2ysin®Qr + 3 6., Ab_ cos y sin2Qt + 0, A%, cos’Qt

1 1 1
+ =0, AL, sinysin2Qt + =0, AL sin 2ysin>Qr + - 0,, A%, sin y sin2Qt + 0,,A% sinysin®Qt ¢, B3
5 Verllny 7 Vayfhyz 7 eyl vAxy

1 . 1 . . . 1 .
Crz = a{—@,foxcosz)( - EGZfoZ sin2y — 0,,A, — > 0,.Ab sin2y — 0, Al sin’y + 0, Ab sin?y — EeﬂAfy sin 2y

1 .

- EHXyAfZ sin 2y + GX},Afiycosz)(}, (B4)

crx = af0,, A sin 2y sinQt + 0, A?, sin y cos Q1 + 0, AL, (sin? y — cos? y) sinQt + 60,, Al (sin? y — cos? ) sin Qz
— 0,,A% cos y cos Qt — 0, A7, sin 2y sin Qr + 0, A, sin y cos Qr — 6, A?, cos y cos Qt}, (B5)

exr = a{0, A%, sin 2y sin Q1 + 6,,A%_ siny cos Q1 + 0,, A% (sin? y — cos? y) sin Qz + 6, A% (sin? y — cos? y) sin Q¢
- 0,,A%, cos y cos Qr — 0, AL sin2y sin Qt + 0, A%, sin y cos Qr — 6, A, cos y cos Qi}, (B6)
cry = a{0,. A} siny sinQr — 6, A} cos Qt + 6,,A}, cos Qr — 0,, A}, cos y sin Qr — 0, A, siny sin Qz + 6, A, cos y sin Qr},
(B7)
cyr = a{0,A%, sinysinQr — 0, Ab_cos Qt + 6,,A%, cos Qr — 0,,A%, cos y sin Q1 — 0,, AL, siny sin Qr + 6, A%, cos y sin Qr},
(B8)

1
Crp = a{eyZAfxcosz;( sin 2Q1 + 6, A%, cos y(cos*Qt — sin®Qr) + EHNAZ sin 2y sin 2Q¢ + 0, A% cos y(cos’Qt — sin’Qt)

1
— 0,,A}, sin2Q1 + 0, A7, sin y(cos’Qr — sin®Qr) + ngyA?x sin 2y sin 2Q1 + 6,, A%, sin y(cos*Qt — sin*Qr)

+ 0,,A? sin’y sin ZQI} , (B9)
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1
Cor = a{e,xAi’zcosz;( sin 2Q1 + 6,,A%, cos y(cos*Qt — sin*Qr) + EH,ZAi’,Z sin 2y sin 2Q¢ + 6,, A%, cos y(cos*>Qt — sin’Qt)
1
- 0,,AL, sin2Q1 + 0,. A%, sin y(cos?’Qr — sin*Qr) + EQ,XA?V sin 2y sin 2Q7 + 6,,A%, sin y(cos*Qt — sin?Q1)

+ 0,,A%,sin’y sin 2Qt} , (B10)

1 1 1
Cxy = a{i 0, A% cos’y sin 2Q1 — 6, A}, cos ysin>Qr + 1 0,, A%, sin 2y sin 2Q1 + 6,,A?, cos ycos* Qi — 5 0,,A%, sin 2Q1

1 1 1
+ 0,,A%, sin y cos 2Qr + 1 0,.A%, sin 2y sin 2Qr — 6,, A%, sin ysin®Qr + 5 0,.Al.sin%y sin 2Qt — 3 6,.Ab cos?y sin 2Qt

1 . . . 1 . L
—0,.Ab cos ycos’Qr — 1 0,.A%, sin2y sin2Q1 + 6,,A>_ cos ysin®Qr + > 0., Al sin2Qr + 6, A% sin ysin’Qr

Yzt hix
1
4

vz

1
0,,Ab, sin 2y sin 2Q7 — 0,, A%, sin ycos*Qr — 5 0,,Ab sin?y sin 2Qt} , (B11)

1 1 1
Cyx = a{i 0, Al cos’y sin2Qr — 6, A%, cos ysin>Qr + 1 6,.A?, sin 2y sin 2Q1 + 6,,A?, cos ycos?’Qr — 3 0,,A%, sin 2Q¢
1 1 1
+0,.Ab, sin y cos 2Qt + —0,, AL sin 2y sin 2Qt — 0,,A%. sin ysin?Qt + ~ 6, Ab.sin?y sin 2Qt — ~ 6, A%, cos?y sin 2Qt
4 y 4 ¥4 y Z 2 Z Z 2 Yzt ryz

1 1
- 0,,Ab, cos ycos*Qr — 1 0,,A%, sin 2y sin 2Qz + 6, A, cos ysin’Qr + 3 0., Al sin2Q1 + 0,,A?, sin ysin’Qt

¥z yziizx

1 1
-2 0,.A%, sin 2y sin 2Q7 — 0, A%, sin ycos*Qr — 5 0,,A% sin?y sin ZQI} , (B12)

1
Cxz = (x{ -3 0, A, sin 2y cos Qt + 0,,A?, sin y sin Q1 — 0, Al siny cos Q1 + 0, Al cos’y cos Qr — 6,,A%, cos y sin Qi

1 1
+5 0,,Ab. sin 2y cos Qt — 5 0,.A%, sin 2y cos Q1 + 6, A% cos?y cos Qr + 0, Ab_ sin y sin Qr — 6, A%, cos y sin Qt

1
- 0,,Ab sin?y cos Qr + 3 6,,A%, sin 2y cos Qt} , (B13)

1
Cry = a{ -5 0, A%, sin 2y cos Qt + 6, AL sin y sin Qr — 6, AL sin’y cos Q1 + 0,, A% cos’y cos Qt — 6,,A%, cos y sin Qt

1 1
+5 0,. A% sin 2y cos Qt — 3 0,.A%, sin 2y cos Q1 + 0,,AY cos?y cos Qt + 6, A, siny sin Qr — 6,,Ab, cos y sin Qt

yzilyz xy{lyz yzilzx

xy

1
_ QyzAb siny cos Qf + 3 QxyAfgy sin 2y cos Qt}, (B14)

1
Cyz = a{ -3 0, A%, sin 2y sin Q1 — 6,,A?, siny cos Qr — 0, A? sin’y sin Qt + 6,,A% cos?y sin Qr + 6, A%, cos y cos Q1

1 1
+5 0,,Ab. sin 2y sin Qr + 5 0,.Ab, sin 2y sin Qt — 6, A%, cos’y sin Qr + 0, A%, sin y cos Qr — 0, A%, cos y cos Qi
1

+6,,A%_sin’y sin Qf — 5

WAL 6.,,A%, sin 2y sin Qt}, (B15)
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1
Cry = a{ -5 0,, A, sin 2y sin Q1 — 0,, A%, sin y cos Qt — 0,. Al sin’y sin Q1 + 6,,A?.cos?y sin Qt + 6,,A?, cos y cos Qt

1 1
+3 0,.A?, sin 2y sin Qt + 5 0,. A sin 2y sin Qt — 0,,A% cos’y sin Qt + 0, Ab, sin y cos Qt — 0,,A2, cos y cos Qi

1
+ 0,,A% sin’y sin Qr — 3 0,,A%, sin 2y sin Qt}. (B16)

1
cxy + cyx = a{0, A, cos? y sin2Q1 + 0,, A}, cos y(cos* Qt — sin? Qr) + EHMA?Z sin 2y sin 2Q¢

1
+ 0,,A%, cos y(cos? Qt — sin® Qr) — 0,,A%, sin2Q1 + 6,,A?. sin y(cos 2Qr — sin® Qt) + EH,ZA?X sin 2y sin 2Q¢
+ 6,.A, siny (cos? Qt — sin? Q1) 4 0,, A7, sin? y sin2Q1 — 6, AY_ cos? y sin 2Qz — 0, A%, cos y(cos? Qr — sin? Qr)

1
- EGyZAfzy sin 2y sin 2Q1 — 6, A%, cos y(cos? Qt — sin* Qr) + 0, A%, sin2Q1 — 0, A%, sin y(cos? Qr — sin? Qi)
1

5 0,,A%, sin 2y sin2Qr — 6, A%, sin y(cos® Qt — sin” Qr) — 0,,A%, sin? y sin 2Qt}, (B17)

x

cxz + czx = a{—0,,A% sin2y cos Q1 + 6,,A?, siny sin Qr + 6, A% (cos?y — sin’y) cos Qr + 0,, A%, (cos’y — sin’y) cos Qr

Al cos y sinQr — 6, Ab_sin 2y cos Q1

— 0,,Ab, cos y sin Qt + 0,, A, sin 2y cos Qr + 0,,Al, siny sinQr — 6,
+ 0,,A%,cos?y cos Qt + 6, Ab_siny sin Qr — 6, A cos y sin Qt + 6,,A% (cos’y — sin’y) cos Q1

+ 0,, A, sin 2y cos Qr}, (B18)

cyz + czy = af{—0,A% sin 2y sin Q1 — 6,, A7, siny cos Qr — 0,, A (cos’y — sin’y) sin Q7 + 0, A%, (cos’y — sin’y) sin Q1
+ 6,,A}, cos y cos Qr + 0,,A?, sin 2y sin Q1 — 0, A%, sin y cos Qt + 0,,A?, cos y cos Qt + 6, A sin 2y sin Qr

vehyz
— 0,,A% (cos’y — sin’y) sin Qr — 6,,AY_(cos’y — sin’y) sin Q¢ — 6,,A%, sin 2y sin Qr + 6, A%, sin y cos Qt
— 0,,A%, cos y cos Qr + 0, AL, sin y cos Qr — 6,,A, cos y cos Qr}, (B19)

1
Cxx — Cyy = a{ —0,,Ab.cos’y(cos’Qr — sin?Qr) — 6,,A7, cos y sin 2Qt + EH,XAﬁ’Z sin 2y (cos>Qt — sin’Qt)

1
— 0,,A, cos y sin2Qr — 6,,A?,(cos*Qt — sin*Qt) — 6,,A?. sin y sin 2Qt + EHtZA?x sin 2y (cos>Qt — sin?Qr)
— 0,,A}, siny sin 2Qt — 0, A sin?y (cos*Qr — sin’Qt) + 0, A% cos’y(cos’Qr — sin®Qr) — 0, AL, cos y sin 2Q¢

Z

1 1
+3 0,.A%, sin 2y (cos’Qr — sin*Qr) + 5 6., A%, cos y sin2Qr — 0, A% (cos?Qt — sin?Qr) — 6, AL, sin y sin 2Qr

1
+5 0.,A%. sin 2y (cos?Qr — sin*Qt) — 0,, A%, sin y sin 2Qr + 6,,A? sin’y (cos?Qt — sin*Qr) }, (B20)

3 3
co= a{@,fo’x(coszj( — 2sin%y) + > 0,,A?, sin2y + 0,,A%, + E6J,ZA§;C sin 2y + 0,,AL (sin?y — 2cos?y)
3 3
+ 0,,A%, (cos’y — 2sin’y) + EHyZAf:y sin2y + 0., A% + > 0.,A%, sin2y + 6,,A? (sin’y — 2cos’y) }, (B21)

where o = — % gsin@,,. The components of d,, are also the same as c,, components except for replacing a by f, which is
equal to — % gsin@,,.

(i) Higgs sector
In this sector the time dependence of the LV parameters are

(kyp)rx = abry = a{cosy cos Q16,, — sin Q16,, + sin y cos Qt6,, }, (B22)
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(k¢B)TY = afry
a{cos y sin Qt6,, — cos Q16,, + sin y sin Q16,, },
(B23)

(kcﬁB)TZ = abr; = a{—siny0,, + cos 0, }, (B24)

(kgp)yz = abyz
= afcosy cos Q16,, —sin Q1. + siny cos Q16,, },
(B25)

(kyp)zx = abzx
= afcos ysinQ16,, — cos Qt6,, + siny sinQ16,, },
(B26)

(kyp)xy = abxy = a{—siny6,  + cosyb,,}, (B27)

where a = —3u*\/g* + g*. The components of (kyw),,

are the same as (k,p),, but replacing a with f = — ? gu’.

APPENDIX C: LOCATION DEPENDENCE
OF LV PARAMETERS

The time averaging of the obtained LV parameters in
Appendix B leads to their location dependencies as follows:
(i) Fermion sector

¢crr = ¢r7> (C1)

. 1 1 .
Txx = a{—é’,fox <sm2)( + 200s2)(> + ZQ,XAfZ sin 2y

1
2

1. 1
—0,.AL (COSZ)( + 3 sm2;() + EHyZAf.Zcosz)(

1

OnAly + 5

0,. Al sin 2y

1 ) 1
+2 6,.A%, sin 2y + 3 0., A%,

1 . 1 .
+ ZexyAgz sin 2y + EHX),A)’?ysmz;(}, (C2)
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1

1 0,, A%, sin 2y

1
Cyy = a{—e,xAﬁ’x <sin2)( + Ecos21> +
Lo Ly an o
) 0,A} + 1 0,,A? sin2y

1. 1
- 0,,Ab. <cos2;( +5 31n2)() +5 0,.Ab cos’y

1 1

+3 6,.A%, sin2y + 5 0, AL,
1 b oo 1 b o2
+ ZexyAyZ sin 2y + EexyAxysm e (C3)
Czz = Czz, (C4)

1 1 1
Cyy = a{ - EQHA% cosy +5 0,,A7, cos y + EG,yAﬁ’Z sin y

yzerzx

1 1 1
- EQ,ZAﬁ’y siny — 56 AP cosy + EHZXAf,Z cosy
1

2

1
0., AL, siny — 3 0.,AL, sin;(}, (C5)

1 1 .
5 0,,A}, cos y + =0, Al siny

1
Z‘YXZOC{——Q,}A?XCOS)(-F 2

2

1 . 1 1
- E%,Afz siny — EHZXA;’Z cosy + E‘gyzAfx cosy

1 1
+ 5 0,,AL, siny — 3 0.,A%, sin;(}, (C6)
Co = Cp. C7
o 0

It should be noted that the other components and their
combinations have vanished with time averaging.

(i) Higgs sector
In the Higgs sector, the nonvanishing location dependen-
cies can be obtained as follows:

(kzﬁB)Tz = (kq’)B)TZ’ (CS)

(kd)B)xy = (k(/)B)XY’ (C9)

in which @ = — 4?1/ ¢ + ¢*. The location dependence of
the other Higgs coefficients (k,y) and (kj,) are the
same as (kyp) except replacing a with = —@gﬂz and
y = —2Av?, respectively.
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