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Large tau and tau neutrino electric dipole moments in models with vectorlike multiplets
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It is shown that the electric dipole moment of the 7 lepton several orders of magnitude larger than
predicted by the standard model can be generated from mixings in models with vectorlike mutiplets. The
electric dipole moment (EDM) of the 7 lepton arises from loops involving the exchange of the W, the
charginos, the neutralinos, the sleptons, the mirror leptons, and the mirror sleptons. The EDM of the Dirac
7 neutrino is also computed from loops involving the exchange of the W, the charginos, the mirror leptons,
and the mirror sleptons. A numerical analysis is presented, and it is shown that the EDMs of the 7 lepton
and the 7 neutrino which lie just a couple of orders of magnitude below the sensitivity of the current
experiment can be achieved. Thus the predictions of the model are testable in an improved experiment on

the EDM of the 7 and the 7 neutrino.
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L. INTRODUCTION

In the standard model, the electric dipole moment
(EDM) of the 7 arises at the multiloop level and is ex-
tremely small [1], i.e., d, < 1073* ecm. On the other hand,
the cqrrent experimental limit on the EDM of the 7 lepton
[2] is

d. <1.1X10"" ecm. (1)

Thus an experimental test of the standard model prediction
is beyond the realm of observability in any near future
experiment since the theoretical values lies several orders
of magnitude below the current experimental limits. A
similar situation also holds for the EDM of the 7 neutrino
where the current experimental limit on the EDM of the 7
neutrino is [2] (for related papers, see [6,7])

d, <52X107"7 ecm, )

while in the standard model extended by a singlet the EDM
again arises only at the multiloop level and is many orders
of magnitude below the experimental limit. In this paper,
we investigate the possibility that the EDM of the 7 and the
7 neutrino may be much larger by several orders of mag-
nitude in models where there is a small mixing of the third
generation leptons with a mirror in a vectorlike generation.
Such a mixing may put the 7 lepton EDM and the 7
neutrino EDM within the realm of observation with an
improved experiment. Thus vectorlike combinations are
predicted in many unified models of particle interactions
[8,9] and their implications have been explored in many
recent works [10—16]. Such vectorlike combinations could
lie in the TeV region and would be consistent with the
current precision electroweak data.

In this work, we allow for the possibility that there could
be a tiny mixing of these vectorlike combinations with the

"For related papers where the upper limit on the EDM of the 7
is given to lie in the range 107 '~10"7 ecm, see [3-5].
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sequential generations and these mixing very significantly
affect the 7 lepton moments and also the 7 neutrino mo-
ments. The implications of such mixings on the magnetic
moment of the 7 neutrino and the anomalous magnetic
moment of the 7 were discussed in [17]. Here, we include
the effects of CP phases (for a recent review of CP
violation, see [18]) and discuss the enhancement of the
leptonic EDMs due to the mixings with mirrors in the
vectorlike generations. For the analysis here, we will focus
on the leptonic vectorlike multiplets. To simplify the analy-
sis, we will assume that the mixings of the sequential
generations with the ordinary heavy leptons in the vector-
like combinations are small and thus will ignore it. The
inclusion of such mixings will affect our overall results
only by a small factor of ~2. However, we are after much
bigger effects, i.e., effects which are larger than the stan-
dard model results by as much as a factor of 10'>. Thus in
the following analysis we will focus on the mixings of the
sequential generations with the mirrors in the vectorlike
combinations and show that they have huge effects. The
mixing of the mirrors with the sequential leptons will
introduce V + A interactions for the ordinary leptons.
Now, there are very stringent constraints on such interac-
tions for the first two generations and thus these mixings
are effectively negligible and we suppress them in our
analysis. On the other hand, for the third generation lep-
tons, a small mixing is possible and consistent with the
current experimental constraints [19]. We note in passing
that a similar situation holds for the case of the third
generation quarks [20].

The masses of the vector multiplets could lie in a large
mass range, i.e., from the current lower limits given by the
LEP experiment for color singlet states to the region in the
several TeV mass range. If the mirror leptons are discov-
ered at the LHC, the analysis here would be very relevant
for the planning of experiments for the discovery of the
EDMs of the 7 and the 7 neutrino. However, it is possible
that the vectorlike multiplets have masses large enough
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that they might escape detection even at the LHC. This is
specifically true for the leptonic vector multiplets since the
discovery reach for them is typically much smaller at
hadronic machines than for the color particles. However,
even for this case, the contribution of the mirrors to the
EDMs can be huge as shown at the end of Sec. IV.
Specifically, it is shown there that with the mirror masses
in the TeV range, the EDMs of the 7 neutrino and the 7
lepton can be O(10'#) larger than the standard model value
and only a factor of 10° smaller than the current sensitivity.
An improvement in sensitivity of this magnitude is not
necessarily outside the realm of future experiment.
Further, it is possible that a large EDM for the 7 neutrino
could have astrophysical implications.

The outline of the rest of the paper is as follows: In
Sec. II, we give an analysis of the EDM of the 7 lepton
allowing for mixing between the vectorlike combination
and the third generation leptons. In this case, the contribu-
tion to the EDM of the 7 arises from the exchanges of
mirror neutrino, sneutrino-mirror sneutrino, from the third
generation leptons and slepton-mitror sleptons along with
W boson, chargino, and neutralino exchanges. In Sec. 111, a
similar analysis is given for the EDM of the 7 neutrino with
inclusion of the contributions that arise from exchanges of
the leptons from the third generation and the mirrors, and
also from the exchanges of the W bosons, charginos,
sleptons, and mirror sleptons.

A numerical analysis of sizes of the EDM of the 7 lepton
and the 7 neutrino are given in Sec. I'V. In this section, we
also give a display of the EMDs on the phases and mixings.
Conclusions are given in Sec. V. Deductions of the mass
matrices used in Secs. II and III are given in the Appendix.

II. EDM OF THE 7 LEPTON

Figure 1(a) produces EDM of the 7 (d,) through the
interaction of the W bosons with the 7 and the neutrino and
its mirror, and here we give the relevant part of the
Lagrangian which is

82 15— - -
Lec= _\/_EWM > Ty Dy DL P
Jk=12

+ D;ZJD;?*ZI(PR]V] + H.C., (3)
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FIG. 1. The loop contributions to the electric dipole moment of
the 7 via exchange of the W boson and 7 neutrino and mirror
neutrino denoted by »;, via neutralino ( %) and sleptons (7;)
exchange and via the exchange of charginos (), sneutrinos,
and mirror sneutrinos denoted by (7).
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where D7’ are the diagonalizing matrices defined in the

Appendix. These matrices contain phases, and these phases

generate the EDM of the 7 for the case of Fig. 1(a).
Figure 1(b) produces a contribution to d,. through neu-

tralino exchange and the relevant interactions in this case

are

- £T F— X Z

Z [CiPr + ijPR]j/?i'k + H.c.,

j=1—4k=1-4
4)
where
Ci = V2[a, DR11D71-k - VerzTeBng + BET,-DELDZIC
N aETjDEIZng]’ (5)

Fy =~2[B, D}, D}, — 8, D}, D5, + ag, D]},Df,
= YEq L12D Skl

Figure 1(c) produces a contribution to d, through char-
gino exchange and the relevant interactions in this case are

~Lo o= > > FIKyPL + LyPRl¥w, + He,
j=1-2k=1—4
(6)
where
Kj = g2[DRllK U; DY — DgzU* D
+ DR12KNUj2D2k]’ (7)
Ly = —gl[Dj},x,VpDy — DI}, Vi DY,

+ Dty kp Vo Dyl

Here, U and V are the matrices that diagonalize the char-
gino mass matrix M so that

UMV = diag(m} , m}), ®)
and Ky, K., etc., that enter Eq. (7) are defined by
(k. k) = (my, m,) (. 1) = (mg,, m,)
A \/EMW cosB’ o T \/_MW sinB’

&)
Using these interactions, we have
2

m
dy = 32772M2 Z n, Im(DLljDﬁlDlVeZDlTezl)l (MW)’

W =12
+ 2 Z i My; mi*
Q= Tm(n k)A( )
167 j=lk=1 %k ! %A (10)
0 1 4 m o mXO
&' = oz 3 XS min(5 )
T j=1k=1""%; Tr

where I,(r), A(r), and B(r) are defined as follows:
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2 11 3rl
I(r) = )2[1+ +Zr2+ rnr]

(1- 2(1=n)1
1 21nr

AN =5 [3 T r)]’
1

B = 30— r)2[1

2rinr ]
and where

(11)
Ta=-nlt

=[- DRIIK szDlljkjLD;mU* D
DRlzKN j2D2k][_DL11K V2D3k + DLIIV lD’fk
~ Dilaki, Vi Dyl
ik = Z[U‘TleTnglbfk ’)/T]DFI-Ing + BE, DRIZDZk
- 5E7jD;?1i2D2k][ﬁTjD1tllle - 5;/‘D211
+ ai%,,.DZz]DZZ - 72,,D221D~51t]-
The matrix elements D”7 are the diagonalizing matrices of
the sneutrino and slepton 4 X 4 mass matrices (see the

Appendix). The couplings that enter {j; in Eq. (12) are
given by

(12)

*

8ampXy;
ap  =———
T 2my sm,B’

1
X! (= — sin%@ ),
cos@W 2j (2 S Ow

e _ 88Oy s
' cosly
_ 8ampXy;

7 2my sinf’

— !
ﬁErj = €X1j

(13)

and

o — gom Xs;
Y 2my cosB’

82
cosfy

% 1 12
X5 —E-i-sm Ow ),
gzsinzﬁw

cosfy,

(14)

— !
Yrj ele. + 2

5. = — meTxgj

/ 2my, cos’

Tj N Tj
Y

vy [/ (j v v/ \ v

\ ’ A

N ’ L/
~ -
~» - S - o4
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where

Xi/ = (X]J COSGW + X2] Sinaw),
(15)
Xé/ = (_X]] sin@W + X2] COSGW),

and where the matrix X diagonlizes the neutralino mass
matrix so that
XTM)?OX = diag(m o, nm (16)

XD’ m)(o, WLXS).

III. EDM OF THE » NEUTRINO

The EDM of the 7 neutrino receives contributions from
the diagrams of Fig. 2. Using the interactions of Eq. (3), the
contributions from the loop diagrams of Figs. 2(a) and 2(b)
are as follows:

2 s s
dy(a) S _327T2M‘2/V z m, Im(DzllDLljD;21D£2j)
j=12
mz
le( )
M2
(17)
2P = — Im(D”* D7, D%, D7)
v 32 2M%V lem MDD PR YR
j
m2
><12<M2)

where I;(r) is given in Eq. (11) and I,(r) by

2 RS 1, 37

Similarly, the loop contributions of Figs. 2(c) and 2(d) to
d, are given by

» 2 4 omye mi+
R = DAL o)
= = ’T T (19)
2(d) 1 u 2
2 = (ST )A( )
167 jzzl kgl 12”-k m2

where S, and T'j; are given by

Tk Tk
’Y
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FIG. 2. The loop contribution to the electric dipole moment of the 7 neutrino (»,) via exchange of the W boson and 7 and mirror
lepton denoted by 7;, and via exchange of the charginos ( j/;’), sleptons, and mirror sleptons denoted by (7).
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Six = _gZ[DI’;;rlKVV;ZDIk - D;JIFZV;IDZk
" o
+ DiioKE, V;2D12-k]’ (20)
Tj = _gz[Dz-lrlKTUJZng - DzLUleTk
+ DZLKNUJQDZ/(]’

and A(r) and B(r) are as defined in Eq. (11).

IV. NUMERICAL ANALYSIS

The mixing matrices between leptons and mirrors are
diagonalized using biunitary matrices (see the Appendix).
So we parametrize the mixing between 7 and E, by the
angles 6;, O, x1, and xp, and the mixing between » and N
by the angle ¢;, ¢g, &, and &g, where

, ( cos;,  —sinf e X )
L=\ i .
sinf; e'Xt cosf
L ' Lo 21
. ( cos¢p;  —sing e L )
L sing, e'ét cosd; ’

and D% and Dy can be gotten from D] and Dj by the
following substitution: D] — D%, 8, — 6g, x; — xg and
D} — Dy, ¢; — ¢g, £, — Ex. We note that the phases
X_L.r arise from the couplings f3 and f, while the phases
&1 g arise from the couplings f3 and f5 through the rela-
tions

xr = arg(m.f3 + mgfy),

xi = arg(m fy + mgf3), (22)
&g = arg(—=m, f3 + myf3),

&L = arg(m, f5 — myf3).

However, these four parameters are not independent since
the input of three phases of f3, f4, and f5 would produce
these four parameters. For the case of lepton and neutrino
masses arising from Hermitian matrices, i.e., when f, =
f3 and fs = —f3, we have 0, = O, ¢, = ¢, X =
Xr = X, and &; = & = &. Further, here we have the
relation ¢ = y + m, and thus the W-exchange terms of
the EDMs for 7 neutrinos and 7 leptons vanish. However,
more generally, the lepton and the neutrino mass matrices
are not Hermitian and they generate nonvanishing contri-
butions to the EDMs. Thus the input parameters for this
sector of the parameter space are m., mg, f3, fa, M1, My,
fs with f3, f4, and f5 being complex masses with CP
violating phases y3, x4, and xs, respectively. For the
slepton mass 2 matrices, we need the extra input parame-
ters of the supersymmetry (SUSY) breaking sector, M,
Mg, M., M, M,, My, A,, Ag, A,, Ay, p, tanf. The
chargino and neutralino sectors need the extra two parame-
ters i1y, fi,. We will assume that the only parameters that
have phases in the above set are Ag, Ay, A,, and A,. These
phases are ag, ay, a,, and «,, respectively. To simplify
the analysis, we set the phases «, = a, = 0. With this in
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mind, the only contributions to the EDM of the 7 lepton
and 7 neutrino arise from mixing terms between the scalar
matter—scalar mirrors, fermion matter—fermion mirror, and
finally between mirrors among themselves in the scalar
sector. Thus in the absence of the mirror part of the
Lagrangian, the EDMs of 7’s and neutrinos vanish. We
can thus 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 sleptons and sneutrinos are diagonlized nu-
merically. Thus the CP violating phases that would play
a role in this analysis are

X3 X4 X5 ag, ay. (23)
To reduce the number of input parameters, we assume
M,=my,a=L,E, 7, x, v, N,and |A;| = |Ayl, i = E,
N, 7, v.

In Fig. 3, we give a numerical analysis of the EDM of the
7 lepton and discuss its variation with the parameter );
(left panel), with |f3] (middle panel), and with a (right
panel). Regarding ys, it enters D”, D7, DY, and D7, and as
a consequence, all diagrams in Fig. 1 that contribute to the
EDM of the 7 are affected. The phase a, however, enters
only in the chargino exchange contribution since it enters
D? and thus only the part of the 7 EDM arising from the
chargino exchanged is affected by variations of ay. We
note that the various diagrams in Figs. 1(a)-1(c) that
contribute to the 7 EDM can add constructively or destruc-
tively in the latter case, generating large cancellations
reminiscent of the cancellation mechanism for the EDM
of the electron and the neutron [18]. Of course, the desir-
able larger contributions for the 7 EDM occur away from
the cancellation regions. The analysis of Fig. 3 shows that a
7 EDM as large 10~ '8—107!° ecm can be obtained which is
only about 2 orders of magnitude below the current experi-
mental limits of Eq. (1). A similar analysis for the 7
neutrino EDM is given in Fig. 4. Here again, one finds
that the 7 neutrino EDM as large as 1078-107'° ecm can
be obtained and again it lies only a couple of orders of
magnitude below the current experimental limit of
Eq. (2).

As discussed in Sec. I, the scale of the vectorlike mul-
tiplets is unknown. They could lie in the sub-TeV region
but, on the other hand, they could also be several TeV sizes
and escape direct detection even at the LHC. This is
especially true for leptonic vectorlike multiplets since the
discovery reach for color singlet leptonic states at hadronic
machines is typically much smaller than for the color
particles. In this context, it is then interesting to investigate
the contributions to the 7 lepton EDM and the 7 neutrino
EDM from vectorlike leptonic multiplets in the TeV range.
A comparison of these EDMs when the leptonic vectorlike
multiplet lies in the sub-TeV region vs in the TeV region is
given in Table I below. It turns out that the dependence of
the EDMs on the masses of the mirror leptons is a rather
complicated one. Thus there are supersymmetric and non-
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FIG. 3 (color online). Left panel: An exhibition of the dependence of d, on y3; when tan8 = 10, my = 100, |f3]| = 50, |f4| = 70,
If5] = 90, my = 100, |Agl = 150, /i, = 50, i, = 100, w = 150, x4 = 0.4, x5 = 0.6, ax = 0.5, ay = 0.8, and mz = 300, 250, 200,
150, 100 (in ascending order at y; = 0). Middle panel: An exhibition of the dependence of d, on |f3| when tan8 = 10, m, = 120,
mg = 100, |f4] = 80, |f5| = 60, my = 150, |Ao|l = 100, /i, = 50, /i, = 100, w = 150 GeVy, = 0.3, xys = 0.7, ay = 0.4, ay =
1.0, a, =0, @, = 0, and y; = 0.4, 0.8, 1.2 (in ascending order). Right panel: An exhibition of the dependence of d. on ay when
tanB = 20 my = 100, |f3] = 70, |f4] = 50, |fs] = 80, my = 120, |Ao| = 130, /i, = 50, m, = 100, u = 150, y3 = 0.5, x4 = 0.6,
X5 = 0.7, and ay = 0.6 and my = 180, 130, 80 (in ascending order at ay = 0). Masses in GeV and angles in rad here and in figures
below.

supersymmetric contributions which have different depen-
dencies on the mirrors and mirror slepton masses. Thus in
certain regions of the parameter space as the mirror leptons
masses grow, the chargino and neutralino contributions are
suppressed much faster than the W-exchange terms. In the
SUSY contributions, both the couplings and form factors
that contain the mirror lepton masses explicitly decrease as
the mirror spectrum increases. In the W-exchange term,
there is a competition between the couplings and form
factors. The first term decreases while the latter increases
and, indeed, a suppression of the EDMs occurs but here it is
much slower than in the SUSY case. These phenomena are

illustrated in the analysis of Table I which shows that the
suppression of the W-exchange terms in both 7 and neu-
trino EDMs is at a much slower rate than the other com-
ponents in this specific part of the parameter space.

The analysis given above shows that even if the vector-
like particles lie in the TeV range, they could contribute a
significant amount, i.e., O(1072°) ecm which is 0(10'%)
larger than what the standard model predicts and only 3
order of magnitude smaller than the current limits. The
above results do not appear outside the realm of detection
in a future experiment with improved sensitivity. Further,
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FIG. 4 (color online). Left panel: An exhibition of the dependence of d, on y; with the input tan8 = 10, m; = 120, |f5| = 60,
I£4] = 80, |fs| = 100, my = 100, |Aol = 170, i, = 50, m, = 100, u = 150, x4 = 0.2, xys = 0.7, ag = 0.6, and ay = 0.4 and
my = 300, 250, 200, 150, 100 (in ascending order at y; = 0). Middle panel: An exhibition of the dependence of d,, on |f3| with the
input tanB = 10, my = 120, mg = 100, |f4] = 80, |fs| = 60, my = 150, |Ay| = 100, m; = 50, m, = 100, w = 150 GeV and the
phases x4, = 0.3, x5 = 0.7, ag = 0.4, and ay = 1.0 and y3 = 0.4, 0.8, 1.2 (in ascending order). Right panel: An exhibition of the
dependence of d, on ay with the input tanB = 20 my; = 120, |f3] = 80, |f4] = 60, |fs| = 90, my = 100, |As| = 120, A, = 50,
iy, = 100, u = 150, y3 = 0.4, x4 = 0.8, x5 = 0.7, and ay = 0.5 and my = 190, 140, 90 (in ascending order at ay = 0).
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TABLE I.
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A sample illustration of the contributions to the electric dipole moments of v and 7. The inputs are as follows: tan3 = 5,

|f51 =90, | f4] = 120, |f5| = 75, my = 150, |Ay| = 100, /i, = 75, i, = 150, u = 130, y3 = 1.0, y4 = 0.6, x5 = —0.8, ay = 0.3
and ay = 0.6. All masses are in units of GeV and all angles are in radian.

mg(TeV) my(TeV) d¥e - cm X e-cm e cm d¥e - cm X e-cm
0.1 0.2 6.5x 10718 —3.4x10718 50x 107" 3.7x10°18 —2.4x 10718
2.0 1.0 40X 1072 72X 1072 3.0 X 1072 5.1 X 10720 71X 1072

the results above could have possible astrophysical
implications.

V. CONCLUSION

In this paper, we have considered extensions of the
minimal supersymmetric standard model with vectorlike
multiplets. We have specifically focused on the leptonic
sector and considered mixings between the sequential
generation leptons and the mirrors in the vectorlike mul-
tiplets. For the first two generations of leptons, the V — A
structure of the weak interactions are very well established.
However, this is not the case for the third generation
leptons. Thus for the third generation leptons we consider
small mixings of the 7 lepton and the 7 neutrino with the
mirrors in the vectorlike generation. An analysis of the
electric dipole moment of the 7 lepton is carried out in this
framework. Further, we also compute the EDM of the 7
neutrino. It is found that the predictions of the EDMs in the
model can be as large as just a couple of orders of magni-
tude below the current experimental predictions. Thus an
improvement in an experiment by this order of magnitude
will begin to test the predictions of the model. These results
are very encouraging for the possible observation of the
EDM of the 7 lepton and of the EDM of the 7 neutrino in an
improved experiment.
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APPENDIX: MASS MATRICES OF LEPTONS AND
SLEPTONS AND THEIR MIRRORS

In this appendix, we write down the mass matrices for
the leptons, neutrinos, and sleptons and their mirrors that
enter in the computations of the EDMs of the 7 neutrino
and 7 lepton discussed in the text of the paper. In deducing
these matrices, we need the transformation properties of
the leptons and their mirrors. Thus under SU(3)s X
SU(2); X U(1)y the leptons transform as follows:

o= () (23)

7-2 -~ (1) 1) 1); Vi -~ (1; 1: O))

(AD)

where the last entry on the right-hand side of each ~ is the

value of the hypercharge Y defined so that Q = T3 + Y and
we have included in our analysis the singlet field »“. These
leptons have V — A interactions. Let us now consider
mirror leptons in the vectorlike mutiplets which have V +
A interactions (For previous works on mirrors, see [21].)
Their quantum numbers are as follows:

E¢ 1
v=( )= (125)
N¢ 2

E,~(,1-1), N.~(1,10)

(A2)

We assume that the mirrors of the vectorlike generation
escape acquiring mass at the grand unification (GUT) scale
and remain light down to the electroweak scale where the
superpotential of the model for the lepton part may be
written in the form

W= fij[fl i'ﬁi?z + fiHQ‘/’Eﬁi + sz'i/?CjNL
+ FAHLRE L)+ fre R+ fafSELL
+ fsP5N . (A3)
Mixings of the above type can arise via nonrenormalizable
interactions [9]. Consider, for example, a term such as
1/Mpv§ Ny @ P,. If & and P, develop a vacuum expec-
tation value of size 107!, a mixing term of the right size
can be generated.
To get the mass matrices of the leptons and the mirror
leptons, we replace the superfields in the superpotential by
their component scalar fields. The relevant parts in the

superpotential that produce the lepton and mirror lepton
mass matrices are

W = f\H| 775 + [{H30, T + fLHINGN,
+ L HRESGE, + f3ER T — £,

+ fuTRE;L + fsPRN L. (A4)
The mass terms for the lepton and their mirrors arise from
the part of the Lagrangian

1 o*w

L = 'ﬂi‘//j

—~ "% .y, +He,
2 9A0A, ¢

(AS5)
where ¢4 and A stand for generic two-component fermion
and scalar fields. After spontaneous breaking of the elec-
troweak symmetry ((H}) = v,/+/2 and (H}) = v,//2),
we have the following set of mass terms written in 4-
spinors for the fermionic sector:
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_Lm — (%RETR)<flUl/\/§f4)<£L )
TL

f3fsva/V2
. f’]vz/\/-z_fs )(VL>
+ (7pN + H
(R R)<—f3f2v1/\/§ Ny ¢

Here, the mass matrices are not Hermitian and one needs to
use biunitary transformations to diagonalize them. Thus
we write the linear transformations

TR _ r T]R TL _ r TlL
(ETR> DR(ETZR >’ (ETL) DL<ET2L )’ (A6)
such that

Tt f v /\/if L
DR (f;féle/\/%)DL o dlag(m’rl’ m’rz »

and the same holds for the neutrino mass matrix so that

vt f/v2/\/§f5 T
Pr ( _}3f2U1/\/§)DL dlag(m”l’ my, ). (A8)

Here, 7, 7, are the mass eigenstates and we identify the 7
lepton with the eigenstate 1, i.e., 7 = 7, and identify 7,
with a heavy mirror eigenstate with a mass in the hundreds
of GeV. Similarly v, v, are the mass eigenstates for the
neutrinos, where we identify v; with the light neutrino
|

(A7)
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state and v, with the heavier mass eigen state. By multi-
plying Eq. (A7) by DZT from the right-hand side and by D}
from the left-hand side and by multiplying Eq. (A8) by DZT
from the right-hand side and by D}, from the left-hand side,
one can equate the values of the parameter f; in both
equations and we can get the following relation between
the diagonalizing matrices D™ and D”:

T TH T T
M Dy Dy + mayDiy, DTy

= —[my1 Dy Dy + mypDiyn DY, ) (A9)

Next, we consider the mixings of the charged sleptons
and the charged mirror sleptons. We write the superpoten-
tial in terms of the scalar fields of interest as follows:

W = — e, HiH) + e;[f Hi )7 + f1H) )} 5

+ LHIXIN, + AHREL ]+ e X

+ faFLEqp + f5PENL. (A10)
The mass® matrix of the slepton—mirror slepton comes
from three sources, the F term, the D term of the potential,
and the soft SUSY breaking terms. Using the above super-
potential and after the breaking of the electroweak sym-

metry, we get for the mass part of the Lagrangian £ and
L, the following set of terms:

— Ly = (m} + |f51DERER + (m3, + | f31P)NgNy + (m3 + |fADELE] + (m3, + | fs|PNNT + (m2 + | fol)FrF5
+ (m2 + | fsI) gy + (m2 + | f312)7.7; + m2 + | f312) 5.5 + {—m, pu* tanfF, 7 — mypu* tanBN, N
- m,,,u,* COtBﬂL 17; - mE,LL* COtBELE*[‘? + (mEf;k + m,.f4)EL7~'Z + (mEf4 + m,.f;)ERf'}}

+ (m,fs — myfy)NL 7 + (myfs — m,f3)Nepy + Hel,

and

(A11)

1 _ . 1 _. .
_‘£D = Emécoszﬁw COS2,8{17L172 - foz + EREZ - NRNZ} + im%sinzﬁw COSZB{TjLﬂz + ?sz - ERE; - NRN;}

+2E, E; — 2775}

(A12)

Next, we add the general set of soft supersymmetry breaking terms to the scalar potential so that

Veott = MLy + MARTR + MOpE o] + MIF)F] + MRELE, + MANIN, + e {Af1AH 1 7] — [IAHy 7

+ szNHiX/CjNL - féAEHé/\N/CIEL + HC}

(A13)

From L p, and by giving the neutral Higgs their vacuum expectation values in V.5, we can produce the mass® matrix M2
in the basis (7, £y, &, Ex). We label the matrix elements of these as (M32);; = M3;, where

ij’
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M3}, = M2 + m2 + |f3]> — m} cosz/a(5 — S1n20W),

M2, = M% + m% + | f4]> + m% cos2 Bsin? By,
M%, = M2+ m2 + | f4]* — mZ cos2 Bsin® Oy,

~ 1
M3, = M3, + m% + |f5]* + m} COSZB(E - sinzﬁw),

M3, = M3} = myf} + m, fy (A1)
M2, = M3 = m (AL — ),

M%4 = M%T =0,

M%3 = M%; =0,

M5, = M5 = mg(A}; — pcot),

M§4 = Mﬁ}: =mgfyq + m,f5.

Here, the terms M3,, M%,, M3,, M2, arise from soft
breakmg in the sector 7;, 7. Similarly, the terms M22,
M24, M3,, M3, arise from soft breakmg in the sector £,
Eg. The terms M12, M3, M3, M3,, M3,, M3,, M3,, M3,
arise from mixing between the staus and the mirrors. We
assume that all the masses are of the electroweak scale so
all the terms enter in the mass> matrix. We diagonalize this
Hermitian mass®> matrix by the unitary transformation

D' M2D"™ = diag(m%, m2, m2, m% ). There is a similar
2

mass~ matrix in the sneutrlno sector. In the basis
(71, Np, g, Ng), we can write the sneutrino mass” matrix
in the form (M3),;; = mj;, where
) 2 o by
= M; +m: + |f3]* + EmZCOSZB,
2 W 2 2
my = My + my + |fs]%,
m3y = M3, + m}, + |fs]?,
N 1
mi, = M5 + mj + |f3]* - zm%COSZB,
2 ok _ (A15)
mi, = miy; = m,fs — myf3,
miy, = m¥ = m, (A} — wcotp),
2 2%
miy = my; =0,
2 2%
msyy = m3; = 0,
m3, = m% = my(Ay — ptanp),

m3y = myy; = myfs — mvfa.k

PHYSICAL REVIEW D 81, 033007 (2010)

As in the charged slepton sector, here, also, the terms
m?,, m3;, m3,, m3; arise from soft breaking in the sector
Py, Ug. Similarly, the terms m3,, m3,, m3,, m3, arise from
soft breaking in the sector N, Ng. The terms m?,, m3,,
m3s, m3,, m3,, m%,, m3,, m3; arise from mixing between
the physical sector and the mirror sector. Again, as in the
charged lepton sector, we assume that all the masses are of
the electroweak size so all the terms enter in the mass?
matrix. This mass’> matrix can be diagonalized by the
unitary transformation ~ D*TMZD" = diag(m? , m
m2 m? ) The physical 7 and neutrino states are 7 = 7'1,
v = v, and the states 7,, v, are heavy states with mostly
mirror particle content. The states 7;, 7;; i = 1-4 are the
slepton and sneutrino states. For the case of no mixing,
these limits are as follows: 7| — 7, 7, — E;, 73— Tg,
74— Eg, 9, — ,, D, — N;, 3 — Dg, 74 — Ng. The
couphngs f3, f4, and f5 can be complex, and thus the
matrices D7 p and Dj » will have complex elements that
would produce electric dipole moments through their argu-
ments discussed in the text of the paper. Also, the trilinear
couplings A, ;g could be complex and produce electric
dipole moment through the arguments of D” and D”. We
will assume for simplicity that this is the only part in the
theory that has CP violating phases (for a recent review of
CP violation, see [18]). Thus the p parameter is consid-
ered real along with the other trilinear couplings in the
theory. In this way we can automatically satisfy the con-
straints on the EDMs of the electron, the neutron and of Hg
and Thallium.
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