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Abstract. We study the complete one-loop contributions to the chromagnetic dipole moment Ak of the top
quark in the standard model, two Higgs doublet models, topcolor assisted technicolor models, 331 models
and extended models with a single extra dimension. We find that the SM predicts Ax = —0.056 and the pre-
dictions of the other models are also consistent with the constraints imposed on Ak by low-energy precision

measurements.

1 Introduction

The fact that the top-quark mass ~ 172 GeV [1] is of the
same order of magnitude as the electroweak symmetry
breaking (EWSB) scale v = (v/2Gr) /2 = 246 GeéV sug-
gests that the top quark may be more sensitive to new
physics effects than the remaining lighter fermions. With
the advent of the CERN Large Hadron Collider (LHC),
8 millions top-quark pairs will be produced per year with
an integrated luminosity of 10 fb~! [2]. This number will
increase by one order of magnitude with the high lumi-
nosity option (100 fb~1!). Therefore, the properties of the
top quark will be examined with significant precision at
the LHC. In particular, the interest in non-standard ttg
couplings arose some time ago when it was realized that
the presence of non-standard-model couplings could lead
to significant modifications in the total and differential
cross sections of top-pair production at hadron collid-
ers [3—9]. If the source of this new physics is at the TeV
scale, as has been pointed out [3—6], the leading effect
may be parametrized by a chromomagnetic dipole moment
(CMDM) Ak of the top quark, since this is the lowest di-
mension C'P-conserving operator arising from an effective
Lagrangian contributing to the gluon—top-quark coupling,

L5 = (AK/2)(gs/4my)u(t) o, F* T u(t) , (1)

where gs and T are the SU(3). coupling and generators,
respectively. FH/® = GF AV — Q¥ A — g, fOPY AB AV
is the gluonic antisymmetric tensor.

The effects due to Ak # 0 have been examined in fla-
vor physics as well as in top-quark cross section meas-
urements [3—12]. In the latter case, the parton level dif-
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ferential cross sections of gg — #t and gq — tt (the dom-
inant channel at Fermilab Tevatron energies) were calcu-
lated [3—9,13-16]. The combined effects of the chromo-
magnetic and the chromoelectric dipole moment of the
top quark on the reaction pp — ttX were investigated
in [10-12]. Moreover, previous analysis has revealed the
differential cross section to be sensitive to the sign of the
anomalous chromomagnetic dipole moment on account of
the interference with the SM coupling. This can lead to
a significant suppression or enhancement in the production
rate [3—6].

Cross section measurements at the Tevatron are ex-
pected to constrain the CMDM of the top quark to |Ax| <
0.15-0.20 [17,18]. Since the influence of Ak grows rapidly
with increasing center of mass energy, this bound will be
improved by one order of magnitude at the LHC with a lu-
minosity of 100fb~! [19,20]. On the other hand, it has
been pointed out [21-23] that the CLEO data on b — sy
gives already a constraint as strong as that expected at
the LHC, —0.03 < Ak < 0.01. Low-energy precision meas-
urements have produced similar constraints for the non-
standard top-quark couplings tbW, ttZ, tcV and tcH, with
V =7,9,Z [24-28]. It is interesting to notice that the C'P-
violating chromoelectric dipole moment of the top quark,
which is much further suppressed than the CMDM, has
not been constrained yet by low-energy precision meas-
urements. However, the C'P-odd observables induced by
a chromoelectric dipole moment for the tf system have
been studied in p—p and p—p collisions [29-31].

In the standard model (SM) [32—-34], Ak arises at the
one-loop level and it is of order 102 for a light Higgs boson
mass [21-23]. A large value for Ak arises naturally in dy-
namical electroweak-symmetric breaking models such as
technicolor or topcolor [3—6]. In two Higgs doublet models
(THDM) and for QCD-SUSY corrections, previous studies
have found that Ak could be as large as 10! [21-23]. The
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search for Ak effects induced in the LHC/ILC accelerators
constitutes then a window to look for physics beyond the
SM.

Motivated by the fact that there is no detailed study in
the literature of the top-quark CMDM Ak, in the present
paper we make a critical reanalysis of the one-loop con-
tributions to Ak in the SM, the two Higgs doublet model
(THDM-II), topcolor assisted technicolor (TC2) models,
as well as in the so-called 331 models and in the framework
of a universal extra dimension with the SM fields propagat-
ing in the bulk. We have found that the predictions of all
these models are consistent with the constraints obtained
from low-energy precision measurements [21-23].

The paper is organized as follows. In Sect. 2 we present
the general framework required in each model in order
to compute the respective one-loop contributions to the
top-quark CMDM. In this paper we put together the re-
sults obtained for the top-quark CMDM in each one of the
models addressed in this paper. The concluding remarks
are included in Sect. 3, and in the appendix we present the
analytical expressions obtained in our calculation for the
one-loop Feynman diagrams contributing to the CMDM.

2 Framework

In this section, we present the basic elements of the models
in which we have computed the top-quark CMDM.
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2.1 Standard model

In the SM [24] the top-quark CMDM arises from loops con-
taining the electroweak bosons W+, Z and h° with their
respective would-be Goldstone bosons G#,EV and Gz, or just
gluons [21-23]. Figures 1 and 2 show the generic diagrams
for the electroweak contributions to the CMDM. In Table 1
we include the respective Feynman rules used to com-
pute these contributions. The diagrams shown in Figs. 1b
and 2b induce the QCD contribution to the CMDM of the
top quark. Notice that the contribution arising from the di-
agram in Fig. 2b was not considered in our previous work
on Ak [21-23].

The contributions obtained for each SM QCD and elec-
troweak one-loop diagrams for the CMDM are given by

Anfng =—6.4%x10"2,

ARP) =8.7x107%, m), =120GeV,
An(i)z = 51x1073,
An(i‘)’v = -52x1073,
Ak(}y =9.9x107%,
Ak, =—T5x10"", (2)
where the subindices (u) or (s) mean that the internal

boson line in the one-loop diagram corresponds to gauge
or scalar bosons, respectively. Taking the sum of only the
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Fig. 1. Feynman diagrams that contribute to
the CMDM

fa) fb)

Fig. 2. Feynman diagrams for the QCD contri-
butions to the CMDM
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Table 1. Feynman rules for the SM contributions to the CMDMT

A B A B’
tth’ —i5%y —i5 —iy —igy
tGz 2%\7/?‘:‘, - 2%\7/?‘:‘, 2%\7/?‘:‘, - 2%\7/?‘:‘,
Gy 0 o o o o 0
oW, —i% 0 —i% 0
wzi i G-dd)  ikdd SR (Goih) i

electroweak contributions, we get
APV =75%x 1073,

which is about 12% of the QCD contribution but with op-
posite sign. The SM prediction for the top-quark CMDM is
thus given by

AxPM = 5.6 x 1072, (4)

2.2 THDM-II

The Yukawa couplings needed to compute the top-quark
CMDM in the two Higgs doublet model (THDM-II) are
given by the Lagrangian

—Ly = hQpdrtr + hsQpobr +hec. (5)

where we have used the discrete symmetry ¢, — ¢1 —
¢ — —¢o to avoid flavor-changing neutral couplings for
the quarks at the tree level [35-37]. @, corresponds to
the quark doublet for the third family. After the spon-
taneous symmetry breaking, with vy and v, the respec-
tive vacuum expectation values for the two Higgs doublets
and tan 3 = vy /v, there are two physical charged scalar
bosons, H*, and three physical neutral scalar bosons, h, H
and A, and the respective would-be Goldstone bosons, G?,EV
and Gz. The Feynman rules required to compute the top-
quark CMDM in this model are depicted in Table 2. We
have neglected the H*tb coupling, which is proportional to
the bottom quark mass. cos 6 is the mixing angle of the two
CP-even scalar fields, h and H.

The one-loop effects induced by the THDM on the
CMDM were also calculated in [21-23]. However, the re-
sults obtained in this case were used only to get constraints
on the THDM parameters involved in the calculation by re-
quiring in turn that these contributions also agreed with
the low-energy constraints on the CMDM [21-23].

Table 2. Feynman rules for the THDM contributions to the
CMDMT

A B A B’
tth _jgmice _jgmico —jgmico __;_gmicCe
2Mw sg 2Mw sg 2Mw sg 2Mw sg
ttAO gmg __gm¢ gy __gms
2Mwtg 2Mwtg 2Mwtg 2Mwtg
tbH 0 i—Lme i—Lme 0
\/ithﬁ ﬂMWtﬁ

In the THDM-II, the charged Higgs boson H* and the
neutral Higgs bosons h®, H® and A° give the following con-
tributions to the CMDM:

Alll =3.7%x107%, 1.4x 1073, 6.2x 1074,
Arfl) = -3.6x107%, —2.8x 1073, ~1.8x107%,
ARl =8.6x 1072,

Awfl) =4.3x107%; (6)
where we have taken tan( =1, sinf = 1/\/§ and
mp+ /m 40 = 250,350,500 GeV. The masses for the CP-
even scalar Higgs bosons h° and H? are 120 and 300 GeV,
respectively. We observe that these contributions become
smaller with heavier scalars, which agrees with the ex-
pectations given by the decoupling theorem. Taking into
account the contribution of the H*, H° and A° fields, we
get for the scalar contributions of the THDM-II to the
CMDM the result

Ar{HPM=4.4%107%,3.0x107%, 3.1x 107, (7)
Then the THDM contribution to the CMDM is one order
of magnitude smaller than the SM value.

When tan 8 = 10 the predicted value for Ax due to the
C P-even neutral scalar is of the same order of magnitude
as for tan § = 1, but the C' P-odd scalar contribution is two
orders of magnitude lower, and the charged scalar Higgs
is one order of magnitude lower than the value given by
tan 8 = 1. In this case the most important contribution is
coming from the H° scalar field, and the AxTHPM practi-
cally does not change for this value of tan 3. However, for
a larger value of this parameter tan 8 = 100, the term pro-
portional to the bottom quark mass in the tbH ™ vertex is
more important than the coupling proportional to the top-
quark mass. The contributions coming from the C P-even
Higgs fields are unchanged and the C P-even neutral scalar
is very much suppressed, but the charged Higgs is increased
by one order of magnitude, i.e., for my+ = 250 GeV the
CMDM is of the order of 3 x 10~2, which is as big as the SM
value but with opposite sign.

2.3 The 331 model

In the so-called 331 models, which are based on the
SU(3). ®SU(3), ® U(1) gauge group [38—42], the cancella-
tion of anomalies requires one to have three fermion fam-
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ilies. The number of families in these models is regulated
by the values of the parameter § given in the definition
of the respective electromagnetic charge [38]. We will con-
sider the 331 model with 3 = —/3, which has a new exotic
quark Js with electric charge +4/3 and the bilepton gauge
bosons X** with masses Mx > 850 GeV [38]. The third
family of quarks is given by

t
Qa=1|0b
J3

L
tgr ~ (37172/3)5

br ~(3,1,-1/3);  Jsr ~(3,1,4/3),

(8)

and the electric charge is defined by
Q=T —V3TsL+ X, (9)

where T31,, T, and X are the respective generators of the
groups SU(3)r, and U(1) x.

The Higgs sector necessary to generate the fermionic
masses is given by three Higgs triplets, which after EWSB
reduce to

(;+ —iGz+V
Gty vz
p=| "= | ~L31); n=| -Gy | ~(L3,0);
0 0
Gy
X = G)_(_ ~ (1737_1)7 (10)
w+iGZ/
V2
where V and w are the respective vacuum expectation

values and are chosen to obey the relation w > V. The
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scalar fields G‘jfv, Gz, G%E and G')i(i correspond to the
would-be Goldstone bosons for the gauge fields W=+, Z, Y+
and X ** respectively.

The covariant derivative may be written in terms of the
mass eigenstates in the following way:

9

V/1-3t%;

Dy~ 8, +i (V3t(Q —T3) +T5) Z,,

+YM_(T4—iT5)+XN__(T6—iT7)+h.C. (11)
Finally, the 331 Yukawa Lagrangian is given by
—Ly = A3Q3nJ3rX + XijQiLirX " +h.c., (12)

where the coupling constants As3 and A3 are given by

my
A3 ~ V2 3.
3 ~V2g M

~ 9T

V2 Mw’
The relevant Feynman rules necessary to compute the top-
quark CMDM are given in Table 3.

In Fig. 3 we show the main contribution of this model
to the CMDM as a function of the X gauge boson mass for
three different values of the exotic quark Js mass, 1, 2 and
3 TeV. Taking 3 TeV and 4 TeV masses for J3 and X, re-
spectively, the CMDM is of the order of 10~?, which is very
much suppressed with respect to the SM contribution.

A33 (13)

2.4 Topcolor assisted technicolor

Light particles of the SM can be regarded as specta-
tors of the electroweak symmetry breaking, and the mas-
sive top quark suggests that it is playing an import-
ant role in the dynamics. This implies the possibility
of a new interaction, which drives the EWSB and the
big top mass so that one may distinguish the top quark

0.000025
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o.ooools
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gejuie] 8000
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Fig. 3. CMDM as a function of the bilepton gauge boson mass for three values of J3: 1,2,3 TeV
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Table 3. Feynman rules for the 331 model contributions to the CMDM

A B A B
_j_gmg _i_9gmyg
tJ3Gy 1\/§MX 0 0 1\/§MX
tJ3Y, -5 0 -i% 0
! _ g(1+t5) _i 2g _ g(1+t3) s 2g
B 2v/3,/1-3t3, V3y/1-3t%, 2v/3,/1-3t3, V3y/1-3t2,

tJ3 X i< 0 i< 0

V2 V2

from the other fermions. This interaction can gener-
ate deviations of the top-quark properties from the SM
predictions.

In the topcolor scenario [43-51], the EWSB mech-
anism arises from a new, strongly coupled gauge inter-
action at TeV energy scales. In the TC2 model [43,44],
the topcolor interaction generates the top-quark condensa-
tion that gives rise to the main part of the top-quark mass
(1 —e)my, with the model-dependent parameter ¢ fixed in
the range 0.03 < e < 0.1 [49]. This model predicts three
heavy top-pions (72, 7") and one top-Higgs boson h? with
large Yukawa couplings to the third generation of fermions.
The respective Yukawa couplings are obtained from the
Lagrangian

2 _F2_
L=|D,o] -y, Y 2" "L F py
Uy
_Yt\/vﬁ)—th_

with V; = (1 —¢)m¢/Fy, v, =v/V/2~174GeV, and the
scalar field @ is given by

L (K0 +ir?
P = (ﬁ( i f)>.

Ty

(15)

For the purpose of the present paper, we will take
the following values for the topcolor parameters: € = 0.1,
v, =174 GeV and F; = 50 GeV. The Feynman rules for this
model are depicted in Table 4.

The masses of the top-Higgs scalars 77 and ;" are
almost degenerate, since they differ only by small elec-
troweak corrections [50, 51]. We will take for the top-Higgs
mass a value bigger than twice the value of the mass of the
top quark [50, 51].

In Fig. 4 we present the evolution of each one of the top-
color scalars’ (R, w7, 7?) contributions to the CMDM as

TR®UL, — mylt (14) functions of their masses. In Fig. 5 we compare the topcolor
Vw and the SM contributions to the top-quark CMDM.
]} - l ’,. T T T T T T T
p.oa |y ]
SRy
\
0.06 | ", ]
N
0.04 | T 1
e

0.02 — 1

i . e ]
iy [— —_

oL —
—
-0.02 o ]
_-"FH-_-’_-F
-_'ﬁ“.-
_D_ |}4 - z‘_f' 4
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Fig. 4. CMDM as function of the topcolor particle masses: the curve at the top corresponds to h?, the one at the middle to 71';"

and the one below to 77?
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Table 4. Feynman rules for the TC2 model contributions to the CMDM, with

F=\v2/F? -
A B A’ B’
0 (1 e)my c(1—e)my (1—e)my (1 e)my
- <ﬂ§” . AT 1( Ve ) L
0 1—e)my 1—e)mq 1—e)mq 1—e)my
tmy V204 F V204, F V2u, F V204 F
thm," 0 ~jll=gme p jUmeme o 0
0= T T T T T T
L “5%"
-0.02 | ‘-\% 1
.,\"
ﬁ,\l
\,_.\..-.
-o.04 | e J
M."“‘-\.._\__
H_EHE__
¥y I T
-0.0e |k 1
250 500 750 1000 12580 1500 1750 2000
M (GeV)

Fig. 5. CMDM as function of the topcolor particle mass: the horizontal line corresponds to the SM prediction and the line at the

top gives the total topcolor TC2 predictions

For my0 = mx, & my, ~ 250 GeV and summing the re-
spective value for the SM, we find

Ar(§?=-0.01, (16)
which is of the order of the sensitivity of the LHC.

There is a previous estimate of the contribution to the
CMDM induced by a techniscalar in TC2 models [3—6].
However, this estimate did not consider the actual sup-
pression factors (47)~2 involved in one-loop calculations
and a rather large value was obtained for this contribu-
tion, of order 0.1, even for a relatively massive techniscalar

(0.5 TeV) [3-6.

2.5 Universal extra dimensions

We consider a generalization of the SM where all the par-
ticles propagate in five dimensions: z =0, 1, 2, 3 correspond
to the usual coordinates and 2° =y is the fifth one. This
extra dimension will be compactified in a circle of ratio

R with the points y and —y identified in a S'/Z, orbi-
fold [52-56]. The terms that will contribute at one-loop
order to the CMDM are given by

L:/d4xdy(£p+£y) (17)
with
Lr=[QiI'"DyQ+ Ui Dy U+Dir'" Dy D],
Ly = —QAPU — QAg®D + h.c. (18)

The numbers M, N =0,1,2, 3,5 denote the five dimen-
sional Lorentz indexes. The covariant derivative is defined
as Dy = Oy +igW i, T* +ig' BiY . The five dimensional
gamma matrices I'yy are I}, =y, and Iy = iys with the
metric tensor given by gpy = (4, —, —, —, —)

The Fourier expansions of the ﬁelds are given by

1 V2 X o nmw
B,(z,y)= EBS))(:CH— W ZB& ) () cos (%) ,

n=1
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B = S5 B @i (5.
Q)= 0l @)+ 5230 o) con (1)
au(7)]
o) = =)+ 22 i 0@ cos (")
+ U sin (% ]
(19)

The expansions for B,, and Bs are similar to the expan-
sions for all the gauge fields and the Higgs doublet (but
this last one without the p or 5 Lorentz index). It is by in-
tegrating the fifth y component that we obtain the usual
interaction terms and the KK spectrum for ED models,
Q™ = (@, Q).

We will be interested in the third family of quarks, and
Qt") and an) will refer to the upper and lower parts of
the doublet Q. Similarly, the U™ and D\™ will be the KK
modes of the usual right-handed singlet top quarks. There
is a mixing between the masses of the gauge eigenstates
of the KK top quarks (Q\™ and U™), where the mixing
angle is given by tan(2af) = m;/m,, with m,, ~ n/R. How-
ever, we will ignore this mixing angle (sin oy = 0) in the
present calculation.
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In Table5 we include the Feynman rules for the
fifth component of a gauge field, the KK scalar, which
will induce the UED contribution to the CMDM of
the top quark (Fig.la). Table 6 contains the respec-
tive Feynman rules for the couplings of the external
quark ¢, which corresponds to the ¢(°) component with
gauge and quark excitations (Fig. 1la). Finally, the cou-
plings presented in Table 7 will be used to compute
the QCD contribution to the CMDM induced by the
KK excitations associated to the gluon field (Figs. la
and 2a).

Here we will take 1/R ~ 1TeV. The KK modes cor-
responding to the EW sector for the gauge (Table 5) and
scalar (Table 6) in the loop, respectively, then give the fol-
lowing contribution to the CMDM:

An?j;’m =-1.3x1074,

AKaW’ED =—4.1x107%,

) (20)

with a total value for the electroweak contribution given by

AREWSD = 5.4 %1074, (21)

The KK modes of the QCD sector induce the following con-
tributions:

Anngf’D =-9.4x107*,

Ang‘;va”D =-82x107%,

Table 5. Feynman rules for gauge KK of the UED contributions to the CMDM of the

top quark

@AM iZe
O ()
{OwMglm i
@AMy

£ z(My )

Table 6. Feynman rules for KK scalar of the UED contributions to the CMDM of the

top quark
A B A B
£© A{m (™) ~2¢ 0 0 Ze
t0 z{" Q" L (3-35%) 0 0 L (3-3s%)
1O - 0 0 2
@ 4M g 0 Ze ~2e 0
#0) ZM ™) ~Zg%w 0 0 295w
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Table 7. Feynman rules for the KK states for the QCD contri-
butions to the CMDMT

A B A B
#(0) 42 () igs 0 igs 0
#(0) g2 g (m) 0 igs 0 igs
£ 42 ") gs 0 0 —~gs
t(O)Agr(”) U(") 0 —gs gs 0

corresponding to the gauge and scalar excitations contri-
bution, respectively, which add to the following value:

AgQCDPSD — _18%x1073.

(23)
Adding the EW (21) and QCD (23) contributions we get
finally

ArSP = -2.3x1073. (24)

3 Concluding remarks

In conclusion, we have made a critical analysis of the one-
loop calculations for the CMDM of the top-quark model.
Our new results differ slightly from those already published
for the SM and the THDM [21-23]. In the TC2 model,
our one-loop computation shows a smaller value for the
CMDM than the one previously obtained [3—6], which in
turn is also in agreement with the constraints obtained
from low-energy precision experiments [21-23]. As far as
we know, the one-loop calculations for the 331 and uni-
versal extra-dimensions models have not been performed
previously. In particular, the 331 result is suppressed by
two orders of magnitude with respect to the SM result and
the extra-dimensions result is also in agreement with the
low-energy precision constraints. In this respect, a precise
measurement of the top-quark CMDM may be used to dis-
tinguish between competing extensions of the SM. If we
sum to the SM CMDM the additional contributions given
for the different models considered in the present paper, we
get the following results:

AgTIPM — 571 %1072,

~5.8x1072,
(25)

ASM = —56x1072,
ArTO? = —1.0x 1072, AgP

Finally, even though the effects induced at NLO QCD
corrections on top quark production and decays have al-
ready been studied [57,58], as far as we know the com-
plete NLO QCD corrections to the CMDM Ak of the top
quark have not been calculated in any of these models.
It is important also to point out that the angular dis-
tributions of leptons or jets due to tf spin correlations
allow for a determination of the CMDM of the top quark
with an accuracy of order 0.1 [59]. This method pro-
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vides a competitive way to observe new physics contribu-
tions to the CMDM, which is stable against experimental
uncertainties [59].

Appendix: CMDM analytical expressions

In this appendix we present the analytical expressions ob-
tained for each one-loop Feynman diagram involved in
the calculation of the top-quark CMDM. We have used
these expressions in order to perform the respective nu-
merical calculations that lead to the CMDM results pre-
sented in this paper. This method has already been used
to compute higher order corrections to fermion vertices or
flavor-changing neutral vertices involving leptons or the
top quark [60—67].

The Feynman diagram shown in Fig. la corresponds
to the scalar contribution to the top-quark CMDM. In
the SM, the scalars circulating in the loop can be hY,
Gz, and Gy, while in the 331 models it is Gx. In the
UED models, this contribution arises from the scalar
KK excitations h%(™ G .. and the fifth component

of the gauge fields A("g Z5n) and W5n) The respec-
tive QCD excitations for the KK sector correspond to
As’(" We will use the following notation for the incom-
ing and the outgoing scalar couplings involved in Fig. 1a,
respectively:

(AP, +BPr)T*, (A'PL+B'Pr)T*, (A1)
where T* corresponds to the SU(3)c generators in the
case of a QCD scalar loop and it is just the unit matrix
otherwise.

The contribution to the CMDM arising from the dia-
gram given in Fig. 1a is thus given by the expression

AHQCD

la:
(&) 6><87T2/ /

(:r—|—y) —|—(x—|—y)(M2—7712—1)—|—m2
x{(z+y)(z+y—1)(B'A+ A'B)
— M(z+y)(A'A+ B'B)},

(A.2)

where m (M) corresponds to the scalar (fermion) mass in
the loop, the factor (—1/6) comes from the SU(3)¢ gener-
ator algebra, and m = m/m; is the normalized top-quark
mass. In order to get the respective EW scalar contribution
for Fig. 1a, we have to replace the factor (—1/6) by the unit
and take the appropriate scalar couplings.

In particular, if weset A= B=A"= B’ =1and M=1
n (A.2), we get directly the h° contribution to Ak,
which agrees with the result given in (A.10) of Fujikawa
et al. [68]. On the other hand, if we set A=A"=—-B =
—B’'=1and M =1 in our (A.2), we get the respective
pseudoscalar Gz contribution, which also agrees with (3.5)
of [68].
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If we have two KK excitations running in the loop of
Fig. 1a, the respective analytical expression is given by

oo

1 1
REEDY pig—

2
oyt 12 x 487 (n/R)

x {3(B'A+ A'B) —2M(A’A+ B'B)}
R? —
N — B'A+AB)-2M(A'A+B'B
axag BB A+AB) (A'A+B'B)},
(A.3)

where we have used the approximation that the masses of
both excitations are of the same order of magnitude, m,, ~
n/R, and we have ignored any other mass circulating in the
loop.

The diagram shown in Fig. 1b receives contributions
from the SM gauge bosons W, Z and g, the 331 gauge
boson X, and for the UED model it can be the respectlve
EW or QCD gauge bosons Aﬂn), Zﬂn), W, ") and Ay a,(n)
this case, we use the following notation for the gauge and
fermionic couplings involved in this diagram:

Yo (APL + BPR)Ta 5 Ve (A/PL + B/PR)TG s (A4)

where the T correspond again to the SU(3)¢ generators.
The respective analytical expression for this contribution is
given by

la:
A == 6><47r2/ dx/

ety +(:r+y)(M2 —1)+m?
x{(x+y—2)(z+y— 1)(A’A+B’B)
_J\Y(x+y—1)(A'B+B/A)},

/\

(A.5)

1
Z:: 12><247r2 n/R)
x {3(A'A+B'B) -
R\z
S 72x24

2M(A'B+ B'A)}

Q

2M(A'B+B'A)}.
(A.6)

{3(A’A+B'B) -

In order to get the EW contribution for Fig. 1b, we have to
make the same substitutions as indicated for (A.2).

For example, if we apply (A.5) to the loop induced by
the exchange of a Z gauge boson and set M =1, we get di-
rectly (A.4) of Fujikawa et al. [68] with 1 = 1. For the loop
induced by the exchange of a gluon, if we set M =1 and
m=0,and A= B =A"= B’ = —ig,, we obtain

QCcD
ArGy =~

The above result reduces to the well known QED result
Ak = a/(27) if we suppress the factor —1/6 coming from
the SU(3)¢ algebra and an additional 1/2 factor, which
was introduced in the definition of Ak given in (1).

In the UED models, the diagram shown in Fig. 2a re-
ceives contributions from a colored scalar particle which

(A7)
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corresponds to the dimension 5 component of the gluons,

AZ™ In this case we use the following notation for the
respective couplings:

(AP, +BPR)T¢, (A'PL+BPR)T?, (A.8)

where the couplings for the excitated colored scalar with
the external gluon may be taken from [49]. The corres-
ponding contribution has the analytical expression

11
A(s) 167r2/ /

(w+y) +(w+y)(M2—m2— 1) +m?
x{(x+y)(z+y—1)(A'B+ B'A)
—m(z+y—1)(AA+B'B)},

(A.9)

and in this case the factor 3/2 comes from the Lie alge-
bra of the generators f%°T?T°. The expression for the KK
contributions in this case reduces to

= 3 1
Ar(s) g 12% 1672 (1, R)2
x {3(A'B+B'A)+2M(A'A+ A'A)}
]/%2 / / A5 A7 /
~ 51T (BA'B+B'A) +2M(A' A+ B'B)},

(A.10)

where we have assumed again that the excitation masses
running in the loop are of the same order of magnitude.

The diagram given in Fig. 2b receives contributions
from the gluons A7, or the respective KK excitations AZ’("),
the notation for the respective couplings is given by

Ya(APL+BPR)T", ~s(A'PL+B'PR)T®, (A.11)

and thus the corresponding QCD contribution to the
CMDM may be expressed as

1x
Ak = 82/d$/

(ac—i—y) +(x+y)(M2—m2—1)+
x{(z+y)(z+y—1)(A’A+B'B)
~M(z+y—1)(A'B+BA)}.

(A.12)

Finally, if we have two KK excitations running in this
loop, we get the following expression for this contribution:

la:
A“(u)—g 2/ d:r/

(:L’—Fy) —|—(x—|—y)(M2—7712—1)—|—m2
x{(z+y)(z+y—1)(A'A+ B'B)
~M(z+y—1)(A'B+BA)}.

(A.13)
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