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Abstract

Higgs boson mass measurement at ~ 125 GeV points to a high scale for SUSY specifically the scalar masses. If all
the scalars are heavy, supersymmetric contribution to the leptonic g — 2 moments will be significantly reduced. On
the other hand the Brookhaven experiment indicates a ~ 3¢ deviation from the standard model prediction. Here we
analyze the leptonic g — 2 moments in an extended MSSM model with inclusion of a vector like leptonic generation
which brings in new sources of CP violation. In this work we consider the contributions to the leptonic g — 2 moments
arising from the exchange of charginos and neutralinos, sleptons and mirror sleptons, and from the exchange of W
and Z bosons and of leptons and mirror leptons. We focus specifically on the g — 2 moments for the muon and the
electron where sensitive measurements exist. Here it is shown that one can get consistency with the current data on
g — 2 under the Higgs boson mass constraint. Dependence of the moments on CP phases from the extended sector
are analyzed and it is shown that they are sensitively dependent on the phases from the new sector. It is shown that
the corrections to the leptonic moments arising from the extended MSSM sector will be non-vanishing even if the

SUSY scale extends into the PeV region.
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I. 1. INTRODUCTION

The observation by ATLAS [1] and by CMS [2] of the Higgs boson with a mass of ~ 125 GeV has put very
stringent constraints on low scale supersymmetry. Since the tree level mass of the Higgs boson lies below My, a
large loop correction from the supersymmetric sector is needed which in turn implies a high scale for the weak scale
supersymmetry and specifically for the scalar masses. A large SUSY scale also has direct implications for the g, — 2

of the muon. Thus the current experimental result gives for the muon g — 2 [3]
Aay, =aS® —aSM = (26.2 £ 8.5) x 10717, (1)

which is about a three sigma deviation from the standard model prediction. Similarly for the electron the experimental

determination of g, — 2 is very accurate and the uncertainty is rather small, i.e., one has [4]
Aa, = a®P — M = —10.5(8.1) x 1073, (2)

This result relies on a QED calculation up to four loops. Thus along with Eq. (1), Eq. (2) also acts as a constraint
on the standard model extensions. Supersymmetric theories with low weak scale mass can make corrections to g, — 2
which could be as large as the standard model electroweak corrections and even larger and have strong CP phase
dependence [5-7] (for early work see [8]). These arise largely from the chargino and sneutrino exchange diagram with
the neutralino and smuon exchange diagram making a relatively small contribution. However, if the scalar masses are
large, the supersymmetric exchange contributions will be small due to the largeness of the sneutrino and the smuon
masses.

In this work we give an analysis of the g — 2 for the muon and for the electron in an extended MSSM model with
a vector like leptonic generation. We note that vector like multiplets are anomaly free and they appear in a variety
of settings which include grand unified models, strings and D brane models [9-13]. Further, it is known that g — 2
has a sharp dependence on CP phases [5-7]. For this reason we investigate also the dependence of the muon and the
electron g — 2 on the CP phases in the extended MSSM model. Here we are particularly interested in the dependence
on the CP phases that arise from the new sector involving vector like leptons. We note that the CP phases are
constrained in this case by the electric dipole moment of the electron which currently has the value |d.| < 8.7 x 10729
ecm [34] while the upper limit on the muon EDM is |d,| < 1.9 x 107 "%ecm [3] and is rather weak. As discussed
in several works even with large phases the EDMs can be suppressed either by mass suppression [14, 15] or via the
cancellation mechanism [16, 16-19, 22]. Several analyses of the vector like extensions of MSSM already exist in the
literature [20, 21, 23-32].

The outline of the rest of the paper is as follows: In section 2 we give an analytical computation for the contribution
of the vectorlike lepton generation to g — 2 of the muon and of the electron. In section (3) we give a numerical
analysis of the contributions arising from MSSM and from the extended MSSM with a vector like leptonic generation.
Conclusions are given in section 4. Details of the extended MSSM model with a vector like leptonic generation are
given in the Appendix. The explanation of the muon anomaly with vector like leptons was considered previously in
[30] within a non-supersymmetric framework. Our analysis is within a supersymmetric framework where we carry out

a simultaneous fit to both the muon as well as the electron anomaly. Further, we explore the implications of the CP



phases arising from the new sector.

II. 2. ANALYSIS OF g, —2 AND g. — 2 WITH EXCHANGE OF VECTOR LIKE LEPTONS

The extended MSSM with a vector like leptonic generation is discussed in detail in the Appendix. Using the
formalism described there we compute the contribution to the anomalous magnetic moment of a charged lepton /.
We discuss now in detail the various contributions. The contribution arising from the exchange of the charginos,

sneutrinos and mirror sneutrinos as shown in the left diagram in Fig. 1 is given by

2 2
M, L R my,
ZZW ety (75 )
i=1j=1 Xi
2 m;,
+ZZ 967 2m a’LJ‘ +‘ aiyj ]F4 m2 ) (3)
i=1 j=1 X;
where m, — is the mass of chargino x;” and my; is the mass of sneutrino 7; and where the form factors F3 and Fj are
given by
1 2 2
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The couplings appearing in Eq. (3) are given by
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where D} p and D¥ are the charged lepton and sneutrino diagonalizing matrices and are defined by Eq. (47) and

Eq.(57) and U and V are the matrices that diagonalize the chargino mass matrix M¢ so that [33]

U*McV™! = diag(mxlimxzi) . (8)

Further,
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FIG. 1: The diagrams that contribute to the leptonic (7o) magnetic dipole moment via exchange of charginos (; ), sneutrinos
and mirror sneutrinos (7;) (left diagram) inside the loop and from the exchange of neutralinos (xl) sleptons and mirror sleptons
(75) (right diagram) inside the loop.

FIG. 2: The W loop (the left diagram) involving the exchange of sequential and vectorlike neutrinos 1; and the Z loop (the
right diagram) involving the exchange of sequential and vectorlike charged leptons 75 that contribute to the magnetic dipole
moment of the charged lepton 7.

where myy is the mass of the W boson and tan 3 =< H? > / < H{ > where H;, H, are the two Higgs doublets of
MSSM.
The contribution arising from the exchange of neutralinos, charged sleptons and charged mirror sleptons as shown

in the right diagram in Fig. 1 is given by
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where the form factors are
Fi(z) = _ [1— 2%+ 22Inz] (12)
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and
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The couplings that enter in Eq. 11 are given by
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Here X' are defined by
X{z = Xli COSGW +X27 Sin@w, (22)
Xéi = —Xq;sin Oy + Xo; cos Oy, (23)
where X diagonalizes the neutralino mass matrix, i.e.,
XTMpX = diag(m,o,m,9,m 9, my0). (24)

Further, D™ that enter in Egs. (14) and (15) is a matrix which diagonalizes the charged slepton mass squared matrix
and is defined in Eq. (53).
Next we compute the contribution from the exchange of the W and Z bosons. Thus the exchange of the W and

the exchange of neutrinos and mirror neutrinos as shown in the left diagram of Fig. 2 gives
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where the form factors are given by
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The couplings that enter in Eq. (25) are given by
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Here Dj p are matrices of a bi-unitary transformation that diagonalizes the neutrino mass matrix and are defined in
Eq. (43).

Finally the exchange of the Z and the exchange of leptons and mirror leptons as shown in the right diagram of Fig.

2 gives
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and myz is the Z boson mass. The couplings that enter in Eq. (30) are given by
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III. 3. ESTIMATES OF Aa, AND Aa.

We begin by discussing the prediction for Aa, and Aa. for MSSM when the scalar masses are large lying in the
several TeV region. In Tables I and II we exhibit the results for two benchmark points where we assume universality
and take the scalar masses and the trilinear couplings to be all equal. Table I exhibits the result of the computation
for Aa, where individual contributions arising from the chargino exchange, neutralino exchange, W exchange and Z
exchange are listed. The entries exhibit the contributions over and above what one expects from the standard model
and so the entries for the W and Z exchanges show a null value. Thus the entire contribution in this case arises from
the chargino and the neutralino exchange and their sum gives a value O(10~'1) which is two orders of magnitude

smaller than the experimental result of Eq. (1). A very similar analysis is given in Table II for Aa, where again the



contribution to Aa. arises from the exchange of charginos and neutralinos and their sum is O(1071%) which is three
orders of magnitude smaller than the result of Eq. (2). Thus with a high scale of the scalar masses one cannot explain
the results of Eq. (1) and Eq. (2).

We turn now to the analysis within the extended MSSM with a vector like leptonic generation. As in the analysis
within MSSM here also we assume the universality of the soft parameters so that we set m3 = M2, = M3 = M? =
M? = M? = M? = M2, = M2 = M}, = M} and Ay = A, = Ag = A, = A. = Ay in the computation of the
charged slepton mass squared matrix. Similarly we assume m82 = M12v = MET = MEM = MEE = Mf = M2, and
A, =4, =4, =An = Ay = AP for the computation of the sneutrino mass squared matrix (see Appendix).
The contributions from the chargino exchange, the neutralino exchange, and the W and Z exchange are listed in
Table I and Table IT for two benchmark points. In this case the W boson and the Z boson exchange contributions
are non-vanishing and the contributions listed are those over and above what one expects in the standard model. As
in the MSSM case here also one finds that the contributions from the chargino exchange and from the neutralino
exchange fall significantly below the experimental results of Eq. (1) and Eq. (2). However, in this case including the
contributions from the W exchange and from the Z boson exchange one finds that consistency with Eq. (1) and Eq.
(2) is achieved. At the same time one has the Higgs boson mass in the model for both benchmarks (a) and (b) at
~ 125 GeV consistent with the experimental measurements by ATLAS [1] and by CMS [2]. Here the loop correction
that gives mass to the Higgs boson comes from the MSSM sector while the extra vector like leptonic generation makes
a negligible contribution.

In the analysis of Aa, and Aa. the exchange of both the sequential leptons and the mirrors play a role with
the mirror exchange being the more dominant. The analysis requires diagonalization of a 5 X 5 mass matrix in
the charged lepton-charged mirror lepton sector and diagonalization of a 5 X 5 mass matrix in the neutrino-mirror
neutrino sector. Parameter choices are made to ensure that the eigenvalues in the charged lepton sector give the
desired experimental values for e, p and 7 along with two additional masses, one for the sequential fourth generation
lepton and the other for the mirror charged lepton. Their values are listed in Table III for the case of two benchmark
points (a) and (b). A similar analysis holds for the neutrino-mirror neutrino sector where we get two additional
eigenvalues, one for the fourth generation neutrino and the other for the mirror neutrino. Their values are also listed
in Table IIT for two benchmark points. The analysis also requires diagonalization of a 10 x 10 matrix in the charged
slepton and charged mirror slepton sector, as well as diagonalization of a 10 x 10 matrix in the sneutrino and the

mirror sneutrino sector.



(a) (b)
Contribution MSSM Vectorlike MSSM Vectorlike
Chargino @ +1.68 x 107" +1.07 x 10" +1.68 x 10~ " —8.54 x 10!
Neutralino a —3.09 x 10713 —1.50 x 107! —3.09 x 1073 —6.58 x 10~ 13

W Boson  a)) 0 +1.53 x 107° 0 +2.56 x 107
Z Boson  a 0 +5.12 x 10717 0 +8.76 x 107 1°
Total Aa, +1.65x 107 4+2.05 x 107° 4+1.65 x 107" +3.35 x 107°

TABLE I: The contribution of the vectorlike multiplet vs the contribution from the MSSM sector to the anomalous magnetic
moments of the muon for two illustrative benchmark points (a) and (b). They are: (a) mny = 5, mge = 450, \f§| = 0.62,
|£5] = 6.62 x 1072, | fi] = 20, |he| = 230, |hs| = 730 and (b) my = 200, mae = 250, |f5| = 0.73, |f5'| = 5.23 x 10~%, | fi] = 30,
|he| = 66, |hs| = 180 . Other parameters have the values tan 8 = 15, mo = m5 = 5000, |[A5| = |Ao\ = 6000, |m1\ = 224,
|ma| = 407, |u| = 2124, mg = 320, my4 = 350, muo = 124.66, |f3| = 1 x 1074, |fa] = 1x 10~ S = 38, \f5| = 1x10" 4
|f% :50><10_4 |f& :30><1O_3 |h7| = 34, aa, =, app =, & = 52—9u—X3 X5 = X4 —X4 X1 = X4 _X5_Xo_
X5 = X6 = X7 = x8 = 0. For the MSSM analysis the followmg parameters were used for both cases (a) and (b): The scalar
masses are taken to be universal with mo = 5000 and the trilinear coupling is taken to be universal Ap = —6000. Other inputs
are: )(li =439, x) = 223, XQi = 2144, x5 = 439, —x§ = 2142, x§ = 2143, = 2124. All masses are in GeV and phases in rad.

(a) (b)
Contribution MSSM Vectorlike MSSM Vectorlike

Chargino aX +3.92 x 1076 —2.88 x 1076 +3.92 x 1076 —6.31 x 10~
Neutralino aX’ —7.25x 107'® —1.69 x 10716 —7.25 x 10~*® —3.12 x 107

W Boson oV 0 +1.99 x 10713 0 +1.71 x 10713
Z Boson  a? 0 +5.89 x 107 0 +5.11 x 107
Total Adae +3.85 x 10716 42,58 x 1071 +3.85 x 10716 4+2.16 x 10713

TABLE II: The contribution of the vectorlike multiplet vs the contribution from the MSSM sector to the anomalous magnetic
moments of the electron for two illustrative benchmark points (a) and (b) as given in table I.

Mass Spectrum (GeV)

Particles (a) (b)
Mirror Neutrino 208 207
Fourth Sequential Neutrino 816 395
Mirror Lepton 253 349
Fourth Sequential Lepton 545 226

TABLE III: The mass of the heavy particles obtained after diagonalizing the lepton and neutrino mass matrices for benchmark
points (a) and (b) of Table I.

We discuss now some further features of the analysis which includes the vector like leptonic generation. In Figure 3
we show the variation of Ag,, as a function of mg the mass of the mirror lepton as given by Eq. (45), for four tan 3
values. A remarkable feature of this graph is the dependence on tan § it exhibits. Notice that for a fixed mg, Aa,
decreases for increasing values of tan 8 as tan 8 varies from 20 to 35. Now we recall that the Yukawa coupling of
a charged lepton has a 1/cos dependence and as a consequence the contribution of the charged lepton to Aag,
becomes larger for larger tan 8 which is a well known result. However, the Yukawa coupling of the mirror lepton goes
like 1/sin 8 [9] and so Aa,, decreases for larger values of tan 3. This feature explains the tan § dependence in Figure
3. It also shows that the W and Z exchange contributions in this case are being controlled by exchange of the mirror

particles. A very similar dependence on tan 3 is exhibited by Aa,.



The anomalous magnetic moments are quite sensitive to CP phases as first demonstrated in the analysis of [5-7] for
the case of CP phases that arise in N = 1 supergravity [5, 7] and more generally for the case of MSSM [6]. In those
analyses it was also found that large CP phases could be made consistent with the experimental constraints on the
EDMs by the cancellation mechanism [16-19, 22]. In the present analysis the contribution from the MSSM sector is
suppressed and the dominant contribution arises from the W and Z exchanges. For the case of three generations this
sector does not have any CP phases in the leptonic sector. However, the extended MSSM with a vector like leptonic
multiplet allows for CP phases which cannot be removed by field redefinitions. It is of interest then to discuss the
dependence of Aa, and Aa. on the CP phases that arise in the extended MSSM. We discuss now the dependence of
Aa, and Aa. on such phases. In Fig. (4) we exhibit the dependence of Aa, and Aa. on x5, which is the phase of
f4 (see Appendix). A sharp dependence on x4 is seen for both Aa, and for Aa.. A very similar sensitivity to the
CP phase xg which is the phase of hg (see Appendix) is exhibited in Fig. (5). To explore further the sensitivity of
Aa,, and of Aa, to parameters in the vector like sector we exhibit in Fig. (6) the dependence of Aa, and Aa. on he
which is the co-efficient of the term e;;x¢*’, in the superpotential (see Eq. (37)). One can see in Fig. (6) the strong
dependence of Aa, and Aa. on hg. In the analyses given so far both Aa, and Aa. have very significant dependence
on the parameters arising from inclusion of the vector like sector. However, there are parameters which affect Aa,
and Aa,, differently. This is the case for |f |. Here as seen in the left panel of Fig. (7) Aa, is a sensitive function of
| f5 | but not so for the case for Aa,, (not exhibited) because of its much larger size. Finally we note that even if the
SUSY scale lies in the PeV region, the contributions from the W and Z exchange arising from Fig. (2) survive while

the diagrams of Fig. (1) give a vanishingly small contribution. This is illustrated in the right panel of Fig. (7).
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FIG. 3: Aa, as a function of mg when tan 8 = 20, 25, 30, 35. Other parameters are mo = m§ = 5000, |A§| = |Ao| = 6000,
|mi| = 224, |ma| = 407, |u| = 2124, mae = 250, mny = 300, mya = 350, muo = 124.66, |f3| = 1 x 107°, |f5| = 8.18,
[f¥] =432 x 1072, |fa] = 1 x 1073, |f4] = 3.61, | fi/| = 3.85, |fs| = 1 x 107%, | fi| = 5.0 x 10~ %, | f/| = 3.0 x 107, |hs| = 10,
|he| =19, [hs| =10, any =7, ayz =7 & =& =0, =Xa =X3=X§ =X4a =X1=X{ =X5 =X5 = X5 = X6 = X7 = Xxs = 0.
All masses are in GeV and phases in rad.
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FIG. 5: Aa, (left panel) and Aa. (right panel) as a function of s in the range [—m, +7] when |fi| = 20, 25,30, 35. Other
parameters are tan 8 = 15, mg = mg = 5000, |A5| = |Ao| = 6000, |m1| = 224, |ma| = 407, |u| = 2124, my = 5, m,4 = 350,
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X3 =Xa=X5=X5=Xr =0, x5 =296, x4 = —1.54, x4 = 2.86, x4 = 1.46, x7 = —2.94, xs = 0.6. All masses are in GeV and
phases in rad.
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X5 = 2.96, x4 = —1.54, x4 = 2.86, x4 = 1.46, x6 = 3.06, x7 = —2.94, xs = 0.6. All masses are in GeV and phases in rad.

13 9
x 10 2.05)( 10 .
2.2t i .
a i 20488,
S L8 e ] 2.046 J
s

J16- L , 5‘ .
Siar y 1 20448 1
Z1g / i S |
<f ' / = 2.042F e
S 1F 4 -
2 s}
g o8t — E 2.04 —
S g ]

04l X ! — W] =50 GeV 20381 1

, ! -==|hz] = 100 GeV]
0.2 * S\ hz| =200 GeV} L |
) ‘ ‘ ‘ L lhe] = 300 Gev] 2036 ‘ ‘ ‘ ‘ ‘ ‘ ‘
1 2 4 s 6 7 8 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
[F§] (%1072 GeV) mg (PeV)

FIG. 7: Left panel: Variation of Aae as a function of | f3'| for four values of |h7| when |h7| = 50,100, 200, 300. Other parameters
are tan 8 = 15, mo = mf = 5000, |A5| = |Ao| = 6000, |m1| = 224, |ma| = 407, |u| = 2124, mx = 200, m,4 = 350, mp = 320,
mae = 250, mpo = 124.66, |f3| = 1 x 107°, |£4] = 0.73, |fa] = 1 x 1073, |f1] = 20, || =38, |fs| = 1 x 1074, |fi| = 5.0 x 1074,
[f¥] = 3.0 x 107°, |he| = 66, |hg| = 180, aa, = , app =T 86 =& =0 =Xs = x4 =X5 = X5 = x5 =0, x5 = 2.96,
X4 = —1.54, x4, = 2.86, x4 = 1.46, x6 = 3.06, x7 = —2.94, xs = 0.6. All masses are in GeV and phases in rad. Right panel:
A plot of Aa, as a function of the common scalar mass mo exhibiting a residual correction Aa, even when mg lies in the PeV
region. The parameters used in the plot are for benchmark (a) in Table (I).

IV. 4. CONCLUSION

The Higgs boson mass measurement at 126 GeV indicates a high SUSY scale, and specifically a high scale for
the scalar masses. If the scalar masses are all heavy, the contribution to the leptonic moments and specifically to
Aay = a;® — af™ becomes negligible in this case. In this work we have investigated leptonic g — 2 moments within
an extended MSSM model with an extra vector like generation and CP phase dependent couplings. It is found that
one can achieve consistency with the experimental measurements of Aa, and Aa. under the constraint of the Higgs
boson mass. The dependence of the moments on CP phases from the new sector are also investigated and shown to
have a very sensitive dependence. Further, it is shown that Aa, and Aa. will be non-vanishing even when the SUSY

scale lies in the PeV region. The model presented here can be made UV complete by including a full generation of

11



vector like matter including both quarks and leptons. Finally we note that the work presented here has some overlap

with [35] which appeared after this work was finished. For another recent work on this topic see [36].

Acknowledgments: This research was supported in part by the NSF Grant PHY-1314774.

V. APPENDIX ON THE EXTENDED MSSM WITH A VECTOR LIKE LEPTONIC GENERATION

In this Appendix we define the notation for the vector generation and their properties under SU(3)¢c x SU(2)1 X

U(1)y. For the four sequential families we use the notation

Vi 1 c c
wiL = ( Ezi ) ~ (1a27_§)7 iL ™ (1717 1)aViL ~ (17 1a0)7 (35)

where the last entry on the right hand side of each ~ is the value of the hypercharge Y defined so that Q@ = T5 +Y

and we have included in our analysis the singlet field v{, where ¢ runs from 1 — 4. For the mirrors we use the notation

E¢ 1
X = < ]\lfé ) ~ (1,2, i)vEML ~(1,1,-1), Ny, ~ (1,1,0). (36)

The main difference between the leptons and the mirrors is that while the leptons have V' — A type interactions
with SU(2)r x U(1)y gauge bosons the mirrors have V + A type interactions. In the analysis we assume R parity
conservation. All of the neutral scalar fields in the new sector carry odd R parity and giving them a VEV will violate
R parity conservation. For that reason only the Higgs fields are given VEVs. Further, in MSSM one can make field
redefinitions to make the VEVs of both of the neutral Higgs fields to be real. One of these can become complex at the
loop level leading to mixing of CP even-CP odd neutral Higgs. The induced phases are, however, small. An analysis
including the CP even-CP odd Higgs mixing requires a separate treatment (see, e.g., [32]). We do not include loop
induced CP phases in our analysis. Their effects of the analysis would in any case be negligible.

We assume that the mirrors of the vector like generation escape acquiring mass at the 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= *ueijﬁfﬁﬁ + Gij[flgfi/;if'f + f{f{%@zﬁfﬂ + foHIX N + féﬁik”'ﬁl
+ hlf{ff/},iLﬂL + hllggfl;ZLLﬁuL + hoHY 65 + Do HYpL 0, + ys Hivg 05, + ys HG 15, )
+ faei XL + fre XD, + FAEEL + fs05, N + fipg B + f505.Nr
+ fei XE w4+ e B+ fUE N + heei X¥W)y, + hal§, Er + hsi§, N, (37)
where " implies superfields, ’(/AJL stands for 1/33 L, zﬁu 1, stands for 1/32 1, and 12)6 1, stands for 1&1 L

The mass terms for the neutrinos, mirror neutrinos, leptons and mirror leptons arise from the term

1 02W

L==3 DA 04

’l/)ﬂ,[)j —+ H.C., (38)

where 1 and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of the elec-

troweak symmetry, ((H}) = v1/v/2 and (H2) = vy/+/2), we have the following set of mass terms written in the
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4-component spinor notation so that

~Ln = Ep(My)ér +p(Me)nr, + Hee, (39)
where the basis vectors in which the mass matrix is written is given by

& = ( +r Nr Uur Ver 174R),
& = (vrr N vur Ver L) ,
Nk = (ﬁ% Er lr €r Z4R)7
n, = (o Er pr er lar) , (40)

and the mass matrix My of neutrinos is given by

fve/V2  fs 0 0 0
—fs foi/V2  —f} —f3 —hs
My = 0 3 v2/V2 0 0 : (41)
0 4 0 hhva/v/2 0
0 hg 0 0 Yhva /2

We define the matrix element (22) of the mass matrix as my so that
my = f2111/\f2- (42)

The mass matrix is not hermitian and thus one needs bi-unitary transformations to diagonalize it. We define the

bi-unitary transformation so that
DID%T (Mf)DZ = diag(mibl » Mg s Meapg y Mapyy Mg )- (43)

where 11,12, Y3, 14,105 are the mass eigenstates for the neutrinos. In the limit of no mixing we identify 1, as the
light tau neutrino, 1o as the heavier mass mirror eigen state, 13 as the muon neutrino, 14 as the electron neutrino

and 95 as the other heavy 4-sequential generation neutrino. A similar analysis goes to the lepton mass matrix M,

where
JclUl/\/5 fa 0 0 0
I3 fhva/V2 I3 3 he
M, = 0 i hv/V2 0 0 . (44)
0 o 0 hovi/V/2 0
0 hr 0 0 Y501 /V2

We introduce now the mass parameter mpg for the (22) element of the mass matrix above so that
CP phases that arise from the new sector are defined so that

= |file™:, fi=1flleX, f =|f]|eX (i =3,4,5)
hi = |hi|e™*, k=6,7,8. (46)
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As in the neutrino mass matrix case, the charged slepton mass matrix is not hermitian and thus one needs again a

bi-unitary transformations to diagonalize it. We define the bi-unitary transformation so that

DTT (M) D7, = diag(may, , My, My, My, , Mre ), (47)

where 7, (o =1 — 5) are the mass eigenstates for the charged lepton matrix.
The mass squared matrices of the slepton-mirror slepton and sneutrino-mirror sneutrino sectors come from three
sources: the F term, the D term of the potential and the soft SUSY breaking terms. After spontaneous breaking of

the electroweak symmetry the Lagrangian is given by
L=Lr+Lp+ Lot , (48)
where Lr is deduced from —Lp = F;F}, while the Lp is given by
1 2 2 ~ ~ ~ o~k ~ ~ ~ o~ ~ o~ ~
—Lp = oMz c08 Ow cos 206{Ur L0y, — TLT] + VurVpp, — RLiL, + VerVy, — €LE],
[ T N ~  ~x g g% 1 : ~  ~x ~ o~k ~ o~ ~ o~
+ EREgR — NgpN§ + 0apvy, — barly} + §mQZ sin? Oy cos 26{0, L0}, + 717 + DurLVy,p, + BLAT,
+ DLy, + €€ + Tar iy, + Larlyy,
— ErEj — NgNj, + 2EL B} — 27p7), — 2finjiy — 26réy; — 2larlip}. (49)
For Lso we assume the following form

*ﬁsoft—MEL z* :L+M2 cik cz+M * /ZL
+ M2l + M2 ey vsy + My VHLDML
+ Mol ~4L + M VAV + M; VerVer + MZFEFE+ Mﬁﬂ?ﬂi
+ M265°eS + MEE; By + M3 Ny Ny, + M35 05,
+ e (1A HIL 7] — 1A, 30 07y + AW H ) i, — Wy Ay, H3, 57,
+ ho AcH{? &5 — Dy Ay Hip 6 + faANHI{X Ny, — fAgHIRV Ey

+ s A HiW) 051, — yb Aw HyP 75, + Hee} . (50)
We define the scalar mass squared matrix M2 in the basis

(71, Er, 7R, ER, fir, ftr, €1, €R, bar, LaR). (51)
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We label the matrix elements of these as (M2);; = ij where the elements of the matrix are given by

vi| f1]?

M}y = M2, + 5

1
+ | f3]? — m% cos 23 (2 — sin? 9W> ,

R 02| 112 .
M3, = MZ + % + 1 fal? I faP + £+ |he]® + m% cos 2B sin? Oy,

2 2 U%|f1|2 2 2 2
M33:M-,—+T+|f4| — m7 cos 2/ sin” Oy,

R 02| 112 L
M3, = Mi + % + |32+ | f512 + IS 12+ |he|* + m% cos 28 (2 — sin? 9W> ,

2h 2 1
L|21| + | 5] — m% cos 28 (2 — sin? QW) :
vilha|?

2

Mzs = MﬁL +

M626:M5+ + |42 — m% cos 23 sin” Oy,
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~ 1
M2, = M? + 1‘ haf? + |42 — m% cos 213 (2—511120W>7

’Ul‘h2| ‘ |2 2

M = M? + m% cos 23 sin” Oy,

. 2 1
M929:MZL+’U ‘2 | +|h |2 mZCOSZB (2_Sin29W),

M2 — N2 vi|ys|? |2 2 in2 0
1010 = 4+T+| 7|* — m7 cos 23 sin” Oy,
1 £ *
M2 = M2 = vafofs | vifafi ,
V2 V2
My = Mt = %(UIA: — pwa),
M124 = M421* = 07M125 = M521* = f§f§7

2 _ 2% __ 2 _ 2% __ gl px 2 _ 2% __ 2 2% __
Mis = Mgy =0, Mi; = M7\ = f3f5, Mig = Mgy =0, M3 = M35y =

)

1% 1 /% E
X v2 f3 f: vihy f
M3, = M35 = %(WAE — pwy), M3y = MZ3 = \/352 + \/54 )
vo fy f3" wihy fi

1£3 *
M:Q _ MQ* _ ’U2f4f2 + U1f1f3 ,M2 _ MQ* _ 0,M2 _ MQ* — /*7
34 43 ﬁ ﬁ 35 53 36 63 f4f4

! f£I% /h*
M2 = M2 = 0, M2 = M2 — fufl*, M% = M2 — 0, M2, — M2 — 22f2J4" | vfshi
37 73 38 83 f4f 45 54 46 64 \@ \/i
va fo fi" | vifdh3

Mg, = MZi =0, Mjs = Mg} = /2 + 3

h * * *
715(le“ - NUZ)»M§7 = M75 = él § 7M528 = M825 = 07Mf?7 = M76 =0,

2% 1% 2 _ 2% __
M68 - M86 - f4 M78 - M87 -

2 2%
Mgg = Mgz =

*

\/2§(U1AZ — jivz)

M7y = Mgy = fihe, Miyq = Mig =0,
viyshy  vahe fo*

V2 V2
M??g = M92§ =0, M??m = M1253 = f4h;,

2 a2 2 a2
Mg = Mg; = s M3y0 = My, =0,

B va fahy  viheys
M3y = M3y =0, M}, = Mig, = \/2574‘ \/557
ME?Q = Mgg = é*hﬁvME?lO = M1255 =0,

M69 M92§ =0, M610 = M106 fi ;
M729 = Mg; = fﬂ*hﬁaM%o = M1257 =0,
M89 = M92§ =0, Msm = M108 é’h;a

* Ys
M910 = M1209 = E(UlAM pz). (52)

We assume that the masses that enter the mass squared matrix for the scalars are all of electroweak size. This mass

squared matrix is hermitian and can be diagonalized with a unitary transformation

T 27T 13 2 2 2 2 2 2 2
D TM%D _dlag(MT17MT27MT37M’T47MT57MT67MT77

M2 M?‘g’ M’?‘lo) (53)
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The mass squared matrix in the sneutrino sector has a similar structure. In the basis

(D‘rlnNLv D‘I‘Rv NRv D;LLv D,U.Ra ﬂeLv I;eRv I;4La V4R)

the sneutrino mass squared matrix (M2);; = m3; has elements given by

2
1
Z o L1+ | fsl” + 5m3 cos 28,

m11 fMQ
m3y = M3 + & |f2\2+|f5|2+|f5|2+| 1% + |hs|?,
m3s = M, +i|f{|2+|f5|2,
~ 1
mi4:M2 ‘f2|2+|f3\2+|f3|2+| |2+|h6|2f§mzcos25,
1
mi; = M2, + v |h’1|2 + 512 + §mQZ cos 213,
2 U% 72 112
mGG_M +§|h1| + 1515,
~ U 1
m%=M3L+52|h'2\2+|f§'|2+§m2200825,

2
v
msg—M2 2|hl2|2+|fél|27

~ v 1
mgy = Mjp, + §2|yé|2 + |he|* + §mQZ cos 23,
migro = M2, + |hs|? + 2 |y5\2
v2f5f{* 'Ulf2f3

m%z Moy = /2 /2 )

2 2%
— pvi),miy =myy =0,

1£3
2 2% _ J1 *
Myg = M3y = \/5(1)2141/7

2 2
m51 = f3f37m16 =mg, =0,

mys =
m17 = m71 = f3»m18 = m81 =0,
m§3 = m32 =0, m24 m?é = \/2;(111147\7 - Mv2)7m§5 = m?% = U1\J;2;f§ + /li}/%fé*
m3s =mgy = 0,m3; = m2; = UIJ\C/% § /Qljgé/*’

17

)

(55)



2 2 2 2 V1S3 [f5 U2f{f§
Moy = Mgo = 0, M3, = Mjys = —
28 82 ) 34 43 \/i \/E )
2%

IZES 2 2% __
m?w = Ms3 = 07m36 m63 f5fo ,m37 = m73 =0 m3s = m83 = f5f5 ymys =mz; =0,

X hifvafs v fafs
m4216:m§4:_1\/§3 2 mi7—m74:0

2 2 vifafs™  whifi 2 hy*
myg = SZ = \/§ - \/5 y Mg = mG; = \/§(U2A;M - ,LL’Ul),

2 2% __ gl plx 2%
Mgy = M5 = J3J3 7m58_m85_0 m67_m76_07
2
/I* * *
mes = m86 = f Is Mgy = \/5(7)2141/6 — pvy),
2 2% * 2 _ 2%
mig = mg) = hef3,mi0 = mip =0,
*
2 o Javihe | wohsys o o 0
Mgg = Mgy = yMa10 = Myg2 = Y,
V2 V2
2
M3g9 = m93 =0 m310 = m103 fshsg,
90 _ Vayshe  vihif

2 9% _ 2 _
mig = mgy = 0,myyq = mipy = )
V2 V2

2 2% E] 2 _ 2%
msg = Moz = he f3",m510 = Mips = 0,

2 9% _ 2
Mgy = Mg = 0, mg,5 = mlOG f hg,

2 2% __ 1%
m3g = mas = he f§*,m3, = mip; =0,

2 25
mgg = m98 =0, m810 = mios = [ th

/

* y *
m910 = m%og = 7%(”2/141/ — pvy). (56)

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 squared matrix. This mass squared matrix can be diagonalized by the unitary transformation

D' MZDY = diag(M2,, M2, M2, M2, M2, M2 , M2, M2, M2 , M2, ). (57)

vy v3? V4 Vs ve? vy vy vg? 1210
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