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Abstract

The chromoelectric dipole moment of the top quark is calculated in a model with a vector like
multiplet which mixes with the third generation in an extension of the MSSM. Such mixings
allow for new CP violating phases. Including these new CP phases, the chromoelectric dipole
moment that generates an electric dipole of the top in this class of models is computed. The
top chromoelectric dipole moment operator arises from loops involving the exchange of the
W, the Z as well as from the exchange involving the charginos, the neutralinos, the gluino,
and the vector like multiplet and their superpartners. The analysis of the chromoelectric
dipole moment operator of the top is more complicated than for the light quarks because
the mass of the external fermion, in this case the top quark mass, cannot be ignored relative
to the masses inside the loops. A numerical analysis is presented and it is shown that the
contribution to the top EDM could lie in the range (107 — 107'®) ecm consistent with the
current limits on the EDM of the electron, the neutron and on atomic EDMs. A top EDM
of size (107! — 107!8) ecm could be accessible in collider experiments such as at the LHC
and at the ILC.
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1 Introduction

The electric dipole moment (EDM) of elementary particles provide an important window to
possible new sources of CP violation (For recent reviews see[l]). This is so because in the
Standard Model the EDM of an elementary particle is rather small. Thus for the top quark
the EDM in the Standard Model is estimated to be less than 1073° ecm|[2, 3, 4] and outside the
realm of experiment in the foreseeable future (For a review of CP violation in top physics see
[5]). However, much larger EDMs for elementary particles can arise in new physics models.
One such model considered recently was where one has extra vector like generations which can
mix with the third generation[6, 7, 8]. Extra vector like generations can arise in many unified
theories of particle physics[9, 10] and if their masses lie in the TeV range they could mix with
the third generation and produce observable effects. Such mixings are consistent with the
current precision electroweak data[l1] and thus the implications of such vector like multiplets
have been analyzed in a number of works[12, 13, 14, 15, 16, 17, 18, 19, 20]. In [8] an analysis
of the electric dipole operator for the top quark was given arising from the exchange of the
extra vector like generations in the loops and it was found that a significantly larger EDM
than in the Standard Model can arise for the top quark from such exchanges. In this work we
analyze the contribution to the chromoelectric dipole operator (CEDM) from the exchange of
the vector like generations in the loops. Our analysis is done in an extension of the minimal
supersymmetric standard model (MSSM) including the extra vector like multiplets. The
analysis shows that a top EDM as large as (107! —1071%) ecm can arise from a constructive
interference between the electric dipole moment and the chromoelectric dipole moment. A
top EDM of this size lies within the realm of future experiment [21, 22, 23, 24]. The role of
EDMs in a variety of processes such as ete™ — tt, vy — tt and other phenomena have been
investigated by a number of authors [22, 25, 26, 27, 27, 28, 29] and thus the EDM of the top
is of significant interest.

The outline of the rest of the paper is as follows: In Sec.(2) we define the chromoelectric
dipole moment of the quark and its connection with the electric dipole moment. In Sec.(3)
we give an analysis of the EDM of the top allowing for mixing between the vector like
multiplet and the third generation quarks in the underlying model discussed in [8]. These
mixings contain new sources of CP violation. Here we compute the loops involving the
exchanges of the W and the Z, of the charginos, of the neutralinos, of the gluino as well as

exchanges involving the vector like multiplets and their superpartners. In Sec.(4) we discuss



the parameter space of the model and list the new CP violating phases that enter in the
analysis. A numerical analysis of the size of the EDM of the top is given in Sec.(5). In this
section we also display the dependence of the top EMD on the CP phases arising from the
mixings of the third generation quarks with the extra vector like generations. Conclusions

are given in Sec.(6).

2 Chromoelectric dipole moment of the top quark

The chromoelectric dipole moment d€ is defined in the effective dimension 5 operator
lso a va
Ly = —5d"q0u75T"qG"", (1)

where T are the SU(3) generators and G**“ is the gluon field strength. The contribution
of this operator to the EDM of quarks can be computed using dimensional analysis[30].
This technique can be expressed using the “reduced” coupling constant rule. Thus the
contribution of chromoelectric dipole moment operator to the EDM of the quarks is given

as follows

— 2
g )

The alternative technique to estimate contributions of the chromoelectric operator is to use
the QCD sum rules[31]. We note that the analysis of the top EDM is more complicated
relative to EDM of the light quarks and of the light leptons (see e.g.,[32, 33]) because we
cannot ignore the mass of the external fermion (i.e., of the top quark in this case) compared
to the masses that run inside the loops. So the form factors that enter the analysis of the
top EDM are more complicated relative to the form factors that enter the EDM of the light
quarks, since for the case of the top the loop integrals are functions of more than just one

mass ratio.

3 Top CEDM from exchange of vector like multiplets

Using the formalism of [8], one can compute the contributions to the chromoelectric dipole
moment of the top quark. There are several contribution to it arising from the exchange of
the charginos, of the neutralinos, of the gluinos and of the W and Z boson. CP violation in
these diagrams enters via the mass matrices involving the third generation and their mirrors

and similarly via the mass matrices involving their superpartners and via the interaction

3



g g
t / i t t r‘ ﬁ t
\“"'-T-’ \-___0_,
X xp

Figure 1: Left: One loop contribution to the chromoelectric dipole moment of the top quark
from the exchange of the chargino and from the exchange of sbottoms and mirror shottoms.
Right: Same as the left diagram except that one has chromoelectric dipole moment arising
from the exchange of the neutralinos and from the exchange of stops and mirror stops.

vertices. A full description of the CP phases and the dependence of CEDM on them is given
in Sec.(4). We discuss now the various contributions to the CEDM of the top.
3.1 Chargino exchange contribution

The chargino exchange contribution to the chromoelectric dipole moment of the top quark
arises through the left loop diagram of Fig.(1). The relevant part of Lagrangian that gener-

ates this contribution is given by
2 ~ ~
Ly jr = Z Z Z te[l Lkji P + T riji Prlx+ib; + H.c. (3)

where

Drgji = _Q[Vz‘;’fthlleljj - D?:Qk‘/iTDZj + D%k“BV;;ng]a
L Riji = Q[UilD?mb?j - DtL*lk’bengj - DtL*%"fTUwDZj]a (4)
where D? is the diagonalizing matrix of the 4 x 4 sbottom mixed with scalar mirrors mass?
matrix as defined in the appendix of [8]. These elements contain CP violating phases can

also contribute to the chromoelectric dipole moment of the top. The couplings « are defined

as

()



Here U and V' are the matrices that diagonalize the chargino mass matrix My so that

U*McV™—! = diag(m,,m}). (6)

X1’

Using the above interaction, we get from the left loop diagram of Fig.(1) the contribution

d®(x") = 1672 ZZ m2 ]m(FLljiF§1ji)[3(m—2j> m_gj)7 (7)
i=1 j=1 b b b
where I3(ry,72) is given by
1 2
r—x
Li(ry,ms) = | d : 8
(i, m2) /0 T+ (ry —rg — 1) + rox? ®)

We note that the limit of I3(r,72) for ro ~ 0 is the well known form factors B(r) in the case
of light quarks [33]. While our analysis is quite general we will limit ourselves for simplicity
to the case where there is mixing between the third generation and the mirror part of the
vector multiplet. The inclusion of the non-mirror part is essentially trivial as it corresponds
to an extension of the CKM matrix from a 3 x 3 to a 4 X 4 matrix in the standard model
sector and similar straightforward extensions in the supersymmetric sector. In the rest of

the analysis we will focus just on the mixings with the mirrors which is rather non-trivial.

3.2 Neutralino exchange contribution

The neutralino exchange contribution to the chromoelectric dipole moment of the top quark
through the right loop diagram of Fig.(1). The relevant part of Lagrangian that generates

this contribution is given by

4

4
L0 = Z Z

k=1 i=1 j

2
t1CrkiPr + CrixiPr)X% 1, + H.c., 9)
=1
where
Cij’i = \/E[atiDgljf)ik - %iDgljDék + BTiD%jDik - 5TiDg2jDék]’
CRjki = ﬂ[ﬁtiDtL*ljDik - 6tiD?<1jDZt’>k + aTiDEij[)flk - ’YTiDZijDQk]- (10)
2

The matrix D! is the diagonalizing matrix of the 4 x 4 stop mixed with scalar mirrors mass

matrix as defined in the appendix of [8]. The couplings that enter the above equations are
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given by

gm Xy 2 g w2,
= IRy s Zoxe 9 x (2 Zgin?e
g 2myy sin 3’ & 3¢ TR cos Oy 2](2 3SHl w):
2 2 gsin® Oy gmi X3,
= Cex, 2L Tl = L T8 11
T T 39N T 3 og Oy ~HT W 2myy sin 8 (11)
Here
gmr X3; 2 g L 2
=2 9 = ——eX + ———Xo.(—=+ = ¢
arj 2mW COSB’ BT] 36 15 + COSGW 2]( 2 =+ 3 S W)7
2 2 gsin? Oy gmr X3,
= _Cexr 222 W s = L9 12
Rk 3¢ 1j+3 cos By 27 T 2myy cos (12)
where
X1; = (Xyjcosbw + Xyjsin Oy ), Xy; = (—=Xy;sin by + Xy cos Ow), (13)

and where the matrix X diagonlizes the neutralino mass matrix so that
X" MpX = diag(myo,,myo,, myo,, myo,). (14)

Using the above interaction, we get from the right loop diagram Fig.(1) the neutralino

contributions to the top chromoelectric dipole moment to be

4 4 2

m 2
Js myo * XY My
E E —Im(Cr1:Crr ) I3(—5- L
167-‘-2 m2~ ( 1 lez) (m% ) m2~

i=1 k=1  tk o h

do(x") =

)- (15)

3.3 Gluino exchange contribution

The gluino contribution to the chromoelectric dipole moment of the top comes from the two
loop diagrams of Fig.(2). The relevant part of Lagrangian that generates this contribution

is given by

8 3 2 4
Ly =V20, > > Y TR Ky, PL+ K, Prljdts, + H.c. (16)
a=1 j,k=1 n=1 m=1
where
Kan = 677{53/2 [DtR*QnDZm - Dglnbém]7
Kg,,, = ¢?[Dy, DY, — Df, Di,.], (17)
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Figure 2: Left: One loop contribution to the chromoelectric dipole moment of the top quark
from gluino exchange and from the exchange of stops and mirror stops. Here the external
gluon line connects to the stops and mirror stops in the loop. Right: Same as the left
diagram except that the external gluon line connects to gluinos in the loop, i.e., one has a
gluino-gluino-gluon vertex in this case.

where &3 is the phase of the gluino mass.

The above Lagrangian gives a contribution

~ gs . mg mZ m?
~ stts * t
4°3) = 205 1y, K (o, ), (13)
j=1 t; t; t;
where I5(ry,75) is given by
1 2
x + 8x
Ii(r.m) = | d . 19
s(r1,m2) /0 T+ (r1 —rg — 1)z + roa? (19)

We note that the limit of I5(ry,79) for 79 ~ 0 is the well known form factors 3C(r;) in the
case of light quarks [33].
3.4 W and Z exchange contributions

The W boson exchange contribution to the chromoelectric dipole moment of the top quark
arises through the left loop diagram of Fig.(3). The relevant part of Lagrangian that gener-

ates this contribution is given by
g Z Z n x *
i

where 7,7 run over the set of quarks and mirror quarks including those from the third

generation and from the vector multiplet, ¢; is the physical top quark, and DE{’R are the
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Figure 3: Left: One loop contribution to the chromoelectric dipole moment of the top quark
from W™ exchange and from the exchange of the bottom quark and from the mirror bottom.
Right: Same as the left diagram except that one has chromoelectric dipole moment arising
from Z exchange and from the exchange of the top and from the mirror top.

diagonalizing matrices defined in the appendix of [8]. These matrices contain phases, and
these phases generate the chromoelectric dipole moment of the top quark. Using the above

interaction, we get from the left loop diagram of Fig.(3), the contribution

mtl

2
(W) = 16W2M2 Zmb Im(I'*) I ( M;, R (21)

Here T is given
2
ng = %Dt;llD%lz‘D%ﬂD?%’ (22>
and I(rq,79) is given by

1 2
(4471 —ry)x —4a

I = d . 23

t(r;m2) /0 x1+(r1—7"2—1)33~|—7’2x2 (23)

Finally we consider the right loop of Fig.(3) which produces the chromoelectric dipole mo-

ment of the top quark through the interaction with the Z boson. The relevant part of

Lagrangian that generates this contribution is given by

2 2
Lnc =2, Z Z t;7"[SL;iPr + Srji Prlti, (24)
i—1 j=1
where
g %
Srji = _m[ 3DL1]Dtle + 4sin® HW(DtLl]Dtle + DngDth)]
g
Srji m[ 3D%; Dioi + 4sin® Ow (D%, Dyi + Do Dioy)]- (25)



Using the above interaction, we get from the right loop of Fig.(3), the contribution

2 2
mti mtl

M2 M2

d°(2) = —2— > mi, Im(S1aiS i) I ( ) (26)

 16m2M}

The total chromoelectric dipole moment of the top in the model is then given by the sum of

the contributions computed in this section so that

d° =d°(xt) +d°(x°) + d°(§) + d° (W) + d°(Z). (27)

4 Parameter space of the model and CP phases

The mass matrices for quarks and mirrors including their mixings are diagonalized using

bi-unitary transformations D and D% for the bottom quarks and mirrors and D% and DY,

for the diagonalization of the top quarks and mirrors. We parametrize D’ and D% as follows
cosf;,  —sinfpe Xt . cosfp  —sinfpe xR

L ( sin 6 e'XL cos b, PR sin fpexr cosOp (28)

Thus the mixing between t and T is parameterized by the angles 0, 0, xr and yYr where

the angles 0;,, O are given by

2|mth’5‘ — mTh3| 2| - mthg + mTh§|

tan 20, = tan 20y =
T b = — TP T mE 4 hel? = m = ol
(29)
and xp and xg are the CP violating phases defined by
Xr = arg(—mihs + mrhg), xp = arg(mihy —mrhs). (30)

Similarly D% and D% are given by

S —i€, g —i€R
D% _ ( cos 0y, sin ¢re )’ D%: ( coS Or sin ¢re )7 (31)

sin ¢ e'r cos ¢r, sin ¢ pe’r cos op

where the mixing between b and B is parametrized by the angle ¢, ¢gr, £ and {r. Here

the angles ¢ and ¢g are given by

2|mbhj +mBh3|
miy + hs[> —m — [hal*’

2|mbh3 —f- mBhZ|
my 4 [ha|?> — m3 — [hs]?

tan 2¢y, = tan 2¢p = (32)
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Figure 4. (Color online) Left: An exhibition of the dependence of d¢ on ap when tan 3 = 5, mp = 250, |hs| =70, |ha| =80,
mp =120, |hs| =90, mg =220, |Ag| =200, M1 = 50, m2 = 100, u = 150, My = 350, x4 =0.3, x5 = —0.8, ar =0.4, and x3 =0.4.
(The six curves correspond to the contributions from the Z, W, neutralino, chargino, gluino and total CEDM. They are shown
in ascending order at ap = 0). Here and in subsequent figures all masses are in GeV and all angles are in rad. Right: An
exhibition of the dependence of di on ar when tan 8 = 25, mp = 200, |hg| =85, |ha| =75, mp =150, |hs| =85, mg =200,
|Ao| =200, m1 = 50, 2 = 100, u = 150, My = 400, x4 =0.5, x5 =0.7, x3 =0.8, and ap =0.2. (The six curves correspond to
the contributions from the neutralino, Z, chargino, W, total CEDM and gluino. They are shown in ascending order at ap = 0).

and the phases £, p arise from the couplings hy and hs through the relations
Er = arg(myhs +mph}), & = arg(myhy + mphs). (33)

For the case of top and bottom masses arising from hermitian matrices, i.e., when h; = —h;
and hy = hj we have 0, = Or, ¢, = ¢r, X2 = xr = x and {;, = g = . Further, here
we have the relation £ = y + 7 and thus the W-exchange and the Z-exchange terms in the
EDM for the top vanish. However, more generally the top and the bottom mass matrices
are not hermitian and they generate non-vanishing contributions to the EDMs. Thus the
input parameters for this sector of the parameter space are my, mr, hs, hs, my1, mp, hy with
hs, hy and hs being complex masses with the corresponding CP violating phases x3, x4 and
X5. For the sbottom and stop mass? matrices we need the extra input parameters of the susy
breaking sector, Mq, Mg, My, MQ, My, My, Ay, Ap, Ay, Ag, p, tan 3. The chargino, neutralino
and gluino sectors need the extra parameters m;, mo and mgz. We will assume that the only
parameters that have phases in the above set are Ay, Ag, A; and A, with the corresponding

phases given by ar, ag, oy and ag,.
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Figure D: (Color online) Left:An exhibition of the dependence of d; on x3 when tan 8 = 10, my = 150, |hs| =75, |ha| =90,
mp =180, |hs| =80, mo =300, |Ag| =300, m1 = 50, Mz = 100, u = 150, gy = 400, x4 =0.7, x5 = —0.4, ar =0.2, and
ap =0.7. (The six curves correspond to the contributions from the Z, neutralino, W, chargino, gluino and total CEDM. They
are shown in ascending order at x3 = 0). Right:An exhibition of the dependence of d¢ on x4 when tan g = 15, mp = 350,
|h3| =80, |h4| =70, mp =200, |hs| =100, mg =400, |Ag| =400, m = 50, ma = 100, p = 150, mg = 300, x3 =0.6, x5 =0.8,
ar =0.7, and ap =0.2. (The six curves correspond to the contributions from the Z, neutralino, chargino, W, total CEDM and
gluino. They are shown in ascending order at x4 = 0).
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Figure 6: (Color online) An exhibition of the dependence of d; on x5 when tan 8 = 20, mp = 300, |h3| =90, |ha| =85,
mp =250, |hs| =95, mog =100, |Ag| =200, my = 50, e = 100, p = 150, mg = 300, x4 = —0.6, x3 =0.4, ap =0.7, and
ap =0.4. (The six curves correspond to the contributions from the W, Z, neutralino, chargino, gluino and total CEDM. They
are shown in ascending order at x5 = 0).

5 Numerical estimate of the CEDM of the top

To simplify the analysis further we set some of the phases to zero, i.e., specifically we set a; =

ap = 0. With this in mind the only contributions to the chromoelectric dipole moment CEDM
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of the top quark arises from mixing terms between the scalars and the mirror scalars, between
the fermions - and the mirror fermions and finally among the mirror scalars themselves. Thus
in the absence of the mirror part of the lagrangian, the top CEDM vanishes and so we can
isolate the role of the CP violating phases in this sector and see the size of its contribution.
The 4 x 4 mass? matrices of stops and sbottoms are diagonlized numerically. Thus the CP

violating phases that would play a role in this analysis are

X35 X4, X5, O, OB. (34)

To reduce the number of input parameters we assume M, = mg, a = ¢, B,b,Q,T,t and
|A;| = |Ao|, © =T, B,t,b. In the left panel of Fig(4), we give a numerical analysis of the top
EDM and discuss its variation with the phase ag. We note that the only component that
varies with this phase is the chargino component. This is expected since ag enters the scalar
bottom mass? matrix and the chargino contribution to the EDM is controlled by D? which
depends on ap while the other contributions are independent of this phase. Further, the
chargino component exhibits a minimum where the different terms of it can have destructive
cancellation. In the right panel of Fig(4), we study the variation of the different components
of d; on the phase ar. We observe that the components that vary with this phase are the
neutralino and the gluino contributions while the W, Z and chargino contributions have no
dependence on this phase. The reason for the above is that a7 enters the scalar top mass?
matrix and the EDM arising from W, Z and chargino exchanges are independent of D'.
However, the neutralino and the gluino contributions are affected by it. It is clear that we
see here the cancellation mechanism|[32, 33, 34, 35]. working since the components are close
to each other with different signs, so we have the possibility of a destructive cancellation.
In the left panel of Fig(5), we show the behavior of the different components of the
chromoelectric dipole moment contributions to the top EDM as a function of the phase y3.
We note that ys enters D!, D®, D' and D and as a consequences all diagrams in Fig.(1),
Fig. (2) and Fig. (3) that contribute to the top EDM have a x3 dependence. Further, the
various diagrams that contribute to the top EDM may add constructively or destructively
as shown in the Z, W, neutralino and chargino contributions. In the case of destructive
interference, we have large cancellations again reminiscent of the cancellation mechanism for
the EDM of the electron and for the neutron[32, 33, 34, 35]. Of course the desirable larger
contributions for the top EDM occur away from the cancellation regions. In the right panel

of Fig(5), we study the variation of the different components of d; as the magnitude of the
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phase y,4 varies. The sparticle masses and couplings in the bottom sector and thus the top
EDM arising from the exchange of the W and the charginos are sensitive to x4 and thus only
these two contributions to the top EDM have dependence on this parameter. In Fig(6), we
study the variation of the different components of d; as the phase x5 changes. This phase
enters the top quark mass matrix and the scalar top mass? matrix and consequently the
matrices Df p and Dt. Thus the contributions to the EDM of the top arising from the W, Z,

neutralino, chargino and gluino exchanges all have a dependence on y; as exhibited in Fig(6).

A comparison between the contributions of the chromoelectric dipole moment operator
of the top EDM and that of the electric dipole moment operator[8], shows that they could be
the same order of magnitude with like or unlike signs. That would provide an extra element
for constructive or destructive interference of EDM components. To exhibit this, we give
in Table 1 the values of EDM for the top quark coming from the electric dipole moment
operator and the chromoelectric dipole moment operator. The first entry of Table 1 shows
a destructive interference between the electric and the chromoelectric dipole moments while
the last two entries show a constructive interference. With constructive interference a value
of the top EDM as large as ~ 6 x 107! ecm in magnitude (see the middle entry) can be
gotten. It is very possible that a full search of the parameter space of phases can lead to a
top EDM of size O(107'®%) ecm.

Table 1: Electric and chromoelectric dipole operator contributions.

’ x3(rad) \ X4 \ X5 \ ar \ ap \ d¥e.cm \ d%e.cm ‘
.3 —51] 1.0 .8 —4 8.04 x 1071 —9.8 x 1071
.8 4 | —-15|—.6 .3 —1.57 x 1071 —4.6 x 1071
-3 1.5 1 D | —1.2 —1.73 x 107" —9.4 x 107

Table caption: A sample illustration of the electric and chromoelectric dipole operator con-
tributions to the electric dipole moment of the top quark. The inputs are: my = 350,
|hg| =100, |hy| =175, mp =100, |hs| =190, mo =200, |Ag| =200, m; = 50, ms = 100,
p = 150, my = 450 and tan 5 = 5 (top row), 30 (middle row), 40 (bottom row). All masses
are in units of GeV and all angles are in radian.

Constraints on the top chromo EDM have been obtained using the combined CDF and
D@ data and the CMS and ATLAS data on the total ¢ pair production cross section in
[36, 37]. Further, it is shown in [38, 39] that with 10fb=! of data at /s = 14 TeV at the

13



LHC a 50 statistical sensitivity to a top quark chromo electric dipole moment of about

5 x 107'8¢g,.cm can be reached.

6 Conclusion

Currently the physics at the TeV scale is largely unknown and it is hoped that the LHC
will provide us with an insight in this energy regime. It is fully conceivable that this energy
regime contains extra anomaly free vector like quark multiplets which can mix with the third
generation. In this work we analyze the effect of this mixing on the chromoelectric dipole
moment of the top quark. In this case one finds that there are contributions that arise from
the exchange of the extra vector like multiplets in the loops. We specifically focus on the
exchange of the mirrors since their exchange can produce more dramatic contributions. Sev-
eral sets of diagrams were computed for this analysis. These include the chargino exchange,
the neutralino exchange, the gluino exchange as well as exchange of the W and the Z boson
bosons. In the analysis new sources of CP violation enter. They arise from the complex
mixing parameters of the third generation with the mirrors and from the soft parameter
involving interactions of the third generation with the mirrors. Numerical analysis shows
that an EDM as large as 107!® ecm can be obtained for the top quark from the electric
and chromoelectric dipole contributions. An EDM of this size could be accessible in future
experiments such as at the ILC.
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