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Electron electric dipole moment as a sensitive probe of PeV scale physics
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We give a quantitative analysis of the electric dipole moments as a probe of high scale physics. We focus
on the electric dipole moment of the electron since the limit on it is the most stringent. Further, theoretical
computations of it are free of QCD uncertainties. The analysis presented here first explores the probe of
high scales via electron electric dipole moment (EDM) within minimal supersymmetric standard model
where the contributions to the EDM arise from the chargino and the neutralino exchanges in loops. Here it
is shown that the electron EDM can probe mass scales from tens of TeV into the PeV range. The analysis is
then extended to include a vectorlike generation which can mix with the three ordinary generations. Here
new CP phases arise and it is shown that the electron EDM now has not only a supersymmetric (SUSY)
contribution from the exchange of charginos and neutralinos but also a nonsupersymmetric contribution
from the exchange of W and Z bosons. It is further shown that the interference of the supersymmetric and
the nonsupersymmetric contribution leads to the remarkable phenomenon where the electron EDM as a
function of the slepton mass first falls and become vanishingly small and then rises again as the slepton
mass increases. This phenomenon arises as a consequence of cancellation between the SUSY and the non-
SUSY contribution at low scales while at high scales the SUSY contribution dies out and the EDM is
controlled by the non-SUSY contribution alone. The high mass scales that can be probed by the EDM are
far in excess of what accelerators will be able to probe. The sensitivity of the EDM to CP phases both in the
SUSY and the non-SUSY sectors are also discussed.

DOI: 10.1103/PhysRevD.90.055006

I. INTRODUCTION

In the standard model the electric dipole moments (EDM)
of elementary particles are very small [1]. Thus for the elec-
tron it is estimated that |d,| = 107¥ ecm and for the neutron
the value ranges from 1073! — 1073% ecm. This is far beyond
the current sensitivity of experiments to measure. However, in
models of physics beyond the standard model much larger
electric dipole moments, orders of magnitude larger than those
in the standard model, can be obtained (for a review see [2]).
Thus in the supersymmetric (SUSY) models the electric
dipole moments of elementary particles such as the electron
and the quarks can be large enough that the current exper-
imental upper limits act as constraints on models. Indeed
often in supersymmetric theories for light scalars, the electric
dipole moments can lie in the region larger than the current
upper limits for the electron and the neutron EDMs. This
phenomenon is often referred to as the SUSY EDM problem.
One solution to the SUSY EDM problem is the possibility
that the CP phases are small [3]. Other possibilities allow for
large, even maximal, phases and the EDM is suppressed via
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the sparticle masses being large [4] or by invoking the so-
called cancellation mechanism [5] where contributions from
various diagrams that generate the electric dipole moment
interfere destructively to reduce the electric dipole moment to
a level below its experimental upper limit.

In the post Higgs boson discovery era the apparent SUSY
EDM problem can be turned around to one’s advantage as a
tool to investigate high scale physics. The logic of this
approach is the following: The high mass of the Higgs boson
at 126 GeV requires a large loop correction to lift its value
from the tree level, which lies below the Z -boson mass, up
to the experimental value. A large loop correction requires
that the scalar masses that enter in the Higgs boson loop be
large so as to generate the desired large correction which
requires a high scale for the sfermion masses. Large
sfermions masses help with suppression of flavor changing
neutral currents. They also help resolve the SUSY EDM
problem and help stabilize the proton against decay via
baryon and lepton number violating dimension five oper-
ators in supersymmetric grand unified theories.

In this work we investigate the possibility that EDMs
can be used as probes of high scale physics as suggested in
[6-9]. Specifically we focus here on the EDM of the
electron since it is by far the most sensitively determined
one than any of the other EDMs. Thus the ACME
Collaboration [10] using the polar molecule thorium
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monoxide (ThO) measures the electron EDM so that
d, = (=21 £ 3T £2.54) x 107 ecm. (1)
The above corresponds to an upper limit of
|d,| < 8.7 x107% ecm, (2)

at 90% CL. The corresponding upper limits on the EDM of
the muon and on the tau lepton are [11]

ld,| <1.9%x107" ecm, (3)

|d.| < 1077 ecm, (4)

and are not as stringent as the result of Eq. (2) even after
scaling in lepton mass is taken into account. Further,
the limit on d, is likely to improve by an order of
magnitude or more in the future as the projections below
indicate [12—14]

Fr |d,|<1x107% ecm, (5)
YbF molecule |d,| <1 x 107 ecm, (6)
WNion |d,|<1x 10730 ecm. (7)

In the analysis here we will first consider the case of
minimal supersymmetric standard model (MSSM) where
the CP phases enter in the soft parameters such as in the
masses M;(i = 1,2) of the electroweak gauginos, and in
the trilinear couplings A; and in the Higgs mixing param-
eter u. Here we will investigate the scale of the slepton
masses needed to reduce the electron EDM below its upper
limit for the case when the CP phases are naturally O(1).
We will see that this scale will be typically high lying in the
range of tens of TeV to a PeV (For a discussion of PeV
scale in the context of supersymmetry in previous works
see, e.g., [15]). We will carry out the analysis for the case
where we extend MSSM to include a vectorlike leptonic
multiplet and allow for mixings between the vectorlike
multiplet and the three sequential generations. We will
study the parametric dependence of the EDM on the scalar
masses, on fermion masses of the vectorlike generation, on
CP phases and on tan f.

The outline of the rest of the paper is as follows: In
Sec. II we discuss the EDM of the electron within MSSM
as a probe of the slepton masses. In Sec. III we extend the
analysis of Sec II to MSSM with inclusion of a vectorlike
leptonic multiplet which allows for mixing between the
vector multiplet and the three sequential generations. Here
we give analytic results for the electron EDM arising from
the supersymmetric exchange involving the chargino
and neutralinos in the loops. We also compute the
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nonsupersymmitric contributions involving the W and the
Z exchange. In Sec. IV we give a numerical analysis of
the limits on the mass scales that can be accessed using the
results of Sec. III. Conclusions are given in Sec. V. Further
details of the MSSM model with a vector multiplet used in
the analysis of Sec. III are given in Appendices A—C.

II. PROBE OF SLEPTON MASSES IN MSSM FROM
THE ELECTRON EDM CONSTRAINT

The supersymmetric Feynman diagrams that contribute
to the electric dipole moment of the electron involve the
chargino-sneutrino exchange and the neutralino-slepton
exchange as shown in Fig. 1. In the analysis of these
diagrams the input supersymmetry parameters consist of
the following

MEL’MD(,’ME’/J’tanﬁ?Ml’MZ’Ae’AyU (8)

where M;; etc are the soft scalar masses, M, M, are the
gaugino masses in the U(1) and SU(2) sectors, A, etc are
the trilinear couplings, u is the Higgs mixing parameter
which enters the superpotential as uH;H,, where H, gives
mass to the up quarks and H; gives mass to the down
quarks and the leptons, while tan f is the ratio of the Higgs
VEVs so that tanff = (H,)/(H,) (see Appendix A for
discussion of the soft parameters). Further, u, M, M,, and
the trilinear coupling A; are complex and we define their
phase so that

w= e, Mi=|Meni=12  (9)

A= [Ade™, k= e, (10)
The analysis of the diagrams of Fig. 1 involves electron-
chargino-sneutrino interactions and the electron-neutralino-
slepton interactions. For the chargino-sneutrino exchange
diagrams one has

- Aem ke . m)%(-i
i = St e Zm)?i-lm(UizV“)F(mg> (11)
U, i=1 v,

where F(x) is a form factor defined by
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FIG. 1. The neutralino-slepton exchange diagram (left) and the
chargino-sneutrino exchange diagram (right) that contribute to
the electric dipole moment of the electron in MSSM.
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F(x)—ﬁ@—)ﬂ—flfi) (12)

and

m,

V2my cosﬁ' (13)

K, =

Here U, V diagonalize the chargino mass matrix M so that

For the neutralino-slepton exchange diagrams one finds

2

m’
47rs1n2(9 Zz;lm”elk i Qf < > 13)

‘/e

where G(x) is a form factor defined by

1 2xInx
G(x)—m<l+x+l_x> (16)

where

Neix = [—V2{tan Oy (Q, — T3,) X ; + T3X0:} D}
+ k. XD}y (17)

(\/EtaHGWQeXIiDﬂk — ko XpiDo1)s (18)

where b = 3 and T3, = —1/2. Further, X;; are elements of
the matrix X which diagonalizes the neutralino mass matrix
M so that

XM pX = diag(mzp, my. my, myp), (19)

and D, diagonalizes the scalar electron mass” matrix so that

¢, =D, 1€; + D283, eg = Dy 1€ + Deppéy  (20)
where e, and e, are the selectron mass eigenstates. In Fig. 2
we give a numerical analysis of the electron EDM as a
function of m. Here one finds that the current constraint on
the electron EDM allows one to probe the m region in the
tens of TeV while improvement in the sensitivity by a factor
of 10 or more will allow one to extend the range up to
100 TeV-1 PeV.

III. EDM ANALYSIS BY INCLUSION OF A
VECTOR GENERATION IN MSSM

Next we discuss the case when we include a vectorlike
leptonic multiplet which mixes with the three generations
of leptons. In this case the mass eigenstates will be linear
combinations of the three generations plus the vector
like generation which includes mirror particles. The
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details of the model and its interactions are given in
Appendices A—C. Here we discuss the contribution of
the model to the electron EDM. These contributions arise
from four sources: the chargino exchange, the neutralino
exchange, the W boson exchange and the Z boson
exchange (see Fig. 3).

Using the interactions given in Appendix B the chargino
contribution is given by

1 2 : m)ﬁ L (Rx m§+'
—_ 16ﬂ2;; = Im(CL;,CE)F (m2 ) (21)

where the functions C and CR are given in Appendix B
and the form factor F(x) is given by Eq. (12). Using the
interactions given in Appendix B the neutralino contribu-
tion is given by

1 ¢ m)(? % m)2(0i
e > et e (2. e

i=1 j=1 7;

where the functions C'* and C'® are defined in Appendix B
and the form factor G(x) is given by Eq. (16). The
contributions to the lepton electric moment from the W
and Z exchange arise from similar loops. Using the
interactions given in Appendix B the contribution arising
from the W exchange diagram is given by

4
alg

1

I’}’l2 )
V; CLmCRza) ( Igl) ’ (23)
myy m

w

where the functions C}' and C}y are given in Appendix B
and the form factor /; is given by

3x2Inx

2(1 —x)]‘ (24)

The Z boson exchange diagram contribution is given by

I (x) =

2 no1
(1—x) 478"

dz = —

m
”’I m(CLyChop) L2 (—) (25)

167;2 Z Lap = Rap2\ m

where the functions C# and C% are defined in Appendix B

and where the form factor /, is given by

2
(1—x7

1 1 3xInx
1+- —x2 . 2
{ +4x+4x +2(1—x)] (26)

IV. NUMERICAL ANALYSIS AND RESULTS

We discuss now the numerical analysis for the EDM of
the electron in the model given in Sec. III. The parameter
space of the model of Sec. Il is rather large. In addition to

Ir(x) =

the MSSM parameters, one has the parameters arising from
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FIG. 2 (color online). Left panel: A display of the electron EDM as a function of m, (where my = M;, = Mj;) for different a, (the
phase of the Higgs mixing parameter y) with the mixings of the vectorlike generation with the regular three generations set to zero. The
curves are for the cases a, = —3 (small-dashed, red), a, = —0.5 (solid), a, = 1 (medium-dashed, orange), and @, = 2.5 (long-dashed,
green). The horizontal solid line is the current upper limit on the electron EDM set at |d,| = 8.7 x 1072°. The other parameters are
lu| = 4.1 x10%, |M,| = 2.8 x 10%, |M,| = 3.4 x 10%, |A,| =3 x 10°, mé =4 x 10°, |Ag| =5x10°, tan 8 = 30. All masses are in
GeV, phases in rad and EDM in ecm.The analysis shows that improvements in the electron EDM constraint can probe scalar masses in
the 100 TeV-1 PeV region and beyond. Right panel: The same as the left panel except that the region below the current experiment limit
is blown up. The analysis shows that an improvement by a factor of ten can allow one to probe up to and beyond 1 PeV in mass scales.

the vectorlike multiplet and its mixings with the standard
model generations of quarks and leptons. Thus as in MSSM
here also we look at slices of the parameter space to show
that interesting new physics exists in these regions. Thus
for simplicity in the analysis we assume A, = A, =A, =
Ay = Afand mf = M2, = M2 = M; = M;_in the sneu-
trino mass squared matrix [see Eq. (A16)]. We also assume
my =Mz, = M; = M: = M; = M, = M} =M = M;
and Ag = A, = Ap = A, = A, in the slepton mass squared
matrix [see Eq. (A16)]. The assumed masses for the new
leptons are consistent with the lower limits given by the
Particle Data Group [11]. In Fig. 2 we investigated d, in
MSSM as a function of m, when there were no mixing
of the ordinary leptonic generations with the vectorlike
generation. We wish now to switch on a small mixing
with the vectorlike generation and see what effect it has on
the electron EDM. To this end we focus on one curve in
Fig. 2 which we take to be the solid curve (the case
a, = —0.5). For this case we plot the individual contribu-
tions to d, in the left panel of Fig. 4. Here one finds that the
largest contribution to d, arises from the chargino exchange
while the neutralino exchange produces a much smaller
contribution and as expected the W and Z exchanges do not
contribute.

Next we turn on a small coupling between the vectorlike
generation and the three generations of leptons. The
analysis for this case is given in the right panel of
Fig. 4. The turning on of the mixings has the following
effect: the supersymmetric contribution is modified only
modestly and its general feature remains as in the left panel.
However, now because of mixing with the vectorlike
generation the contribution from the W and Z exchange
is nonvanishing and in fact is very significant. Further,

unlike the chargino and the neutralino exchange contribu-
tion the W and Z exchange contribution does not depend on
mg as exhibited in Fig. 4. Thus as m, gets large the
supersymmetric contributions become much smaller than
that of the W and Z exchange contribution. For this reason,
d, is dominated by the W and Z exchange. This phenome-
non is exhibited in further detail in Table I which is done for
the same set of parameters as the right panel of Fig. 4
except that my = 1.1 PeV. Here column (i) gives the
individual contributions for the case (i) of no mixing where

l/j Tj
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FIG. 3. Upper diagrams: Supersymmetric contributions to the
leptonic EDMs arising from the exchange of the charginos,
sneutrinos and mirror sneutrinos (upper left) and the exchange
of neutralinos, sleptons, and mirror sleptons (upper right) inside
the loop. Lower diagrams: Nonsupersymmetric diagrams that
contribute to the leptonic EDMs via the exchange of the W,
the sequential and vectorlike neutrinos (lower left) and the
exchange of the Z, the sequential and vectorlike charged leptons
(lower right).
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FIG. 4 (color online). Left panel: Exhibition of the individual contributions to the EDM of the electron when there is no mixing
between the vectorlike generation and the three regular generations. The parameters chosen for this case are the same as for the solid
curve in Fig. 2 where o, = —0.5. As expected the contributions from the W-exchange (the long-dashed curve in orange) and the
Z -exchange (dot-dashed purple curve) give vanishing contribution in this case, and the entire contribution arises from the chargino-
exchange (the small-dashed curve in red) and the neutralino-exchange (the medium-dashed blue curve). Right panel: The parameter
point chosen is the same as for the left panel except that mixing of the vectorlike generation with the regular three generations is allowed.
The additional parameters chosen are my = 250, mz = 380 and the f couplings set to |f3]| = 7.20 x 107, |f4] = 1.19 x 1074,
[£4] = 1.55 x 1073, | f4] =8.13x 1074, | 4] =3.50x 1071, |f}] =6.29 x 107!, | f5| =8.82x 1073, | 4| =5.36 x 1072, | 4| =1.27 x 1075.
Their corresponding CP phases set to y3=9.71x 107!, y;=7.86x 107!, y4§ =7.89 x 107!, y4 = 7.66 x 107!, ¥, = 8.38 x 107!,
24 =823x 107, y5 =770 x 107!, L = 1.47, y¥ = 7.82 x 10~!. All masses are in GeV, phases in rad and EDM in ecm.

W and Z contributions vanish, and the nonvanishing In Fig. 5 we give an analysis of the electron EDM as a
contributions arise from chargino and neutralino exchange.  function of m for different pairs of fermion masses for the
Column (ii) exhibits the individual contributions when vectorlike generation. The fermion masses for the vector-
the mixings with the vectorlike generation are turned on.  like generation lies in the range 150-300 GeV. Here we
Here one finds that the supersymmetric contributions from

the chargino and neutralino exchanges are essentially 20
unchanged from the case of no mixing but the contributions I
from the W and Z exchanges are now nonzero and are in
fact much larger than the chargino and neutralino exchange
contributions. The reason for the nonvanishing contribution
from the W and Z exchanges is due to the mixings with
vectorlike generation whose couplings are complex and
carry CP violating phases.

15_*

101

[4,]1x10~% (ecm)

TABLE I. Column (i): An exhibition of the individual con-

tributions to d, arising from the chargino, neutralino, W and Z

boson exchanges and their sum d, for the case when there is no

mixing among the generations. The parameters chosen are the mo(PeV)

same as for the solid curve (@, = —0.5 rad) of Fig. 2 where m,, is ) o

set to 1.1 PeV. Column (ii): The analysis of column (ii) has the ~ FIG. 5 (color online). ~ An exhibition of the dependence of |d.|

same set of parameters as the left panel except that intergener- on my for various vectorlike masses. The curves corr'espond to

ational couplings are allowed. Here the couplings f3, f5, my = mg = 150 (dot dashed), my = mg = 200 (solid), my =
Y Fas S U fs. fhs, and f7 are the same as the ones in the myg = 250 (dotted), my = my = 300 (dashed). The parameters

right panel of Fig. 4. The fermion masses for the vectorlike are [u| = 4.1 x 10%, [M;| = 2.8 x 10%, [M,| = 3.4 x 10%, |Ao| =

generation are my = 250 and my = 380 GeV. The EDM is in 3% 10°, mg =4 x 10 |Af] =5x 10 tanf =50. The CP
phases are 6” =1, a;=1.26, a, =0.94, g, =094, a,, =1.88.

o0
o

ecm units. 4
The f couplings are |f;] =3.01 x 1075, |f5'| = 8.07 x 1076,
(i) Case of no mixin, (ii) Case of mixin 3 =2.06x 107, |fy| =8.13 x 107, |f4/| =3.50 x 1071,

g g

7 282 % 10-30 282 x 10-3 Ifs"| = 6.29 x 1071, |fs| =6.38 x 107, |f5'| = 1.03 x 1076,
d}o 2953 % 103 753 % 1031 |fs”| = 2.44 x 1073, Their corresponding CP phases are y; =
aV o 979 % 10-2 7.91x 107!, 4 =7.87x107", y/=7.78x10"", y,=7.66x 107",
J2 0 305 % 10-29 2 =838 x 107", 41 =823x10"", y5s=757x10"", z; =
d 257 % 10-30 6.93 x 10-2 7.54 x 107!, y¥ =7.83 x 107!, All masses are in GeV, phases

in rad, and d, in ecm.
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TABLE 1II. An exhibition of the individual contributions to
the electric dipole moment of the electron arising from the
chargino exchange, neutralino exchange, W boson exchange and
Z boson exchange. The last row gives the total EDM d, where
d, =& + & + dV + d%. The analysis is for the solid curve of
Fig. 5 where my = mg =200 when (i) my = 0.4 PeV, (ii)
my = 0.6 PeV. The EDM is in ecm units.

(i) my = 0.4 PeV @i1) my = 0.6 PeV

& —2.38 x 10728 —1.13 x 10728
ax° —-9.18 x 1073! —4.08 x 1073
dav 272 x 10728 272 x 10728
dz —931x 10720 —9.31 x 1072
d —5.96 x 10720 6.61 x 1072

find that d, is very sensitive to the fermion masses for the
vectorlike generation. The dependence of |d, | on m shows
a turn around where |d, | first decreases and then increases.
This is easily understood as follows: As discussed already
for the case of Fig. 4 the supersymmetric contribution is
very sensitive to m since the sleptons that enter in the
supersymmetric diagrams get large as m, gets large and
consequently the SUSY contributions become negligible as
mg gets large. However, also as already discussed the W
and Z exchange contributions are not affected by m. Thus
at low values of my, the supersymmetric contribution is
large and of opposite sign to the W and Z exchange
contribution in this region of the parameter space which
leads to a cancellation between the two thus a falling
behavior of |d,|. However, as my increases the SUSY
contribution dies out and the W and Z contribution take
over which explains the turn around. This turn around is
exhibited for two values of m, around the minimum in
Table II. Here we consider the parameter point my =
mg = 200 GeV in Fig. 4 for the sample points my =
0.4 PeV and m, = 0.6 PeV. Comparison of columns (i)
and (ii) in Table II shows that the chargino and the
neutralino exchange contribution vary in a significant
way while the W and Z exchange contribution is un-
changed. Consequently d, = —5.96 x 107 ecm for col-
umn (i) and d, = 6.61 x 107>° ecm for column (ii). Thus
we see that the d, has switched the sign in going from
mgy = 0.4 PeV to mg = 0.6 PeV which means that d, has
gone through a zero which explains the turn around of |d,|
in Fig. 5.

In Fig. 6 we exhibit the dependence of |d,| on the phase
a, which is the phase of the Higgs mixing parameter y. The
dependence of |d, | on a,, arises from various sources. Thus
the slepton masses as well as the chargino and the neutrino
masses that enter in the supersymmetric loop contribution
have a dependence on @, which makes a simple explanation
of the dependence on this parameter less transparent. A
numerical analysis exhibiting the dependence of |d,| on

m
is given in Fig. 6. The analysis is done for different tan 8
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a, (rad)

FIG. 6 (color online). An exhibition of the dependence of |d,|
on q, for various tanf. The curves correspond to tanf = 20
(dashed), tan # = 30 (dotted), tan # = 40 (solid), and tan f = 50
(dot dashed). The parameters used are |u|=3.9x10?,
|M,|=3.1x10%, |M,|=3.6x10%, my=340,mz=250, m, =
1.1 x 109, |Ag|=32x10% m5=4.3x10° |A5|=5.1x 109,
o = 1.88, a, =1.26, a4, = 0.94, ay = 1.88. The mixings
are |f3] =2.88 x 1074, |f4]=8.19x1075, |f4] =9.19 x 1073,
If4] =8.13x 1074, |f,| =3.50x 1071, |f}] =1.29x 107},
Ifs| =5.75 x 1075, | 4| = 1.00 x 1075, |f¥]=2.49x 1077, y5 =
774 x 1071, 44 =7.73x1071, y4=7.86x107!, y,=7.6x 107",
2,=840x1071, 4/=820x10"", x5=751x10"", 4Li=
8.19 x 107!, y¥ =8.03 x 107!, All masses are in GeV, phases
in rad, and d, in ecm.

ranging from tan # = 20 to tan# = 50. A similar analysis
of the dependence of |d,| on y} for various values of f7 is
given in Fig. 7. The sharp dependence of |d,| on y} is not
difficult to understand. Unlike the case of the dependence
of |d,| on a, which arises mainly from the supersymmetric
sector, here the dependence of |d,| on yj arises from the
nonsupersymmetric sector via the exchange of W and Z
bosons. The SUSY contribution dependence is limited by
the smallness of |f)f| compared to the other masses in the
slepton mass® matrix. The nonsupersymmetric contribution
is directly governed by f%, f., f¢ as can be seen from
Eq. (A7) and Eq. (All). Here setting f5 = f} = f1 =0
puts the mass matrices in a block diagonal form where the
first generation totally decouples from the vectorlike
generation. This clearly indicates that the effect of variation
in |f4],|f4. | %] and their phases, 5, x4, xZ will be strong.
This is what the analysis of Fig. 7 indicates. Aside from the
variations of the W and Z contributions on y/, there is also a
constructive/destructive interference between the W and the
Z contributions as yj varies which explains the rapid
variations of |d,| with y} in Fig. 7.

Finally, the effect of mixing of the vectorlike generation
with the three lepton generations has negligible effect on
the standard model predictions in the leptonic sector at the
tree level. However, it does affect the neutrino sector.
Specifically taking the mixings into account the analysis
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FIG. 7 (color online). ~An exhibition of the dependence of |d,|
on y} for various f7]. The curves correspond to f7 of 0.1 (dashed),
0.2 (dotted), 0.5 (solid), 1 (dot dashed). The other param-
eters are || = 1.1 x10°, |M,|=2.8x10°, |M,|=3.4x 10°,
my = 250, my = 380, my = 1.1 x 106, |Ag| = 3.2 x 105, m} =
1.4 x 10°, |AF] = 5.1 x 10, a; = 1.26, a; = 0.94, a,, = 0.94,
a, = 1.88, tanf = 30. The mixings are |f3]=2.93x107%,
1] = 8.19 x 1076, | 2] =9.15x 1075, |f4| =8.13x 1071, |f}| =
350 x 107!, |fs| =5.08x 107°, [f4] =9.98 x 1076, [f!|=
256x 1077, 7, =7.86x10"", 7, =7.80x10"", z/=8.02x 107",
a=T6x10"", £, =84x107", ys=739%10"", 4=
7.82 x 1071, y¥ =7.82 x 1071, All masses are in GeV, phases
in rad and d, in ecm.

presented here satisfies the constraint on the sum of the
neutrino masses arising from the Planck Satellite experi-
ment [16] so that

3
> m, <085eV, (27)
i=1
where we assume v;(i = 1,2, 3) to be the mass eigenstates
with eigenvalues m, . Further, the neutrino oscillations
constraint on the neutrino mass squared differences [17] are
also satisfied, i.e., the constraints

Am3, =m3 —m} = 247012 x 1073 eV2, (28)
Am3; =m3 —m} =7.65105 x 1070 eV2. (29)

The analysis given in this section respect all of the
collider, i.e., LEP and LHC, constraints. Specifically the
lower limits on heavy lepton masses is around 100 GeV
[11] and masses of my and my used here respect these
limits. However, in addition there are flavor constraints to
consider. Here the constraint g — e +y is the most
stringent constraint. Thus the above framework allows
the process y — e +y for which the current upper limit
from experiment is [11] 4.4 x 1072, The analysis of this
process requires the mixing of the vectorlike generation
with all the three generations. A similar analysis but for the
T — p+y was given in [18] and it was found that the
model with a vectorlike generation can produce a branching

PHYSICAL REVIEW D 90, 055006 (2014)

ratio for this process which lies below the current exper-
imental limit for that process but could be accessible in
improved experiment. In that analysis the scalar masses
were in the sub TeV region. However, in the present case
we are interested in the PeV size scalar masses. From Fig. 3
of [18], we see that for heavy scalars, the branching ratio
decreases rapidly as the masses increase and since we are
interested in the PeV size scalars we expect that the y —
e + y experimental upper limits would be easily satisfied. A
full treatment of the processes is, however, outside the
scope of this work and will be discussed elsewhere.

V. CONCLUSION

In the future the exploration of high scale physics on
the energy frontier will be limited by the capability on the
highest energy that accelerators can achieve. Thus the
upgraded LHC will achieve an energy of /s = 13 TeV.
Proposals are afoot to build accelerators that could extend
the range to an ambitious goal of 100 TeV. It has been
pointed out recently that there are other avenues to access
high scales and one of these is via sensitive measurement of
the EDM of elementary particles, i.e., of leptons and of
quarks. In this work we focus on the EDM of the electron as
it is the most stringently constrained of the EDMs. In this
analysis we have used the current experimental limits on
the EDM of the electron to explore in a quantitative fashion
the scale of the slepton masses that the electron EDM can
explore within MSSM. It is found that the current constraints
allow one to explore a wide scale of slepton masses from
few TeV to a PeV and beyond. Further, we have extended
the analysis to include a vectorlike lepton generation and
allowing for small mixings between the three ordinary
generations and the vectorlike generation. Here in addition
to the supersymmetric contribution involving the exchange
of the charginos and the neutralinos, one has in addition a
contribution arising from the exchange of the W and of the Z
bosons. Unlike the chargino and the neutralino contribution
which is sensitive to the slepton masses, the W and Z
contribution is independent of them. Thus the interference
between the supersymmetric and the nonsupersymmetric
contribution produces a remarkable phenomenon where the
EDM first falls and then turns around and rises again as the
common scalar mass 1 increases. This is easily understood
by noting that the destructive interference between the
supersymmetric and the nonsupersymmetric contribution
leads first to a cancellation between the two but as the
supersymmetric contribution dies out with increasing m
the nonsupersymmetric contribution becomes dominant
and controls the EDM. Thus in this case EDM could be
substantial even when m,, lies in the several PeV region. In
the future, the EDM of the electron will be constrained even
more stringently by a factor of ten or more. Such a more
stringent constraint will allow one to explore even a larger
range in the slepton masses. Finally we note that a large
SUSY sfermion scale in the PeV region would automatically
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relieve the tension on the flavor changing neutral current
problem and on too rapid a proton decay in supersymmetric
grand unified theories [19].
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APPENDIX A: THE MSSM EXTENSION WITH A
VECTOR LEPTONIC MULTIPLET

In Sec. III we extended MSSM to include a vectorlike
generation. Here we provide further details of this extension. A
vectorlike multiplet consists of an ordinary fourth generation
of leptons, quarks and their mirrors. A vectorlike generation
is anomaly free and thus inclusion of it respects the good
properties of a gauge theory. Vectorlike multiplets arise in a
variety of unified models [20] some of which could be low
lying. They have been used recently in a variety of analyses
[21-30]. In the analysis below we will assume an extended
MSSM with just one vector multiplet. Before proceeding
further we define the notation and give a very brief description
of the extended model and a more detailed description can
be found in the previous works mentioned above. Thus the
extended MSSM contains a vectorlike multiplet. To fix
notation the three generations of leptons are denoted by
|

W= —MSijI:IiHj + €ij[f1ﬁlli'ff£%i +f/1H§VA’lLﬁ1C—L + /2

PHYSICAL REVIEW D 90, 055006 (2014)

vir 1
i = ~ 172’__ 5
o= () ( )

15 ~(1,1,1); o5, ~(1,1,0); i =1,2,3, (Al)
where the properties under SU(3), x SU(2), x U(1), are
also exhibited. The last entry in the braces such as (1,2, —1/2)
is the value of the hypercharge Y defined sothat Q = T; + Y.
These leptons have V — A interactions. We can now add a
vectorlike multiplet where we have a fourth family of leptons
with V — A interactions whose transformations can be gotten
from Eq. (A1) by letting i run from 1 to 4. A vectorlike lepton
multiplet also has mirrors and so we consider these mirror
leptons which have V + A interactions. The quantum numbers
of the mirrors are given by

ES 1
o ~ 1’27_;
r= ()~ (23)

Interesting new physics arises when we allow mixings of
the vectorlike generation with the three ordinary gener-
ations. Here we focus on the mixing of the mirrors in the
vectorlike generation with the three generations. Thus the
superpotential of the model allowing for the mixings
among the three ordinary generations and the vectorlike
generation is given by

EL ~ (1, 1, _1), NL ~ (1, 1,0)

(A2)

HiZIN, + fSHGEE + hHp! ps + B HY g 06

+ hyHirl &5 + WyHYprt, 05, ] +f3€ij)?“'f/JL +fx€z/)(C’llA/iL + faR B+ 505 Ny + fLasEy +f5U,,LNL

+ fReu i, + Fies B + £ Ny,

where ~implies superfields, ; stands for {5, W, stands
for y,; and ,; stands for yr ;. The mass terms for the
neutrinos, mirror neutrinos, leptons and mirror leptons arise
from the term

1 O*W
=—Sa, 5, Viv; + He

" 20A; 0A; (Ad)

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

‘Cm = E%(Mf>§1‘ + ﬁ%(Mg)i’]L + H.c.,

where the basis vectors in which the mass matrix is written is
given by

(AS)

ﬁf{ = ( VTLNLVMLl/eL ),

’7{ = (tr Epurer),

& = (DeRNRDuRDR)

ik = (FRERpz €x) (A6)

(A3)
|
and the mass matrix M is given by
fiv2/V2 fs 0 0
M. — k! fzvl/\/i -3 —f3
! 0 fi o M2 0
0 NN
(A7)

We define the matrix element (22) of the mass matrix as my
so that
my :fZUl/\/E' (Ag)
The mass matrix is not Hermitian and thus one needs
biunitary transformations to diagonalize it. We define the
biunitary transformation so that
DY (M,)D} (A9)

= dlag(mn//l ml[/z ’ ml//'; ’ m )
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Under the biunitary transformations the basis vectors trans-
form so that

UTR V/IR l/‘rL VIIL
Ng — D Yo, Ny — v Yo,
- ~R ’ - ~L
DMR l//31? I/#L l'l/’ﬁL
Vep Wy, Ve, Vs,
(A10)

In Eq. (A9) w1, w5, w3, Wy are the mass eigenstates for the
neutrinos, where in the limit of no mixing we identify y; as
the light tau neutrino, y, as the heavier mass eigenstate, y3
as the muon neutrino and y, as the electron neutrino.
A similar analysis goes to the lepton mass matrix M, where

f1711/\/§ i 0 0
M. — /3 fhva/V2 /5 3
¢ =
fﬁ; hlvl/\/i 0
0 Z 0 /727)1/\/E

(Al1)
|

PHYSICAL REVIEW D 90, 055006 (2014)
In general f37f4,f5’f/3’f217f/5, /3/

and we define their phases so that

4. f% can be complex

= Ifylei,

k=3,4,5.

= |file™,

f” = |f{les; (A12)
We introduce now the mass parameter m defined by the
(22) element of the mass matrix above so that
mg = fyva/ V2. (A13)
Next we consider the mixing of the charged sleptons and
the charged mirror sleptons. The mass squared 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 superpotential of Eq. (A3) the
mass terms arising from it after the breaking of the
electroweak symmetry are given by the Lagrangian
L=Lp+Lp+ Lot (A14)
where L is deduced from Eq. (A3) and is given in [18],
while the £, is given by

1
— 2 2 ~ ok ook ~ ok ~ o~k ~ o~k = =%
-Lp = 5 M7C0S Ow cos 2{U, Uy — TLT) + Vel — HLi] + Verly — €18

Ty 1, e e - - .
+ ExER — NgNg} + Em%sm@w oS 2{Uy Uy + 717 + DUy + il

~ o~ ~ ~ Il el
+ U, Uy +epe; — EgrER

For L, we assume the following form

—Loofi = M”LWTLWTL + M;%)?Ci*)?d + M Ll//;t*Ll/?/,‘tL + M; L'//le*L‘l?éL + M V o+ M2 yLl//,tL

+ M} DU + METUT] 4+ MR + MEeqt e +M2~ELEL +MNN2NL

+ e {f14; HIWTLTL
+ A H 8 ~

Here M;;, M, 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, = |Ae|emAe ’ A, = |Ave |eiaA” 2T <A17)
From these terms we construct the scalar mass®> matrices
[18] which are exhibited in Appendix C.

As discussed in Sec. III and Sec. IV the inclusion of
the vectorlike generation brings in new phenomena such as
exchange contributions from the W and Z bosons which
are otherwise absent. Their inclusion gives an important
contribution to the EDM since the W and the Z boson

1Ay HIZWTLETL +mA HlW,,LﬂL
h2Av€Hl2WeLE§L + fLANH 7N,

— NgNy +2E E} — 22575 — 2figiiy — 285e%}. (A15)
WA, Hyr 5y
— fLARHLZE, +Hec.). (A16)

contribution begins to play a role and leads to constructive
and destructive interference with the chargino and neutra-
lino exchange contribution. A more detailed description of
this phenomenon is given in Sec. IV.

APPENDIX B: INTERACTIONS THAT ENTER
IN THE EDM ANALYSIS IN THE
MSSM EXTENSION WITH A
VECTORLIKE MULTIPLET

In this section we discuss the interactions in the mass
diagonal basis involving charged leptons, sneutrinos and
charginos. Thus we have
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2 8
T—U—)( Z Z %(l ijL + CaleR)Z”I/ + H. C., (Bl)
i=1 j=1
such that
Céij = g(_KTUTZD‘;?laD]I K, Uzsza — K U12DR4a i+ U; D?ezaDZj - KNU?zDgezaDlzlﬁ (B2)
Cgij = g(_KDT Vi2D21aD§j - KU;, Vi2D23ang — Ky, Vi2Dz4aDléj + VilDzm l{j + Vi1D23aDI§j
+ Vi DDy = keViDi DY), (B3)
with

(my,mg,m,,m,)

l,{?
Ky, Kz, Ky, Ke B4
(o) = (B4)
(mEv mv,v mt/,,? ml/g)
(KE7 Kv,v Ku;‘ ’ KZ/(,) = (BS)

V2my sin

We now discuss the interactions in the mass diagonal basis involving charged leptons, sleptons and neutralinos. Thus we
have

8
Losp= Z Z% (ClLiPp + CR PR)PV%; + Hee., (B6)
such that
C:)zl;] = \/E(aTiD}-Q*]a > ﬂi-j - 5EZD;€*2(1 T 7TZD;?*1(1 gj + /jEZD;Q*Z(l + ay DR3(1 15-]' - yltiDil-éa ~gj
+ aetDR4aD$j - 7eiD;€tlaD8j) (B7)
CR; = V2(BiD5,D3; = 11Dy, D3 — 8:D31, DY + agiDis,Di; + BuD55,D5; = 6,:D5,Dg;
+ﬁeithla T 561D29§1a D§ )’ (BS)
where
ngX4z / g ! 1 s 2
=0 eX ——X/.| = — sin“0 B9
i 2my sin B’ Pri ths cosOy  2\2 v (B9)
2
)/ gsm 9W gmgXy;
_ext o = — TMET A B10
VEi e i = 0s 9 21 Ei — sz Slnﬂ ( )
and
o gmXs o 9mXs  gmeXs (B11)
O 2mycosp’ M 2mycosB’ T 2my cosf
5. — gm X5, 5. —— gm X5 5. = — gm.X3; (B12)
o 2mycosp’ M 2mycosfp’ 2myy cos
and where
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Bei = Bui = Poi = —eXT; + cos Oy X5 <—§ + Sm29w>

(B13)
. gsin?Oy
Yei = Vui = Vei = —€X); + c0s Oy X5 (Bl4)
Here X' are defined by
X'; = X1 c08 Oy + Xy sin Oy (B15)
X = =Xy sin Oy + X,; cos Oy (B16)

where X diagonalizes the neutralino mass matrix and is
defined by Eq. (19).

In addition to the computation of the supersymmetric
loop diagrams, we compute the contributions arising from
the exchange of the W and Z bosons and the leptons and
the mirror leptons in the loops. The relevant interactions
needed are given below. For the W boson exchange the
interactions that enter are given by

7 yp[CKaPL + C}KaPR]Ta +H.c.,

(B17)
where
g T T T
XV = \/— [D71:D}14 + D13 Dis, + D7 4iD7 4] (B18)
g
C}/?‘; = % [D%ZiD;QZa]' (Blg)

For the Z boson exchange the interactions that enter are
given by

__/mass __ v |f |2 2 2 112
L™ = ) P+ P+ IF51P ) ErER +

\fz|2 ) > 2
| fal? + 1412 + 1F4 2 ) ELEL +

PHYSICAL REVIEW D 90, 055006 (2014)

4 4
_[’nZ = Z/) Z Z %ay/) C% /,PL + CR ,PR]T/}v (BZO)
a=1 p=1

where

cz =9
@ cos Oy

[ (DZ'alDEm + DEaZDLZﬂ + DZBDLBﬁ

1 T
+ DLa4Dz4ﬂ) 3 (DLalDLlﬂ + DLaBDL3ﬂ
+ D2;4DL4p)] (B21)
and
g
C%u,, - cos Oy { (DgalDfuﬂ + DRaZDRZﬁ + DRaszwﬁ

1
Tt T a T
+ DYuDiuy) - 5 (DieaDiy)| (B22)

where x = sin? @y,.

APPENDIX C: THE SCALAR MASS
SQUARED MATRICES

For convenience we collect here all the contributions to
the scalar mass”> matrices arising from the superpotential.
They are given by

L:%IHSS — Elélass _|_ ‘C%ass’ (Cl)
where £3*% gives the mass terms for the charged sleptons

while L3** gives the mass terms for the sneutrinos. For
L we have

U%|f1|

+ |f4|2)” 7

Uﬂ 1|2_|_|f|2~~*_|_ |h|2_|_| 2\~ ~x ‘h|2 112 N\~ ~x |2|2 2
9% > fal* ) igpiy + 5 + 517 ) i + +1£34

S v, . ~y

hp* v,y . ~ f’zﬂ*vl

2 2
+< 1lfa| + |72 )eLéz+{

TTLTR
f30af’3

2 HLHR — NG
hlvlf/*

+ (fwzfz f1”1f3>~ ~

Epth + +
K (ﬂ V2

o o X v P -
ELE}E“—(fz 2f3 +f4 lfl)ELTz

V2 V2

/ ] % h*
)EL ‘4 <f2”2f4+f31)1 )ERMR

V2 V2

V2 V2

~ ]’lz//t v

f”*v f f v * "0 f/* f//* h* o e
+< i/% 2"‘ 4\/12 EL .+ 42 2"‘ o EReR +fzf3/4LTL +f4f/4ﬂRTR +f4f/4eRTR
+ f5

f%eLTL

f3f5eciy + fof’ieriiy — TLLNR‘FHC}

(C2)
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We define the scalar mass squared matrix M? in the basis (7, E;. % Eg. iy jig. 21, er). We label the matrix elements of

these as (M2), ;= M%j where the elements of the matrix are given by

M2, = i3, + w + 13 = m2 cos 2,5(% _ sin29W>,

M3, = M3 + 22l |f/ ’ + [ fal? + /412 + | f4] + mZ cos 2Bsin0y,,

M3, = M? + |f1| + | f4]> = m% cos 2Bsin?0y,

M3, = I+ 'f L 1P 1P 3P + i cos2 (3 - s ).
Mi = AN/IﬁL + Ul';” +|f4> = mZ cos 283 <% - sin29W>,

- 2 h 2
M = M, + % + |f4]2 = m2 cos 2Bsin?6y,.

2 1
M3, = M2, + 1|22| + | f4)? = m% cos 2ﬁ<§ - sin29W>,
M2 = m2 + 1720 |h2| + | f4> = m% cos 2sin?0
88 e 7z W
. vzf /3, nfafi LN ¥ %
M, = M3} = \} >+ /2 My =M = \/15(711141 — uv2), My = M3 =0,

2 2% __ 2% __ 2% __ 2% __ 2% __ LI £x 2% __ 2% __
MIS_MSI_f3f3’M16_M61_O’M17_M71_f3f3’M18_M81_0’

I£3 /A ES hf*

M2 :MZ*ZO,M2 :1‘42*:](2 UA*— v ,M2 :Mz*:UZfoZ_FUI 1 47

23 32 24 42 \/§( 20 — K4 1) 25 52 \/f \/f

. . nfify | ufy .
M%6—M%2—0M27—M%2: \/§ + \/§ ’M%8:M§2:0’
vafafs  vifif3

M2 _ MZ* _ 2 2 + 3 M2 M2* _ 0 M — M2* _ /*’

34 43 \/§ \/5 53 — 36 63 = Jaf’

M3; = M35 = 0, M35 = Mg5 = fufy",
vzflzfix* U1f’3hT

MéztS M%Z =0, Mﬁ6 - M%X = \/i + \/i ’
" ” szzf"* vlfé,’hé
M}w M%Al =0, M%s = M§4 \/5 + \/5 ,
h*
M§6 = M%; = _1(”1A; _l“fz)vMs7 = M75 = f3f5.

V2
M3y = M5 = 0, Mg, = M3 = 0,

h
My = Mg = fLfy" M3y = M5 = —Z (01A — uv).

V2

We can diagonalize this Hermitian mass squared matrix by the unitary transformation
DT AR — 2 02 M2 M2 M2 M2 M2 M2
D""M:D" = dlag(M;],M;Z,M;B,Mh,M%S,Miﬁ,M@,M%R).

For L3** we have
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2 2
o = (DL s+ g ) i+ (L g+ 1122 )

vzlf’lz » u3|fi? . AL
+ (25 +|f5|2> TRV:R+(2 +|f%|2) va;+(2 +|f3|2)m UnL

2 2
v3|h) |2 v2|hL |2 . V3|, | -
+ |21| + f5|2> UuRY, ﬂR+< 2|22| + 1f3 |2> eLV:L+< 2|22| + |5 |2> VeRVyR
fzﬂ Uy /1/1*1)1 o h/uu*vl ~ o~ (fs”zf/f f2”1f§) N
PE 2N Ny -2 L v — Uy Usp + - N U;
\/E LIYR — \/i LY 7R \/E HLY uR \/i \/E L¥YzL

+

Sfsvif3 f’1”2f§ S~ hllﬂzfls* fémf; ~ o~ ’s’vlfi f'sl*vzh/z S~

- NRU*R —+ - NLZ/*L + - NRU*R

V2 V2 i V2 V2 " V2 V2 ¢
hy vy f5 f”*mfz) <f§vlf§ h’lvzf’g*>~ - . ..

N vi, + - NpUip + [3f5Vule + fsfsUpUip — == Vo Us

\/-2- \/-2‘ LV L \/-2- \/-2- RYuR f3f3 uL T f5f5 URY TR \/i LY¢R

3f30eLVip + f5I5 VerVir + f505 Ve Uy, + f515 VerVyg + Hoc. }

+ +
/\/\HH/'\/\

+

&H

. 2 . . . . ~ =~ ~ 7 ~ ~ ~ ~
Next we write the mass® matrix in the sneutrino sector the basis (U;. Ny, Vg Ng.Uyr, Uyrs Ver,» Ueg ). Thus here we
denote the sneutrino mass® matrix in the form (M3),;; = m;; where

- 1
m}, =M +mZ +|f3] +§m§0052ﬁ,
m3, :Msz‘f'm/zv‘f' \fs|> 4+ |f512 + |74
miy = Mz%, +mi +|fs]?,

El

1
miy = My + 3, + |f3]P + S5 + |15 =5 m3 cos 26,
- 1
mis = My + mg, +|f51 +§m%0052ﬂ,
mis = M, +mZ + |15,
~ 1
m%, = My, +m?2, + |f4|? +§m%c032ﬂ,
miy = M, +mi_+ |15,

mz o 2*_7}2f5f1 _Ulf2f§ m2 _mz*_f/]*
12 = My = \/— \/— s 3 — 31_\/§

20 2%
miy = my =0, mlS_mSI_f3f3’m16_m61_0

(”214;, —lwl)

2 2% __ ¢l
my; = my = ffs’mls—mi;l =0,

*

2 * 2 2% f2 *
miz = m3; = 0,m3y = my; == (v1A} — uvy),

V2
2*:_U1f§f§+h/1”2f/§
V2 V2
S NN i L LoV
V2 V2
mz*zvlfﬁfs_vzf'lﬁ

&
S

055006-13



TAREK IBRAHIM, AHMAD ITANI, AND PRAN NATH

2%

2 _ _
mis = m3; = 0.mie = mg; = —

2 _ 2 m —
my; = myy = 0,myg = mgy =
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hhf”zf% Ulfzfg-*
V2 V2
v f 2f 5 Uzh/z*f /3'
N

2 1/
m57*m75*f f3’m58*m85*0

2

me; = m76 0, m68 mse

2 _
msg =

m87 \/—( ZAje _/’”}1)'

fsf//*
(C4)

We can diagonalize the sneutrino mass square matrix by the unitary transformation

DY"MZD" =

: 2 M2 M2 M2 M2 M2 M2 M2
dlag(Mal’Maz’M;yM;47M;57M;57Ma77M58)~

(C5)
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