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Chromoelectric dipole moments of quarks in MSSM extensions
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An analysis is given of the chromoelectric dipole moment of quarks and of the neutron in an MSSM
extension where the matter sector contains an extra vectorlike generation of quarks and mirror quarks. The
analysis includes contributions to the chromoelectric dipole moment from the exchange of the W and the Z
bosons, from the exchange of charginos and neutralinos and the gluino. Their contribution to the electric
dipole moment (EDM) of quarks is investigated. The interference between the minimal supersymmetric
standard model sector and the new sector with vectorlike quarks is investigated. It is shown that inclusion of
the vectorlike quarks can modify the quark EDMs in a significant way. Further, this interference also
provides a probe of the vectorlike quark sector. These results are of interest as in the future measurements
on the neutron EDM could see an improvement up to 2 orders of magnitude over the current experimental

limits and provide an instrument for a further probe of new physics beyond the standard model.
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I. INTRODUCTION

New sources of CP violation beyond those that exist in
the standard model are needed to explain baryogenesis
and are also worthy of study in their own right as
possible probes of beyond the standard model physics
(for reviews see, e.g., Refs. [1-4]). Such sources can also
induce an electric dipole moment in elementary particles
which can be significantly larger than those expected in
the standard model [1,2]. In this work we are specifically
interested in the electric dipole moment (EDM) of the
quarks arising from the chromoelectric dipole operator.
Thus, the electroweak sector of the standard model
produces an EDM which is 1073° ecm [5-7], and it lies
beyond the possibility of its observation in the foresee-
able future. As mentioned in particle physics models
beyond the standard model, it is possible to generate
much larger values for the EDM. In this work we focus
on one such model—an extension of the minimal super-
symmetric standard model (MSSM) with a vectorlike
multiplet [8]. Such an extension is anomaly free, and thus
the nice quantum properties of the MSSM are main-
tained. Further, vectorlike multiplets arise in a variety of
settings such as in grand unified models and in string and
D brane models [8—10]. Vectorlike generations have been
considered by several authors since their discovery would
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constitute new physics (see, e.g., Refs. [9-22]). Such
models have new sources of CP violation and thus can
generate substantial size dipole operators. For that reason
they are interesting models to consider in the context of
lepton and quark EDMs. In a recent work, we analyzed
the electric dipole operator in such a setting [23], and in
this work we analyze the chromoelectric dipole operator
in the extended MSSM model and its contribution to the
electric dipole moments.

Before discussing the EDM in the new class of
models, it is relevant to recall the situation regarding
the lepton and quark EDMs in the MSSM. Here it is well
known that the MSSM has a supersymmetry (SUSY) CP
problem, i.e., that the EDM predicted with SUSY phases
O(1) is typically in excess of the experimental upper
limits. A number of remedies have been offered in the
past to remedy this problem. These include a fine-tuning
of the phases to be small [24]; suppression of the EDM
by large sparticle masses [25]; suppression of the EDM
where various contributions conspire to cancel, i.e., the
cancellation mechanism [26,27]; as well as other possible
remedies (see, e.g., Ref. [28]). It has also been suggested
that the EDM be used as a probe of new physics beyond
the standard model [18,29-32]. Specifically the exper-
imental limits on the EDMs can be used as vehicles to
probe a new physics regime not accessible otherwise to
current and future detectors.

The outline of the rest of the paper is as follows. In
Sec. II we give a brief description of the model and
describe the nature of mixing between the vector gen-
eration and the standard three generations of quarks. In
Sec. III. A we discuss the loop contributions to the
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chromoelectric dipole moment of the up quark and the
down quark that arise from the exchange of the W boson
in the loop. In Sec. III. B we give an analysis similar to
that of Sec. III. A for the exchange of the Z boson. In
Sec. III.C we compute the contribution from the
exchange of charginos in the loop, and in Sec. IIl.D a
similar analysis for the exchange of neutralinos in the
loop is given. Finally in Sec. IIl. E we give the analysis
for the exchange of the gluino in the loop. In Sec. IV we
discuss the method for the computation of the neutron
dipole moment using the quark dipole moments. In
Sec. V we give a detailed numerical analysis of the
contributions to the quark chromoelectric dipole moment
(CEDM) and to the neutron CEDM for a variety of
parameter points in the extended MSSM model. Here we
also discuss the use of the neutron EDM as a probe of
high mass scales. Conclusions are given in Sec. VL
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Further details of the calculational aspects of the analysis
are given in Appendixes A-C.

II. MODEL

Here we briefly describe the model, and further details
are given in the Appendix. The model we consider is an
extension of the MSSM with an additional vectorlike
multiplet. Like the MSSM the vectorlike extension is free
of anomalies, and as discussed in the Introduction,
vectorlike multiplets appear in a variety of settings which
include grand unified models, string and D brane models.
Here we focus on the quark sector where the vectorlike
multiplet consists of a fourth generation of quarks and
their mirror quarks. Thus, the quark sector of the
extended MSSM model is given by Egs. (1) and
(2), where

(1)

(2)

2 1
~(3,1,2); B, ~(3.1,—2).
(3’ ’3)’ L (3” 3)

The numbers in the braces show the properties under SU(3). x SU(2), x U(1), where the first two entries label the
representations for SU(3) and SU(2), and the last one gives the value of the hypercharge normalized so that Q = T3 + Y.
We allow the mixing of the vectorlike generation with the first three generations. Specically the mixings of the vectorlike
multiplet involves the mirrors as well as the fourth generation. Details of these mixings are given in Eq. (A1). Here we
display some relevant features. In the up-quark sector, we choose a basis as

Er=(1r Tg tgp g Tp) &= Ty cp up 1), 3)
and we write the mass term so that
—Ly, = Ek(M,)&, + Hee. (4)
The interaction of Eq. (A1) leads to the up-quark mass matrix M, which is given by
Via/V2 s 0 0 0
—hs  »u/V2 -k —hs ~he
M.=| o W eV 0 0 (5)
0 h! 0 Yiva/ V2 0
0 hyg 0 0 V5vy /N2
This mass matrix is not Hermitian, and a biunitary transformation is needed to diagonalize it. Thus, one has
D;’;(MM)DZ = diag(m,,,m,,,m,,,m,,,m,,). (6)

Under the biunitary transformations, the basis vectors transform so that
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Iy up,
Ty U,
c, | =Di| us |. (7)
uy Uy,
4y, Us,

A similar analysis can be carried out for the down quarks. Here we choose the basis set as

k= (bg Br 5p dg bu) np= (b, By s dp by). (8)
In this basis the down-quark mass terms are given by
~f, = 7 (M, + He. ©)
where, using the interactions of Eq. (A1), M, has the following form:

)’1“1/\/z hy 0 0 0

hy y/zvz/\/E h; hy he
M, = 0 A y301/V2 0 0 . (10)

0 Y 0 Va1 /V2 0

hq 0 0 ysv1/v2

In general hy, hy, hs, by, By, b, Wy, by, hZ, he, hy, hg can be
complex, and we define their phases so that

= bl = |Ble%. B = [hledt. (11)
The squark sector of the model contains a variety of terms
including F-type, D-type and SUSY soft breaking terms.
The details of these contributions to squark mass square
matrices are discussed in Appendix A.

III. ANALYSIS OF CHROMOELECTRIC DIPOLE
MOMENT OPERATOR

The chromoelectric dipole moment d€ is the coefficient
of the effective dimension-5 operator which is defined by

‘Cl == E dq 40,75 TaqG;wa (12)
where G**“ is the gluon field strength and 7 are the SU(3)
generators. The quarks will have five different contribu-
tions to the CEDM arising from the W, Z, gluino, chargino
and neutralino exchanges We denote these contributions
by du( ), dS(Z) dc( ), dc *) and dc(;(o) We discuss
each of these contributions below.

A. W-exchange contribution to the quark CEDM

For the up quark, the W-exchange contribution arises
from the left diagram of Fig. 1 using the interaction of
Eq. (13), ie.,

5

_’Cqu = W,}; Z Z b_tj}/p[Gl‘f//_[_PL + G}g/”PR]d, +H.c.,
=1 j—1

| (13)

where G} and G) are defined in Appendix B. The
contribution of the W-exchange graph to dS is given by

_167rZZ

where I,(r|,7,) is a form factor given by

2 2

m; m
GW GW* d; , Uy , 14
L4i R4z) <m%v m%v ( )

I 44 1 —ry)x —4x2
Il(rl,rz):/ P G Rl P
0 1+(r1—r2—1)x+r2x
wt
PRSI LeT s
m ’II \‘. w w ', \‘ “

M\g %g

d; Ui

FIG. 1. W- and Z-exchange contributions to the CEDM of the
up quark. Similar exchange contributions exist for the CEDM of
the down quark where u and d are interchanged and W is
replaced by W~ in the diagrams above.
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In the limit when r, is very small as is the case here, this
integral gives the closed form

2 1 1 3ryInr
_ 1 24 LT (16
(1—”1)2[ +4r1+4 ]+2(1—71)] (16)

The W contribution to the down-quark CEDM is given
by

11("150)

W

2 2
m2 m

u; Wi ~W u; dy
Im (GLaGri)hi | 5]
- My, My

(17)

B. Z-exchange contribution to the quark CEDM

For the Z boson exchange, the interactions that enter with
the up-type quarks are given by

5 5
_EuuZ = Zp Z Z ﬁ]y/)[CuZPL + CMZPR] uj;, (18)
j=1 i=1

where the couplings C4¥ and CY% are defined in
Appendix B. Using this mteraction the computation of
the Z-exchange contributions to the up quarks is given by
the loop diagram to the right in Fig. 1. Its contribution is

5 2 2
m, m
u, I u %i*)ll ( ‘;z , 1;4) . (19)

V4 V4

For the Z boson exchange, the interactions that enter with
the down-type quarks are given by

55
Loz =Z, Z Z djy’[CZP, + CF Prld;,  (20)
=1 i

where the couplings C9? and CY¢% are as defined in
Appendix B. A calculation similar to that of the up-quark
CDEM gives a contribution to the d-quark moment so that

IC(7 di A7 ~dZx mgli m?h
dg(Z) = 167[22 Im(C7% CR2)1, w2 m ) (21)

C. Chargino exchange contribution to the CEDM

In this section we discuss the interactions in the mass
diagonal basis involving squarks, charginos and quarks.
Thus, we have

10

5 2
=222 WGP+ CiP

j=1 i=1 k=1

) C[(}k + H.C.,

(22)
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FIG. 2. Left diagram: Supersymmetric loop contributions to the
CEDM of the up quark from the diagram involving the exchange
of neutralinos and up squarks. Right diagram: Chargino and
down-squark loop contribution to the CEDM of the up quark.
Similar loop contributions exist for the CEDM of the down quark,
where u and d are interchanged, & and d are interchanged, and y ™
is replaced by y~ in the diagrams above.

(ChHPL+ CRiPR)F il +Hec.,
(23)

where the couplings CL*, CR*, C'¢ and CR? and are as
defined in Appendix B. The loop contributions to the up-
quark CEDM arise from the right diagram of Fig. 2. Their
contribution to the CEDM of quarks using Eqgs. (22) and
(23) are given by

210 m? 2
~C _ 9. m)(z * omy
du ()(Jr) - 16;1'2 Zl: Z Im Cf“lL]‘(CfflL;( )13 <M2 ’M2 >
i= dk da,
(24)
210 2 2
dC ()(-F )13 ml:r my,
i:l 4ik ™~ 4ik M2 ’Muk ’
(25)

where I3(ry, r,) is given by

x —x2

1
I5(ry, = d . 26
3(71 7”2) /; x1+(r1—r2—1)x+r2x2 ( )

In the limit when r, is very small as is the case here, we
have the closed form

1

I5(ry,0) :m

27‘1 lnr1> (27)

<1+I"1+
1—7"1

D. Neutralino exchange contribution to the CEDM

We now discuss the interactions in the mass diagonal
basis involving up quarks, up squarks and neutralinos.
Thus, we have
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5 4 10
Ly =SS

i=1 j=1 k=1

m]kPL + Cul]kPR))(; up+H.c.

(28)

The interaction of the down quarks, down squarks and
neutralinos is given by

4 10

d d—r° i:z ’

i=1 j=1 k=1
+ H.c., (29)

dl]kPL + Cdl,kPR))(,dk

where the couplings C't and C'® as given in Appendix B.
Using the interactions of Eq. (28), the neutralino exchange
contribution to the CEDM of the up quark is given by

4

9s S m C/L C/R* I m)2(0 mL214
167:22;—%{ waik Cuani) I3 M2 2 )

i—1 i

dS (") =
(30)

Similarly using the interactions of Eq. (29), the CEDM of
the down quark is given by

4 10 m2 2

m 0 0o m

Xi Xi d.
Im (C'L. C'R* )5 ,—t ),

dy dj

dC ()(0

(31)

E. Gluino exchange contribution to the CEDM

303 8 5 10 '
_ﬁqqézﬁgszzzz 71771@?

, 1
x [Cp, P+ Cr, Prldady +He., (32)

where the couplings C;, and Cg, ~ are defined in
Appendix B. Using Eq. (32) the gluino exchange contri-
bution to the up-quark CEDM arising from the loop

diagrams of Fig. 3 is given by
2
I m.@ m34
\Mm2 M2 )
um ulﬂ

Similarly using Eq. (32) the gluino contribution to the
down-quark CEDM is given by

g \
—9 Im(K, K3 )
2 2 um™ > Ry
-t

(33)

10 2 2
mg o omg,
m(Kp, s ,
g dm Rd,y, M2 M2
m= d dy, d,

(34)
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FIG. 3. Left diagram: Supersymmetric loop contributions to the
CEDM of the up quark arising from the exchange of gluino and
up squarks with the gluon emission from the internal up-squark
line. Right diagram: Same as the left diagram except that the
gluon emission is from the internal gluino line. Similar loop
contributions exist for the CEDM of the down quark, where « and

d are interchanged and u and d are interchanged.

Here K and K R,, are given by
KLqm (D;I?Z4D D;I;;4qu0m D;I;:Mng
— DD}, — DiuDs, ) e 472, (35)
and
KR = (DZZ4ng + DZ§4ng + DZ§4ng

qm
+ DIC{§4[)£11m - Dzzét[)gm)eié}p’ (36)
where I5(ry, r,) is the loop function defined by

1 x + 8x2
Is(ri,r) = dx . 37
5( 1 2) A 1+(rl—r2—1)x+r2x2 ( )

In the limit where r, is very small as is the case here, we get
the closed form
181Inr,
1-— ry '

(38)

2rllnr1

15<r1,0): ) <10r1—26+

2(}’1—12 1—r1

IV. NEUTRON CEDM

As discussed in the previous section, the total contribu-
tion to the CEDM of the quarks consists of five contribu-
tions arising from the exchange of the W, the Z, the
charginos, the neutralinos and the gluino, so that

dS = dE(W) + dS(2) + dS (+) + dS () + d§ ().
q=u,d. (39)

The contribution of the chromoelectric operator to the
EDMs of quarks can be computed using dimensional
analysis [33]. The contribution to the quark EDM arising
from dc is given by
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e ~

d§ = —n°dg. (40)

where 5#¢ is approximately equal to 3.4. The factor 7
brings the electric dipole moment from the electroweak
scale down to the hadronic scale where it can be compared
with the experiment. To obtain the contribution to the
neutron EDM from the quark EDM, we use the non-
relativistic SU(6) quark model which gives

1
d§ =3 l4d§ = d). (@)

V. NUMERICAL ANALYSIS OF NEUTRON EDM

The current experimental limit on the EDM of the
neutron is [34]

|d,| <2.9%1072 ecm (90% C.L.). (42)

It is expected that a higher sensitivity by as much as 2
orders of magnitude more sensitive than the current limit
may be achievable in the future [35].

We present now a numerical analysis of the neutron
CEDM first for the case of the MSSM and next for the
MSSM extension. The first analysis involves no mixing
with the mirror generation and with the fourth sequential
generation, and the only CP phases that appear are those
from the MSSM sector. Thus, in this case all the mixing
parameters, given in Eq. (11), are set to zero. The second
analysis is for the MSSM extension where the mixings of
the mirror generation and of the fourth sequential gener-
ation with the three generations are switched on. The
results are given in Table II and Figs. 4-11. In the analysis

. 2
in the squark sector, we assume mj = M2 = M; = M: =
1 2

TABLE L.

PHYSICAL REVIEW D 92, 035013 (2015)

2 F Y RS o S SR 9 SR R

M;3 and mg _MIL_MB_MBI_MQ_MQL_MEZ_

M%L:MZZ;. To simplify the numerical analysis further,
3

we assume mf = mg = mg. Additionally the trilinear
couplings are chosen so that: Aff = A, =A; =A, = A, =
Ay and Al =A,=Ap=A,=A,;=Ay. The input
parameters are such that the sparticle spectrum that enters
the loop is consistent with the current experimental limits
from the LHC in each of the cases, i.e., with or without
mixing.

We discuss now in further detail the cases without and
with mixing with the vectorlike generation. We begin with
the case with no mixing. In Table I, we give the individual
contributions to the up- and down-quark EDM and CEDM,
namely, the chargino, the neutralino and the gluino con-
tributions. The W and Z contributions are not shown since
they are absent in this case of no mixing with the vectorlike
generation and the fourth sequential generation. The differ-
ent contributions are given for two benchmark points (i)
and (ii), where in the first the neutron EDM dominates the
neutron CEDM and in the second the opposite is the case.
The chargino and gluino contributions are the main
contributors, while the neutralino contribution is sup-
pressed. Note that the total neutron EDM, |d,|, obtained
by adding d% and dS in the table satisfy Eq. (42). Another
observation is the largeness of the down-quark contribution
in comparison with its up-quark counterpart. This is
attributed to the large value of tan  which tends to enhance
the down-quark couplings.

Next we consider the case with mixings. The results are
presented in Table II for two benchmark points (i) and (ii).
Here, in addition to the chargino, the neutralino and the
gluino exchanges, one also has W and Z exchanges. The
analysis shows the dominance of the EDM over the CEDM

An exhibition of the chargino, neutralino and gluino exchange contributions to the quark and the neutron EDM, CEDM and

their sum for the case when there is no mixing of the vectorlike generation with the three generations. The analysis is for two benchmark
points (i) and (ii). Benchmark (i): 6, = 3.3 x 1073, & = 1 x 1073, Benchmark (ii): 0,=4.7x 1073, & = 3.6. The common parameters
are tanf =40, my = m4 =md =3000, |m;| =185, |my|=220, |A4 =680, |Ad| =600, || = 400, m, = 1000, |hs| =
|| = W3] = [ha| = |y| = |13 = |hs| = |Bs| = |h5| = |he| = [19] = |hg| =0, & =2x1072, & =2x107, amu=2x1072,
ays = 3. All masses are in GeV, all phases in rad, and the electric dipole moment in ecm.

(i)

(i)

Contribution Up Down Up Down
Chargino, d’glo 2.49 x 107%° —1.29 x 1072¢ 2.16 x 1072 —2.08 x 10726
Neutralino, & —2.49 x 10732 475 x 1072 —2.90 x 10732 547 x 107%
Gluino, d 3.42x107% —4.24 x 10728 7.49 x 10728 2.06 x 10726
Total, d, 5.90 x 107 -1.32x107% 771 x 1072 —-1.42 x 1072
EDM, d% —2.70 x 10726 —6.83 x 10728

Chargino, d$ (y*) —3.41 x 10730 -2.15x 107% —2.89 x 10730 —-3.40 x 10777
Neutralino, dS (y°) —4.54 x 10732 —1.73x 10728 —5.30 x 10732 —2.00 x 10728
Gluino, d$(g) 5.51 x 107%° 1.37 x 10777 1.21 x 10777 —6.63 x 1072¢
Total, dS 1.40 x 107 -2.58 x 10728 3.26 x 10728 —1.89 x 10726
CEDM, d¢ —3.49 x 10728 —2.53 x 1072

035013-6
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TABLE II.
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An exhibition of the chargino, neutralino, gluino, W- and Z-exchange contributions to the quark and the neutron EDM,

CEDM and their sum for the case when there is mixing of the vectorlike generation with the three generations. The analysis is for two
benchmark points (i) and (ii). Benchmark (i): 6, = 4 x 1073, & = 1.12. Benchmark (ii): 0, =4.6x 1073, & = 4.71. The common
parameters are tanf =40, my = mf§ = m§ = 5500, |m;| =185, |m,| =220, |A§| =680, |Ag| =600, |u| =400, m, = 1100,
myp =300, mp =240, my =320, my, =280, |h3| =1.58, |Bj|=634x 1072, |hj| =197 x 1072, |hy| =4.42, |n,|=5.07,
|nj| = 12.87, |hs| = 6.6, |hs| =2.67, |h%] = 1.86 x 1071, |h¢| = 1000, |h7| = 1000, |hg| = 1000, & =2 x 1072, & =2 x 1073,
apy =2 % 1072, ape =3, y3=2x 1072, 4 =1x1073, 4 =4x1073, y,=7x107%, x,=x=1x107, y5=9x1073,
x5=5x 1073, xi=2x 1073, y6 = y7 = x5 = 5 x 1073, All masses are in GeV, all phases in rad, and the electric dipole moment

in ecm.

@ (i1)
Contribution Up Down Up Down
Chargino, dﬂ;io 7.65 x 10730 —6.91 x 107%7 7.08 x 10730 —8.27 x 10777
Neutralino, ¢ 3.93 x 10732 6.90 x 10730 3.91 x 10732 7.32 x 10730
Gluino, d5 —2.01 x 10728 —5.35x 107% 2.25 x 10728 5.91 x 1077
W Boson, d}/ 3.77 x 1073 3.46 x 10728 3.77 x 107 3.46 x 10728
Z Boson, dg 8.02 x 1073 3.05 x 107% 8.02 x 103! 3.05 x 107%
Total, d, —1.88 x 10728 —-1.19 x 1072 2.37 x 10728 -1.97 x 107
EDM, df —2.41 x 10726 —4.13 x 107%
Chargino, d$ (y*) —7.66 x 1073 —8.98 x 10728 —6.95 x 103! —1.07 x 1077
Neutralino, d$ (¢°) 7.17 x 10732 —2.52 %107 7.14 x 10732 —2.68 x 1072
Gluino, df;(f]) —4.57 x 10728 2.44 x 10726 5.13 x 10728 —2.70 x 10726
W Boson, d$ (W) -2.97 x 10730 2.29 x 10728 -2.97 x 10730 2.29 x 10728
Z Boson, dS(Z) 1.46 x 10730 —1.11 x 10728 1.46 x 10730 —1.11 x 10728
Total, d§ -1.24 x 10728 6.38 x 1077 1.38 x 10728 -7.56 x 107
CEDM, d$ 8.54 x 10777 —1.01 x 10726
for benchmark (i), while the opposite is the case for
benchmark (ii). The total EDM for each benchmark point <10
satisfies the experimental constraints of Eq. (42). Here we — =20
note that the EDM and CEDM are constrained not only by A mo=30 ey

the experimental limits on the MSSM spectrum but also by
the limits on new quarks. Thus, for the benchmarks
presented in Table II, the vectorlike quarks have masses
gotten by diagonalization of the matrices of Egs. (5) and
(10) and are given in Table III. The results of Table III are
consistent with [36]. More stringent constraints on these
masses will be available at the LHC RUN-IL

Next we give an analysis of the quark CEDMs’ depend-
ence on the mass scales as well as on the CP phases both in
the MSSM sector as well as the new sector. Thus, the
CEDM depends on the mass scale of the vectorlike sector,
and in the MSSM sector, it depends on the universal scalar
mass mg and on the gaugino mass scales. Further, it has
dependence on several CP phases both from the MSSM
sector as well as from the vectorlike sector. We discuss the

TABLE III. An exhibition of the masses of the heavy extra
quarks corresponding to the parameter space of Table II.

Mirror up quark

Mirror down quark

Fourth generation up quark
Fourth generation down quark

my = 1037 GeV
myy = 740 GeV
miP = 1057 GeV
mdovn = 1260 GeV

Neutron CEDM, |dS| (ecm)

M. X (TeV)

FIG. 4 (color online). Variation of the neutron CEDM |dS| vs
My (My = |hg| = |hy| = |hg|), for four values of m. From top
to bottom at My =4 TeV, my = mj = mg =20, 2.5, 3.0,
3.5 TeV. Other parameters have the values tanp = 14,
|m| = 185, |my| =220, |u| =350, |A%| =680, |Ad|= 600,
my = 300, mp =260, m,= 1000, my =320, my,=280,
|h3|=1.58, |hy|=|hy|=RMy, |h4|=4.42, |h,| = |h}| = RMy,
|hs| = 6.6, |n5| =|hY|=RMx, R=1x107, 6, =398,
§1 =6 =452, & =242, ay =50, ays = 1.14, y3 =2.38,
Xy =492, 45 =258, 3, =486,y = 1.6,y =137, ys = 1.14,
x5 =439, yi =238, y6 =492, y; =258, y3 =4.86. Al
masses are in GeV, and phases are in rad.
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dependence of the CEDM on the mass scales first and
specifically on the mass scales My (from the vectorlike
sector) and on mg and on m,,.

Figure 4 gives the dependence of the effect of the
vectorlike generation on the CEDM where we exhibit
the CEDM vs My, where My = |hg| = |h;| = |hg| and
15| = B3] = |hy| = [hg] = |H5| = |H5| = RMy while R =
1 x 1073, We note that the allowed range of values for R is
highly constrained. Thus, smaller values of R will not
produce interesting results, while larger values are likely to
upset the quark masses for the first three generations. The
analysis shows that the CEDM lower than the upper limit
can be obtained, and masses in the TeV range may be
probed using the constraint given by Eq. (42) which should
undergo further refinements in the future. The curve
corresponding to my = 2 TeV is characterized by a dip
at My ~ 1.9 TeV. This dip quickly widens and is replaced
by a shallow drop for my = 2.5 TeV and then disappears
completely for larger values of m,. The variation of the
CEDM eventually levels off for higher values of My and
mg. Further analysis shows that the dip is caused by a
sudden drop in the mass of the lightest up-squark mass for
My ~ 1.9 TeV in this region of the parameter space. The
analysis of the dip is rather involved but arises as a result of
the competition among the different components of the
chromoelectric dipole moment operators, i.e, the W, Z,

x 10
"[—Mx =15 TeV|]

---Mx = 2.0 TeV,
My = 2.5 TeV]

— 12F - - My = 3.0 TeV

= —— My = 5.0 TeV

g

~ 10}

ba

=

= 8H \,

8 N

o 6f:

=1 H

o 1

£ H -

5 4R N

2 4 STt

Z. T

2t
2 3 4 5 6 7 8 9 10

FIG. 5 (color online). Variation of the neutron CEDM |dS| vs
the scalar mass mg (my = mf = mg), for five values of My,
(My = |hg| = |h7| = |hg]). From top to bottom at my = 5 TeV,
My =1.5,2.0,2.5,3.0,5 TeV. Other parameters have the values
tanf = 14, |my| = 185, |my| =220, |u| =350, |A4| = 680,
|AZ] = 600, my =300, mp =260, m,=1000, my =320,
my, = 280, |hs| = 1.58, |hy| = |h}| = RMy, |hy| = 442, |1)| =
|nj| = RMy, |hs| =6.6, |hi|=|hY]=RMy, R=1x1073,
0, =38, §1 =6 =452, & =242, ayn =50, ays = 1.14,
X3 =238, Y =492, y§=2.58, y4=4.86, y,=1.6, y, = 1.37,
xs =114, 4L =439, xi=238, yc=492, y;=258,
xs = 4.86. All masses are in GeV, and phases are in rad.
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chargino, neutralino and gluino contributions. The analysis
of Fig. 4 makes clear the very sensitive dependence of the
CEDM on the vectorlike mass scale, and the exploration of
this dependence is one of the primary motivations of
this work.

Another way of looking at Fig. 4 is to plot the CEDM
against m for several values of My while R is fixed at
1 x 1073 in the same region of parameter space. This is
done in Fig. 5. The plot shows peaks between 2 and 3 TeV,
and then the CEDM decreases gradually for increasing
values of mg. The peak is more pronounced for small values
of My and disappears for larger values (for My =5 TeV,
here). The peaks occur in regions where m, and My are
comparable in size as shown in this region. All values of the
CEDM obtained in this region of the parameter space lie
below the current upper limit.

In Fig. 4 we investigated the dependence of the CEDM
on the vectorlike mass My and found that there is a very
significant dependence of the CEDM on My. It is of
interest also to examine if the EDM shows a similar
dependence on My. In Fig. 6 we exhibit this dependence
where |dE| is plotted against My for the same set of m
values as in Fig. 4. Again as in the case of the CEDM, we
find that the EDM also has a sensitive dependence on My.
We note here that the analysis of this work for the EDM is
more general than the analysis of Ref. [23]. Thus, in

x 10
4.5 i
—mg = 2.0 TeV
4 -==my =2.5 TeV|
g “mg = 3.0 TeV
235 - -mg = 3.5 TeV| 1
S osf
a
Bl
o
I
] 15F e eaemmmemmm e oo
| e -
Z 4tk
O T SIS
L ) L L g
2 3 4 5 6 7 8 9 10

My (TeV)

FIG. 6 (color online).  Variation of the neutron EDM |d%| vs My
(My = |hg| = |h7| = |hg]), for four values of m,. From top to
bottom at My = 1 TeV, my = m$ = mg = 2.0,2.5,3.0,3.5 TeV.
Other parameters have the values tanf =15, |m;| = 185,
Imy| =220, |u| =350, |AL| =680, |Ad| =600, m; =300,
my =260, m, = 1000, my, =320, my, =280, |hs| = 1.58,
| = W] = RMy. |ha] = 442, ] =|I}| = Ry, |hs| = 6.6,
B,| = |h!| = RMy, R=1x 1073, 6,=5x 1073, & =2 x 107,
£ =2x107, &=40, ay=2x107, ay =30, z3=
2x1072, 4 =1x1073, yf =4x1073, y, =7x 1073, y, =
2i=1x107, y5=9x1073, L =5x1073, y/=2x1073,
Y6 =x7 =xs =5 x 1073, All masses are in GeV, and phases
are in rad.
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Ref. [23] we considered only the mixings of the three
generations with the mirror generation so that the quark
matrices were 4 x 4 and the squark square matrices were
8 x 8 and the parameter M did not appear in that work. On
the other hand, in this work we are considering the mixing
of the three generations with the full vectorlike generation
consisting of the mirror and the sequential fourth gener-
ation. As a consequence the quark mass matrices are 5 x 5,
and the squark mass squared matrices are 10 x 10, and this
time we have also the dependence on the vectorlike mass
M. Thus, the analysis of this work is more general than of
the work of Ref. [23].

Next we study the dependence of the CEDM on the
gluino mass. This is given in Figs. 7 and 8. Thus, in Fig. 7
the variation of the neutron CEDM, dS, is plotted against
the gluino mass, m,. It is shown that CEDM values lower
than the current experimental upper limit can be obtained in
the given parameter space. The neutron CEDM decreases
for increasing values of m, but eventually levels off at
around zero for some values of tan 5. However, for other
values of tan f3, (e.g., tan § = 40), the neutron CEDM levels
off but turns negative. This phenomenon can be understood
by analyzing different contributions to the CEDM as shown

—tang = 10
- 20

w
cm)

Neutron CEDM, d€ [ec:

ot - 10 20 30 40 50

Gluino Mass, m, (TeV)

-
[

Neutron CEDM, d< (ecm)

o
3]

20

Gluino Mass, my (TeV)

FIG. 7 (color online).  Variation of the neutron CEDM d¢ vs the
gluino mass, m,, for four values of tan 8. From bottom to top at
m, =5 TeV, tan f = 10, 20, 30, 40. Other parameters have the
values |m;| =170, |m,| =220, |u| =450, |A%| =680, |AZ| = 600,
ml = mg = 3700, my = 300, mg = 260, my, =320, my;, = 280,
|h3| = 1.58, |B}| = 6.34 x 1072, |hf|=1.97x 1072, |hy| = 4.42,
|y =5.07, |hj| =287, |hs|=06.6, |hs|=2.67, |hZ]=
1.86 x 1071, |hg| = || = |hg| = 1000, 0,=2.6x 1073, & =
2% 1072, & =2x107, & = 1.6, ay =2x 107, aye = 3.0,
23 =2%x1072, ¥4 =1x1073, yf=4x1073, y,=7x1073,
Xa=xi=1x107, ys=9x107%, i =5x1073, 4 =2x 107,
Y6 =27 = xs = 5 x 1073, All masses are in GeV, and phases are
in rad.
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FIG. 8 (color online). Variation of up- and down-quark con-
tributions to the neutron CEDM for tan # = 40. Other parameters
are the same as in Fig. 7.

in Fig. 8. Specifically one finds that the negative contri-
bution to the CEDM arises from the chargino exchange
loop contribution, d;()(i). Since we are not applying any
grand unified theory constraints, the masses of the chargino

—26

x 10
—tang =10
45} ---tang =20 L “ q
~otanf = 30 : .
4+ --tan8 =40 i
e
g 35f E
< o f
= 25 . . B
A PNy ~ .
= S . 4
o 2r /' /, B )
= ’ P Moot
S 15F [/ \ - N
= f \ v \
) ; A
Z o e
05+ d
) )
5 1 1 1 1 1
0 1 2 4 5 6

6, (rad)

FIG. 9 (color online).  Variation of the neutron CEDM |d| vs 6,
for four values of tanf. From bottom to top at 9” =1 rad,
tanff = 10, 20, 30, 40. Other parameters have the values
|m| =170, |my| =220, |u| =400, |A%| =680, |Ad| =600,
m = md = 8000, mgy=1000, my =300, mg =260, my, =320,
my, = 280, |hs3| = 1.58, |n}| = 6.34 x 1072, || = 1.97 x 1072,
|hy| = 4.42, |n}| =5.07, |hj| =2.87, |hs| = 6.6, |hf|=2.67,
|nZ| = 1.86 x 1071, |hg| = |hs| = |hg| = 1000, & =2x 1072,
& =2x1073, & =26, apr =2 X 1072, ay = 30, y3=
2x1072, 4 =1x1073, ff=4x1073, y, =7x 1073, y, =
20 =1x1073, ys=9x1073, yL =5x1073, 41 =2x1073,
Yo =x7 =3 =5 x 1073, All masses are in GeV, and phases
are in rad.
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and the gluino can be treated as independent parameters,
and thus as we increase the gluino mass, the chargino
contribution remains unchanged and eventually dominates
as the gluino mass gets large and makes the CEDM
negative for m, > 20 TeV. We note here in passing that
the W and Z contributions in this region of the parameter
space are negligible compared to the other exchange
contributions.

As discussed already, it is of interest to study the
dependence of the CEDM on the CP phases in the
MSSM sector as well as in the new sector. Figure 9 shows
the variation of the neutron CEDM vs 6,, the phase of u.
The CP phases are the source of the CEDM, and the
sensitivity that the CEDM shows in response to the
variation of 6, is obvious. The parameter x appears in
the chargino and the neutralino mass matrices. It exists also
in the squark mass squared matrices, so one can see that the
chargino, the neutralino and the gluino contributions are
affected by this parameter and its phase. The electroweak
contributions, i.e, W and Z components, are independent of
the magnitude and the phase of . Values of |d$| below the
current upper limit can be obtained for several values of
tan 5, whereas values above the limit appear for larger tan .

Next we investigate the dependence of the CEDM on y¢
which explores a new sector of the theory as it is the CP
phase that arises in interactions involving the mirror quarks

—26
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FIG. 10 (color online). Variation of the neutron CEDM |dS| vs
xe, for four values of |hg|. From bottom to top at ys = 1 rad,
|hg| = 1100, 1200, 1300, 1400 GeV. Other parameters have the
values tan f = 34, |m;| = 185, |m,| =220, |u| =350, |A§] = 680,
|A(‘{| = 600, m¥ = md = 3600, my =300, mg =260, m, = 4000,
my, = 320, my, = 280, |hs| = 1.58, |h}| = 6.34 x 1072, |h}| =
1.97 x 1072, |hy| = 4.42, |h)| =5.07, |nj| = 2.87, |hs| = 6.6,
|nt| =2.67, |hY| =1.86 x 107", || = |h;| = 1100, 0,=0.1,
E =2x1072, & =2x1073, & = 3.6, ap =2 % 1072, ay =
3.0, ;3=2x 10‘2,;53: 1x1073, X =4x 1073, yy =7 x 1073,
2 =1 =1x1073, ys=9x1073, 4L =5x1073, y/=2x107,
¥7 =5 =5x1073. All masses are in GeV, and phases are
in rad.
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FIG. 11 (color online).
(solid curve); the neutron CEDM,

Variation of the neutron EDM,

&t
dS| (dashed curve); and the
total neutron EDM, |d°®| (dotted curve) vs &, the phase of the
gluino mass, for tanf = 40. Other parameters have the values
Imy| = 185, |my| =220, |u| =400, A =680, |Ad| = 600,
mit = md =5000, my =300, my=260, m,=1500, m,, = 320,

my;, = 280, |hs| = 1.58, =6.34 x 1072, |h4] = 1.97 x 1072,
|hy| = 4.42, |h)| =5.07, |h}| =2.87, |hs| = 6.6, |hs|=2.67,
|nZ| = 1.86 x 1071, |hs| = |h;| = |hg| = 1000, 0,=4.7x 1073,
& =2x107,86 =2x107, au =2x 1072, ay =30, 73 =
2x1072, 4 =1x1073, ff=4x1073, y, =7x 1073, y, =
2 =1x1073, x5 =9x1073, yL =5x1073, 41 =2x1073,
Y6 =x7 =xs =5 x 1073, All masses are in GeV, and phases
are in rad.

h;

and the fourth-generation quarks. An analysis of the
dependence of the CEDM on y is exhibited in Fig. 10.
Aside from hg, other mass parameters that arise because of
the new sector are /1; and hg. The dependence of the CEDM
on |hg| is also exhibited in Fig. 10. Quite remarkably the
CEDM is sensitive to both the mass scale and the phase that
enters in the new sector.

Finally it is of interest to look at the total electric dipole
moment obtained by adding the electric and the chromo-
electric dipole moments. Figure 11 shows the variation of
the EDM, the CEDM and the total EDM against the gluino
phase, &;. The analysis of Fig. 11 shows that, while
the EDM may dominate the CEDM for some values of
&5, the opposite may happen for a different range of &;. The
analysis also suggests constructive interference between
EDM and CEDM in some parts of the parameter
space while there is destructive interferences in other
parts (i.e., for 0 < & < 7) leading to the cancellations
mechanism [26,27].

VI. CONCLUSION

In this work we have given an analysis of the chromo-
electric dipole moment of quarks and of the neutron arising
in an extension of the MSSM where there is an additional
vectorlike generation of quarks in the matter sector. Such an

035013-10



CHROMOELECTRIC DIPOLE MOMENTS OF QUARKS IN ...

extension brings in new sources of CP violation which can
contribute to the chromoelectric dipole moment of quarks.
The work presented here consists of analytical results on
five different types of contributions to the chromoelectric
dipole moments of quarks which include both nonsuper-
symmetric as well as supersymmetric loop contributions. In
the nonsupersymmetric sector, we have contributions aris-
ing from the exchanges of the W and Z bosons in the loops,
while in the supersymmetric sector, we have exchanges
involving charginos, neutralinos and the gluino in the loop.
We have also carried out a detailed numerical analysis of
their relative contributions. Specifically it is found that
there exists strong interference effects between the MSSM
sector and the vectorlike quark sector which can drastically
change both the sign and the magnitude of the quark
EDMs. We have also investigated the possibility that the
neutron EDM can be used as probe of the TeV scale
physics. These results are of import as future experiment
can improve the current limits up to 2 orders of magnitude,
|

PHYSICAL REVIEW D 92, 035013 (2015)

and thus the quark EDMs provide an important window to
new physics beyond the standard model.
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APPENDIX A: SQUARK MASS MATRICES

In this Appendix we give further details of the model
discussed in Sec. II. As discussed in Sec. II, we allow for
mixing between the vector generation and specifically the
mirrors and the standard three generations of quarks. We
also allow for mixing between the mirror generation and the
fourth sequential generation assuming R parity conserva-
tion (for a recent review of R parity, see Ref. [37]). The
superpotential allowing such mixings is given by

W= €ij[y11211i51]1LbTL + yﬁﬁéﬁiﬁh + hﬁi 09T, + ylzﬁéQCiEL

+y3 HiGh b5 + Yy a5, 15, + yaHL 85, DS, + YL HL 4L, 1, + vsH g, by + Y HE G, 7]
+ h3€ijQCi€1j1L + hg%QCif]éL + h’g’eijQ"iééL + hyb§ By + hsi$, T, + hyb5, B,

+ hgiéL?L + hi{ggLBL + h/S/,t\gLTL =+ h6€ijQiq£L + h722LEL + hg?iLfL - /,te,JI:I'II:IQ

Here the couplings are in general complex. Thus, for

example, u is the complex Higgs mixing parameter so that
o,

u = |u|e'. The mass terms for the ups, mirror ups, downs
and mirror downs arise from the term
oL oW +H (A2)
=y .C.,
204,04, "V

where y and A stand for generic two-component fermion
and scalar fields. After spontaneous breaking of the
electroweak symmetry, ((H!)=wv,/v2 and (H3) =
v,/+/2), we have the following set of mass terms written
in the four-component spinor notation so that

(A1)

_'Cm = E%(Mu)éL + ﬁ%(Md)’/IL +Hec., (A3)
where the basis vectors are defined in Egs. (3) and (8).
Next we consider the mixing of the down squarks and the
charged mirror sdowns. The mass squared matrix of the
sdown-mirror sdown comes from three sources: the F term,
the D term of the potential and the soft SUSY breaking
terms. After spontaneous breaking of the electroweak
symmetry the Lagrangian is given by
L=Lp+Lp+ Lo, (A4)
where L is deduced from F; = OW/0A;, and —Lp =
Vr = F;F} while the L is given by

1 T b bt Cr o TC 71 7 7 pt r 7% 5 Tk T Tk
—Lp = Emécoﬁew cos2p{t t; — by by + ¢, ¢ —5.5] +ugu; —dpdp +ty 1y, — by by, + BrBr — TrTr}

1 1. . 4. . 1. . 4
+ Em%sinzﬁw cos Zﬂ{—gtLtz + = Ipln — chci +

3

2

3 3

T e S T P
+ BB — §f4Lf4L + 5 lartyg — 3 barbar — §b4Rb4R}~

Pt 1"’”‘* 4"‘”‘* 1~~* 4 -~ Tk 1~~*
CRCR_guLML +—uRuR+—TRTR—§TLTL_§bLbL

3 3

(AS)
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For L, we assume the following form:

—Lore = M%ﬁi‘z&ﬁ + M%;Léﬁéh + MELEIIEE%L + M§L51’3‘26?’3‘L + MZQQCk*QCk + M;ZI fiifh

+ M bSs b + M2E; T, + M%41322152L + M2Tg T,

+MZI5 TS, + MibﬁZbEL + M b5 b5, + MiB} B, + MAT;T,

+ €ij{y1AhHli q{LbfL - yllAtHéé{L;iL + YSA4bHIi éiLbf&L - yl5A4tHééflL;2L + ySAsHliééngL

~ VAAHAG 15+ VaAdH Gy b5 = YiA Hy @ By + yoArH QYT = yyAgHY 0B, + Hee}. (A6)
Here M5, , M5, etc., are the soft masses, and A,, A, etc., are the trilinear couplings. The trilinear couplings are complex, and
we define their phases so that

A, = |Ayle ™, A, =|A]e %, ... (A7)

From these terms we construct the scalar mass squared matrices. Thus, we define the scalar mass squared matrix M ?i in the
basis (l;L, By, bp.Bg.5;.5p.d; . dg. by, l;4R). We label the matrix elements of these as (Mf})i/‘ = M%j which is a Hermitian
matrix. We can diagonalize this Hermitian mass squared matrix by the unitary transformation

Ndtarnd _ 4; 2 2 2 2 2 2 2 2 2 2
DUM2D? = diag(M2 . M2 M2 M2 M2 M2 M2 M M2 M2 ). (A8)

S M?
o dig

Similarly we write the mass squared matrix in the up-squark sector in the basis (7,, T} .7g. Tg. ¢p. Cro iy, fig. Lap ., Lag).
Thus, here we denote the up-squark mass squared matrix in the form (M ﬁ) = m%j which is also a Hermitian matrix. We can
diagonalize this mass square matrix by the unitary transformation

D“"M2D" = diag(M2 . M2 M2 M2 M3 M3 M2 M2 M2 M3 ). (A9)

Ujo

[

u g ux u 78S u U u
o CR% = cos O 1 (Dgs;Dgsi + DiajDkai + Dii D
APPENDIX B: W, Z, y*, ¥°, ¢ COUPLINGS W
WITH QUARKS + Dig3;Disi) + x1D%5 Dol (B4)
1. W-quark-quark couplings

. . ) where
The couplings that enter in the W-quark-squark inter-

actions of Eq. (13) are defined so that

1 2 2
. 2 . 2
9 i . L X| == — =sin“Oy, yi = —=sin“fy.  (BS)
GZV,.,. = ﬁ [DLSjD(ZSi + DlL4jDZ4i + DZ3jD1f3i 23 3
ux nyd
+DpyDiyils (B1) The couplings that enter in the Z-down-quark inter-

W g p actions of Eq. (20) are defined so that
Gg :7[D114€§jDR2i}' (B2)

ji \/j

g * * *
CCLIZ = [xz(Dd 'D%Si + DZ4/DZ4I' + DZUDZU

. L5
2. Z-quark-quark couplings " cosOy !
dx d dx d

The couplings that enter in the Z-up-quark interactions of + Di3;D 13i) T 2Dp5 D L2l (B6)
Eq. (18) are defined so that
CuZ _ 9 [x (Du* D!_. + D" Dt 1 Dux pDu and

Li ~ cos Oy 15 Lsi L4 L4i LiiPrLu

g * % *
+ DY¥%.DY.) 4+ vy, DY¥5.DY, |, B3 C?ei = [Y2(D%5,’D§ie55 + D;leD;JMi + D;]QIjD%Ii
1313 NP0 cos Oy,

and + D%]’D%m) + xzD;Ie*sz%zi]’ (B7)
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where

1 1. 1.
X =5+ gsmzew, v, = gsmzew. (B8)

3. Chargino-quark-squark couplings

The couplings that enter in the chargino-up-quark-down-squark interactions of Eq. (23) are given by

Lu __ _ * yux yd * yux yd x yux vd
Cjik_g( Ky Via Dy iD7i = ke Vin Dig3 iDsp = k,Vip Dig) i D'y

— k4 Vi Dl DSy — KV, Dl D3y + Vi Diss DY), (B9)

j
CR% = g(=xaUpn D}y ;D — k,UnDY5 Dy — k,Un DY DY,
— k4pUp Dy, Doy — krUpDify D
+ UnDﬁngk + Uilngj[)g]k + UilDIujij[)fk + Uingji)gk)- (B10)
The couplings that enter in the chargino-down-quark-up-squark interactions of Eq. (22) are given by

Ld __ * yds YU * ydx U
c (_KdUiZDR4jD7k — Ky UiZDR3jD5k

jik =
— Kp U?zD%lefk — Kap U;fQDjé’ngSk - KTU?zD%*z;ng + Uj D%jDZk)v (B11)
Cﬁi = g(_KuViZDijtj[)gk - KcViZDinggk - KtViZDI(ﬁngk - K4tVi2DZ§jD'f0k
— x5V Dy Dl + Vi Dy DY + Vi D3 DY + Vi DY Dy + Vi D5 D5y, (B12)
where
(mT’ my, Mg, My, m4b>
K7, Kpy Ky K gy Kgp) = , B13
(K7s Kpps Ky Kty Kap) \/imwcosﬂ ( )
(mB’ mg,mg,m,, m4t)
Kp, K¢y K¢y Ky Kgp) = B14
( B> Ky Kes Ky 4[) \/Emwsinﬂ ( )
and

4. Neutralino-quark-squark couplings

We first give discuss the couplings that enter the interactions in the mass diagonal basis involving the up quarks, up
squarks and neutralinos of Eq. (28). Here we have

7 uk YU I Y ux YU ux Ty wk Ty
C V2(a,; Dy DYy — 7, Dl Dy + ac ;D5 Dsi — v jDgaiDer + a1 Dgy D1

wijk =
— 1iDii Dl + auyDigs, DSy = 74y Digs: Diow + Pr;Dies; Dl = 51;Digs, D5y, (B16)
C:ﬁjk = \/i(ﬁujl)[ujtif)%k - 5ujDZZil~)§lk + ﬂchfEi[)gk - 5chZ§i[)gk + ﬂszﬁi[)'fk
— 8Dy Dl + Bay Dy Dy — 84 D15, Dioy + ar; Dty Dl — yr;Dis,D5), (B17)
where
ngxéj 2 q 1 2.
b = —ZeX 4+ — x -~ +Zsin%0 B18
o 2myy cos f Pr; 3% + cosfy  HF\ 2 - 3 i (B18)
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1%

rmj = T34
and
0 — gm4tX4j . o —
4y = —— - —
! 2my sin B Y
*
s gmaXy; 5
Aty = T A . n tj = -
/ 2myy sin 8 /
and where
ﬁ4tj = /Btj = ﬂc;
Varj =

Vij =

PHYSICAL REVIEW D 92, 035013 (2015)

2 gsin@y, gmrXs;
- 3 Op: = ——— B19
3 cosOy Y T 2myy cos (B19)
X, X, X,
Iy o, = _IMeR4j ;= _IMuZ4j (B20)
2myy sin B 2myy sin 2myy sin
gm, X5, . o gm X} . gm, X (B21)
2my sinf’ T 2mysing’ YW Dmyy sin B
* g * 1 2 2
Buj =% X’ +cos¢9 X% <2 3)sm 9W> (B22)
2 2951n26W
=y = A B23
}’c} }/u] 3 e ]] 3 cos GW ( )

Similarly for the couplings that enter the interactions in the mass diagonal basis involving the down quarks, down squarks

and neutralinos of Eq. (29), we have

1L dx 1yd dx 1yd dx 7yd
Cuijx = V2(ay;D§D% — 74, D%i D + ;DD

dx 1yd dx dx 1d
= 7siDR3: D + apiDR1: D1k — v, DR1:D3x

+ @y DE5 DG, — 14y D Diox + P Dy D — 85;D5,D5,). (B24)
and
Cifie = V2BiD{3DG = 84D D%y + Boy D5 D% = 8 D5: D5y + By DDy = 6, D7, D5%
+ ﬁ4bjDZ§i[)gk - 54bjDZ§ib(110k + aBjDZEithk - VBjDLZiDZk)’ (B25)
where
gmpXy; 1 g 11
= A =X+ —L X (5~ sind B26
8j 2myy sin 3 Ps; 360 *cos Ow 2 3 350w (B26)
1 . lgsin®0y _, gmpXy;
= —eXy ;o Sp=—a—— B27
7B =397 3 cos Ow 27 Bj 2myy sin 8 (B27)
and
gmypXs; gmpXs; gmgXs; gmaXs;
Ay = —— a, = ——— A, = ———; Ay = — = B28
I 2my cos B I 2my, cos B 7 2my cos B 4 2my cos B (B28)
Map X3, my X5, m X%, m X3
By = — 02y IRy IR TR (B29)
2myy cos 3 2myy cos ff 2myy cos ff 2myy cos 3
and where
1 * g * 1 1 2
Bavj = Prj = Bsj = Paj = X/ + cos Oy Xlz;( 5713  sin 9W> (B30)
S . lgsin’Qy
}’4bj—}’bj—7sj—7dj——§e i3 cos Oy (B31)
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Here X’ are defined by
Xlli = XliCOSHW +X2i Sin@W
X/Zi = _Xli sin 9W —+ X2i COS ew,
where X diagonalizes the neutralino mass matrix and is defined by

X"M X = diag(m; o mxo,mxo,mxo)

5. Gluino-quark-squark-couplings

The couplings that enter in the gluino-quark-squark interactions of Eq. (32) are given by
Cr, = (D3 DS, = DigsiDlo,, = DgyDi, — Diu DS, — Dy DS, ) e 72,
and

Cr,, = (DL41D7m + Di,D§,, + D] ID + Di*uD“ — DJ;,D3,)e% /2,

Sm

where &5 is the phase of the gluino mass.

APPENDIX C: MASS SQUARED MATRICES FOR THE SCALARS

(B32)

(B33)

(B34)

(B35)

(B36)

We define the scalar mass squared matrix M?j in the basis (Z;L, BL, Z;R, BR, St Sg EIL, EZR, l~)4L, l;4R). We label the matrix

elements of these as (M?2);; = M}; where the elements of the matrix are given by

2y 11,
M%I:M%L—I— 1‘21| + |hs]* - m%cosZﬂ(E—gsm%W),

1
M3, = M2+ 20 2 4 B o + i cos2psinco
a2, — a2 4 AP e ] 2psin%0
L= 131+ 5 + | Ayl —mzcos psin’0y,

1.
M3, :M2Q+ v3lyl” + |hs)? + | |2+|h”|2+|h6|2+m20032ﬂ<—3sm29W>,

2

, 11,
M2 = M2, +#+ |H5]* = m3 C052ﬂ<§ —gsmzew),

”1|)73|

1
S+ A mZ cos 23sin@y,

2 2
Mg =M} +-122-

1 1
M3, = M%L + Ul‘;d + [P5]* = m7 cos 2,3(5 - §Sin29w>’
|)74|

1
5 + |hy? - mzcos2ﬁsm W

M%s - M%} +

vilys|® 11,
Mgy = M3, +]T + | hg|* — m? cosZﬁ(E —gsmzew
|)’5|

1
3 + |h]? - —mZCOSZﬂsm w-

M%mo = Mi +
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vay5hy | iy 2 2 i 2 2
, M5, = M35, = VAT — uw,), M5, = M5 =0,
/2 N 13 31 \/5( 1A} — pvy) 14 41

Mis = M35 = Wh;, - Mig=Mg =0, Mi; = M3 =hihy,  Mig=Mg =0, Mig= M5 = hhs,

2 2% __
M12_M21 -

M2 MZ* 0 MZ MZ* 0 MZ MZ* y/2* ( A* ) M2 M2* UZh/Sy/z* 1)]_)13]12
= =0, = =V, = = v —Iu’[) s = = s
110 101 23 32 24 42 V2 24p 1 25 52 2 /2
. . Uah3yyT  viyghy” .
M§6:M§2:0, M%7:M%2: \/5 \/§ ) M%8:M§2:0’
2 e VIMGYs | 025" he 2 a2 — 0
M3y = Mg, = 2 + N M3,y = Mig, =0,
" v hyyy* vy h; " ” X
My = s = IR L UL M= ME =0 M= M =
M%7:M%§ =0, M%g :M§§ :h4hZ*,
M§9:M§§ =0, M%lOZM%&:hdl;’
X « vyl vihyy;
M§5:M§4:0, M4216:M%4: NG V2
. L VS hYT vihgy)
M3, = M3, = 0. M3y = Mg, = V2 V2
2 24 2 R 0 Y - R Y I
My = Mg, =0, Mo = My, = \/i 7
M§6 = M%s = \/E(UIAX — Hv), M§7 = M%s = h3hy",
Mgs :M§§ =0, M§9 :Mg§ :hé*h@ M%lO:M%SS =0, M%7 :M%EZ ’
* * * * * * y* *
M%s = M§6 = hyhy”, M%9 = M%s =0, M%lo = M%oe = hyh3, M%s = M§7 = \/%(UlAd — Uy).
M3y = Mg, = I5*he. M3, = My =0
* * * y*
M§9 = M%s =0, M§10 = M%os = hyh3, M%m = Mﬁb = \%(UIAL? — H13).
We can diagonalize this Hermitian mass squared matrix by the unitary transformation
At a2 yd g 2 2 2 2 2 2 2 2 2 2
D M&D = dlag(M[zl’MZzz’M83’Ma4’M&5’M&zﬁ’MEthZig’Ma"zg’Mam)‘ (C2)

Next we write the mass squared matrix in the sups sector the basis (7,, T, , Tz, Tg. &1, C. iy, iig. T4, 1ag ). Thus, here we
denote the sups mass squared matrix in the form (M3), ;= m?j where
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2 = M? +1)2|y1|2 + |h3]* + m2 cos 23 ——%smzé’
1 1L 2 3 Z 3 w
2

m3, = M + |;2| + |hs)? + [R5 + |RY? + |hgl? — —mZ cos 2fsin’0y,

2 M2 ‘y1|2 h 2 2 2 9
mi; = ?1+ > + |hs|* + = chos Bsin?0yy,

2

my, = M2Q + |;2| + |hs|* 4 |B5]* 4 |R5|* + |he|* — m cos 2ﬂ<— —551n2¢9w>

2 _ a2 2|y3|2
m55_MiL+

2
St |WS|* + m% cos 23 (— - gsm2¢9W>

2 2 ”2‘)”3|2 o 2, . 5
mge = M3 + > + || —l—gmzcosZﬂsm Ow.,
214/ |2 | 2
m3, = M%L + 1)2|;4| + |h§|* + m% cos 2ﬁ<§—§sin249w>,

2
A 2
2 2 2174 "2
mgg = M + =27+ |nY|* + 3’”2 cos 2f3sin’Oy,
214/ |2
v3lys| 1 2
2 a2 21)s 2 2 )
mgy = M3, + > + |hg|* + m7 cos 23 5~ 3sin Ow ),
2 2
2 _ ‘y5| 2
Moo —M;4 to | g —|—3mZ cos 2fsin%0
vy vahsy v
2 D% 123 21501 2 2% 1 * 2 _
My =my = - 2 + N myz = Mz = \/E(UZA — uvy), mi, = mi; =0,
mie = m%¥ = hiht m¥ =m¥ =0 myy = m3; = hih; m¥ =m¥ =0,
15 = M5 = N3N, 16 = Mgy =Y, = m3 = 3 1§ = Mg) =
* h h/*
2 2k 2 oo V2 " 2% _ U13Y2 VY35
myy = m3; =0, Moy = My = (01AT — pvy), mzs = M5, = )
V2 V2 V2
1% A N/ES
v h5ys v yih
2 2% 2 2% 118302 2)4"5 2 2k
myg = mg, =0, My; = M7y = V2 N myg = mg> =0
vihsys vy R
2 2% 17502 2013 2 2 2% /%
M3y = My3 = 2 V2 m3s = m3; =0, m3e = mgy = hshs”,
20 2% 2 2% 1%
my; = mz3 =0, m3yg = mgy = hshs”,
/% / ! %
me — m2 =0 m2 — = 23 vohy | v1yahs
45 — M54 =Y, 46 — Mgy = /2 N
v h//* ) /*h//
m m2 — 0 m m2r — 1Y2/ls UaYy N3
47 74 = Y, 48 = Mgy = NG N
yl*
2 2%« __ 23 %
M5q = Mgs = \/‘2‘(va€ — Hvy),
20 2% LI % 2
ms; = mys = h3hy", msg = mgs =0,
2 2% __ _ _ I N/ES
mg; = mszq =0, mss = m86 = hshs™,
y/*
2 o2s V4 X
msg = Mgy = \/z(vau - Hvy),
2 2k * 2 _ 2% __
mig = myy = hehj, miyy = mip =0,
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*
2 e Yalihe
Mmyg = My =

2
m31o = mip =0,
2 2% *
M3y = Mipy = hshg,
2 _
miy = mg; =0,
— ! *
miy = mgt = hehy*,

Meg = m96 =0,

)
|

20 2%
Mgy = mag = 0,

! *

*
mz mz* y5 Uzh6
410 — "f104 — \/z

m510 = m105 =0
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U2Y§h8
V2 V2

2k
m39 =mg; =0,

vy hg

7

— — ! 1,%
m610 = m106 = hshg
2% __ 1% 2
= mgy; = hehy™, mz g = m1o7 =0,

2 2% Mk
Mgy, = miog = hshg,

2 o0 _ Y5
Mgy = Migy = E(UZAL — Hvy) (C3)
We can diagonalize the up squark mass square matrix by the unitary transformation

D"“"MZD" = diag(M? LML ML M2 M2 M2 ML MR M M ). (C4)
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