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Abstract

An analysis is given of the decay u — e + v in an MSSM extension with a vectorlike generation. Here
mixing with the mirrors allows the possibility of this decay. The analysis is done at the one loop level with
the exchange of charginos and neutralinos and of sleptons and mirror sleptons in the loops. A one loop
analysis with W and Z boson exchange and mirror leptons and neutrinos is also considered. The effects of
CP violating phases from the new sector on the decay p — ey are analyzed in detail. The constraints arising
from the current upper limit on the branching ratio B(yu — ev) from the MEG experiment of 2.4 x 1072
(at 90% CL) on the parameter space of SUSY models and on vectorlike models are explored. Further, the
MEG experiment is likely to improve the upper limit by an order of magnitude in the coming years. The
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1 Introduction

Lepton flavor violation provides a new window for physics beyond the standard model. Since there is no
CKM type matrix in the charged leptonic sector, flavor violations involving charged leptons arise via loop
corrections which in particular can produce charged lepton flavor violating processes such as Kf — Ejify.
Recently the MEG experiment [I] has put the most stringent bound thus far on the lepton flavor violating
decay p — ey so that

B(u—e+7v)<24x107'2  at 90% CL (MEG). (1)

In this work we explore the implications of a new leptonic vector generation for the ¢ — e+~ decay. Specif-
ically we consider an additional generation of leptons and their mirrors that mix with the three ordinary
generations of leptons. Inclusion of a vectorlike generation brings in new sources of CP violation which enter
in u — ey decay. These arise from diagrams where one has charginos and sneutrinos and neutralinos and
charged sleptons in the loops. Additionally one has diagrams with W and neutrinos and Z and charged
leptons in the loops. Such diagrams can produce observable effects and thus the experimental upper limit
constrains the parameter space of models. Specifically we will show that the y — e~y process can allow one
to probe new physics arising from the MSSM extension. The reason for considering a vectorlike leptonic
generation is the following: First vectorlike generations naturally appear in a variety of grand unified models,
string models and D brane models and some of these can survive down to low scales[2]. Second a vectorlike
generation is anomaly free so the good properties of the model as a quantum field theory are protected.
In previous works [3, 4, Bl [6], [7, [8] [9] [T0] 1Tl T2] M3] we have considered the effects of an extra vectorlike
generation on a number of processes and here we extend the analysis to discuss p — ey decay which is one
of most stringently constrained lepton flavor violating process. We also investigate the effect of CP phases
on the decay p — ey. Vectorlike multiplets have also been used by other authors (see, e.g., [14}, [I5] [16]).
Further, 4 — ey decay has been analyzed in several previous works (see, e.g., [I7, [I8] 19, 20, 2], 22}, 23]).

However, none of the previous works explore the class of models discussed here.

The outline of the rest of the paper is as follows: In section 2 we define the model with an extra vectorlike
leptonic generation and specify the nature of mixings between the extra vectorlike generation and the three
ordinary generations. In section 3 we give the interactions of the leptons and mirror leptons with the
charginos and the neutralinos in the mass diagonal basis. In section 4 we give an analysis of the interactions
of the leptons and their mirrors with the W and Z bosons. An analytic analysis of yu — ey decay is given in
section 5 which includes charginos and neutralinos in the loops as well as W and Z bosons in the loops. A

numerical analysis of the y — ey branching ratio is given in section 6. Here it is shown that the vectorlike



generation gives a significantly large contribution which allows one to probe and constrain the extended
model. It is known that CP phases can have a large effect on SUSY loop corrections (for a review see [24])
and thus the effect of CP phases on the decay p — ev is also analyzed. Conclusions are given in section 7.

Details of the scalar mass squared matrices are given in section 8.

2 Extension of MSSM with a Vector Multiplet

In this section we extend MSSM to include a vectorlike generation which consists of an ordinary fourth
generation of leptons, quarks and their mirrors. As mentioned in section 1 vectorlike multiplets arise in
a variety of unified models some of which could be low lying. 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

; 1
va= ()~ 02-)5 B~ QLD e L0 i=123 )
iL

where the properties under SU(3)¢ x SU(2)r x U(1)y are also exhibited. The last entry in the braces such
as (1,2,—1/2) is the value of the hypercharge Y defined so that @ = T5 + 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. by letting ¢ 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

c 1
X° = (f]%) ~ (1,2, 5) ;o Ep~(L,1,-1); Np~(1,1,0). 3)
L

Interesting new physics arises when we allow mixings of the vectorlike generation with the three ordinary
generations. Here we focus on the mixing of the mirrors in the vectorlike generation with the three genera-
tions. Thus the superpotential of the model allowing for the mixings among the three ordinary generations

and the vectorlike generation is given by



W = —pe; HUH) + e[ fLH{] 3 + [LHS 005, + foHIX N + f3HIROEL
+ thiiqﬁz,Lﬂi + hlng"[}ftLﬁpL + hoHj AgLéi + hy H3L 05, )
+ f3€ij>ACCi'lZ)i + f?l,ﬁinC%iL + fﬁfEAL + fsﬁﬁLNL + fiﬂiEAL + féﬁfLLNL
+ [ R, + e B + fE0e Ne (4)
where ~ implies superfields, 1[1L stands for 123]4, 1/;#L stands for 1[12L and 1/A1€L stands for 1/;1L. In eq. we have
suppressed terms such as e§Er, etc for simplicity. Their inclusion will not change our analysis substantially.

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

1 0*°W

L= 30404,

Yip; +Hee., (5)

where 1) and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of
the electroweak symmetry, ((Hi) = v1/v/2 and (H2) = va/v/2), we have the following set of mass terms

written in the 4-component spinor notation so that
= Lo = Ep(Mp)S + njp(Me)nz + Hee., (6)
where the basis vectors in which the mass matrix is written is given by
¢h=(r Nr Uur Ver),
& =W No vur ver) ,

k= (R Er lir €r),

ng = (o Er pr oer), (7)
and the mass matrix My is given by
flua/V2 fs 0 0
—fs fai/V2 = f —f3
My = . 8
L0 TR MeivE o )
0 u 0 hhva /\/2

We define the matrix element (22) of the mass matrix as my so that
my = fov1/V2. (9)

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

the bi-unitary transformation so that



D}V%T(Mf)DZ = diag(mibl’mwzvmwmmd)z;)' (10)

Under the bi-unitary transformations the basis vectors transform so that

Vrr ’(/JIR Vrp ’(/JlL
Ng (> N (D)

— Dy | |, —py | 11
Vugp R ¢3R Vur L w3L ( )
VER w4R VeL 1/}4L

In 1, %2,13,14 are the mass eigenstates for the neutrinos, where in the limit of no mixing we identify 1,
as the light tau neutrino, 12 as the heavier mass eigenstate, 13 as the muon neutrino and 14 as the electron

neutrino. A similar analysis goes to the lepton mass matrix M, where

fiv1/V?2 f4\[ 0 0
_ f3 Jova/ V2 VE 3
Mé o 0 ’ fi hlviﬂ 63 ’ (12)
0 Z O hg’()l/\/i

In general fs, fu, f5, f5, f1, [5, £, f1, fY can be complex and we define their phases so that

fk:|fk|eiXka fllc:|fl/c|el>(;ca l/c/:|fllcl‘eixg ;k:334a5 . (13)
We introduce now the mass parameter mpg defined by the (22) element of the mass matrix above so that
mg = févg/\/i (14)

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. (4), the mass terms arising from it after the

breaking of the electroweak symmetry are given by the Lagrangian
L=Lp+Lp+ Lsott , (15)

where L is deduced from F; = 0W/0A;, and —Lp = Vp = F;F} is given in the appendix, while the Lp is
given by
1 2 2 ~ o~y ~ ~x ~ ~x ~ o~k ~  ~x ~
—Lp = 5™z cos Ow cos 2B{0r L7, — TLT] + VurLV,,;, — fiLfly, + VerLVsy, — €LE],
- S 1 . _ C ek o~ U
+ ErEL — NgpNRpt+ §m2z sin? Oy cos 2B8{i L7, + TLTr + Uur ),y + [Lily,

+ Doty + 18 — ErEgy — NgpNj + 2ELE; — 27p7h — 2jipily — 26réy}. (16)



For Lsof we assume the following form
—Loofe = M2l + MEX X + M2 by, + MZL bl + M2 08308 + M3 oot
+ M2 S0y, + MEFEFE + M2RST 5, + M2e§ e + MAE;EL + MAZN; N
+ e A AHL T — fLA, HyGl o5 + A HIGY, g =BG A, Hy), o7,

+ ho A Hip! 85 — hyA, Hi! 06 + foANHIXY Ny — foApHiXY Ep, +He} . (17)

Here Mgy, 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

Ae = ‘A’4e|6iaA(3 ) Aue = |Aue|6iaAy"‘ s (18)
From these terms we construct the scalar mass square matrices. These are exhibited in section 8.
3 Interactions with charginos and neutralinos

In this section we discuss the interactions in the mass diagonal basis involving charged leptons, sneutrinos

and charginos. Thus we have

2 8
- Z Zi’ (CL,PL+CE Pr)X"j + Hee, (19)
such that
Célz] - g(_KT 'L*ZD%*I(XDTJ — Ku ng%gang — Ke 'L*QDgtlaD’?]
+ UZ*IDR2aDZj - DR2aD2Vj) (20)
C(}J?v] g(i‘%VTViQDFiaDBJ HV/L‘/ZQDL3(J/D6] Hue‘/iQthlaDlS/j + ‘/ﬂDFiaDlllj
+ Vi D73, D; + Vir D14, D¥; — kpVia D75, DY), (21)
with

(mNamTa my,, me)

V2myy cos 15}

(HNa Ry Ky, /’fe) =

(mE7 my.,My,, mVe)

V2myy sin 3

(H/Ea K‘IJT ) HV“ ) K:Ve) -



and
U*McV = diag(mﬂ , mig). (24)
Next we discuss the interactions in the mass diagonal basis involving charged leptons, sleptons and

neutralinos. Thus we have

4 8
Ly s 0= Z ZT’ (C.lPr + CF PR)X7; + He, (25)
such that
Calz/] 7\[(QT’LDR1a 5E1DR20(D23 ’YT’LDRlang + 5E1D}r%*2abzl—j + i R3aD5]
- WDEEQDE]' + @i DR D7 — Vi DR DE)) (26)
Coz}z%j :f(ﬁ‘rz Lla — VEi EZQ‘ng - 6T’i Z§aD§j +ag; ZZaDzl—j + ﬁlﬂ zgaﬁgj
5#1DL3ang + BeiDaaD7j — 6ei D140 Dg;), (27)
where
gmpX}; ’ g / 1 2
P = o 5 i=eX,, +—Xo, [ = — 0 , 28
aE 2myy sin 3 Pei = eXai+ cos by~ 2 (2 St bw (28)
.2
e gsin® Oy gmpeXy;
i =eX — ——— X, 0pi= —— 29
VB = €4 cosfy % B 2myy sin 3 (29)
and
mTXZ- m Xz eXi
oz”-29737 angﬂi‘i’ aei:gmi?’7 (30)
2myy cos B 2myy cos 2myy cos 3
5= I Xs 5 = — L5 5oy = —ImeXai (31)
2myy cos 3 2myy cos 3 2myy cos 3
and where
Bri= B = B = —eXpt+ — 4 X (L im0 (32)
T ni el 14 cos QW 21 9 Wl

Yri = Yui = Yei = _6X1i + Xgi . (33)
COS 0W
Here X’ are defined by
Xil = Xy;cos by + Xo;sin Oy, (34)
Xéz = —Xq;sin Oy + Xo; cos by, (35)



where X diagonalizes the neutralino mass matrix and is defined by the relation

XTMpX = diag(myo, myg,myg,myo) . (36)

4 Interaction of leptons and mirrors with W and Z bosons

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

—Lrwy =W} Z Z Viy?[C} Py +C} Pglra + He. (37)
=1 a=1
where
CL., = W[DZ’LDEM + D75, D 30 + D4 Dlaal s (38)
OV = = [D%5;Dhoul - 39
Ria \/i[ #2iDRoal (39)

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

- E‘FTZ = ZP Zi:l Zé:l %QVP[C[Z,QB PL + C}%agPR]TB ’ (4())
where
g T T T T T T T T
CLZM; = cos O [z(DL]:xlDLlﬁ + DLTaZDLQ,B + DLL3DL3,8 + DLL4DL4,6)
1 T T T T
D) (DLLIDLlﬁ + DLa3DL36 + DLa4 Lag)ls (41)
and
Z g T
CR., = o5 Ory [ (DRa1DR15 + DRaQDRZB + DRasDRBB + DRa4DR4ﬂ)

~ 5 (Dia Dk (42)

where z = sin® Oy .
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Figure 1: The diagrams that allow the decay of 4 — e+ 7 via supersymmetric loops involving the chargino
(top left) and the neutralino (top right) and via W loop (bottom left) and Z loop (bottom right) with
emission of the photon from the charged particle inside the loop.

5 The analysis of 1 — ¢ + v Branching Ratio

The decay ;1 — e + v is induced by one-loop electric and magnetic transition dipole moments, which arise
from the diagrams of Fig[5] For an incoming muon of momentum p and a resulting electron of momentum
p’, we define the amplitude

< e(p)|Jalp(p) >= te(p")Taupu(p) , (43)
where

_ FQMe(Q)iaaﬂqﬂ + F;G<Q)Ja575q,6
My, + Me my, + Me

Tw(q) +o (44)

with ¢ = p’ — p and where m; denotes the mass of the fermion f. The branching ratio of ;1 — e+~ is given
by

2472
B = FI(0)|% 4 |F©(0)]? 45
(n—e+7) G%mi(m#+me)2{| 5 (0)[% + [F5(0)[7}, (45)

where the form factors F}'“ and FL'“ arise from the chargino, neutralino and vector bosons contributions as

follows

EY(0) = FL, + FL% + Flyyr + Fl | (46)

FYe(0) = FU', + FY% + Flie, + Fls . (47)



It is also useful to define B,, and B, as follows

Bulii— e 47) = =28\ (o)2
[
: K GEm2(my +me)? 2 ’
2472 e
Be(p—e+7)= 1e0))?,

G (o)

(48)

(49)

where B,, is the branching ratio from the magnetic dipole operator and B, is the branching ratio from

the electric dipole operator. We discuss now the individual contributions to F5§'® Fi supersymmetric and

non-supersymmetric loops.

The chargino contribution Fj'" o is given by

ue ZQ }8: my, (M, + me) Rx M’%
F2X+ = 2—{C4ch3lj + 0411632 }Fl 2
— 647 ot m

i=1 j=1 m Xit

(my + me) M%

W{OAMJ 37_] + 0413 31]}F2 mfgi+ ’
where

1
Fi(x) = m{—m?’ —32% + 62 — 1+ 62°Inx}
and
1
Fy(z) = m{?)gc2 —4r+1—-22%Inx}.

The neutralino contribution F) e N is given by

2
e My (my, + me) C1L* R Mz,
F2H ZZ |: 19272 mX {C4ZJ 3ij + C4lj 3ij }F3 (

i=1 j=1 )Zio

2
(mu + me) { OB 4 'R /L*}F M~
647T2 41] 31] 435 ~'31j 4 m;.o ’

where

F3(z) = {—2%+ 622 — 32z — 2 —6xInz}

1
(z —1)*
and

1
Fy(x) = 3{79:2+1+2x1nr}.

(@—1)

The contributions from the W exchange Fjyj, is given by

2

. my,(my, + me) my,
Foy = Z #327:; [CLACLis + CRuCRis | Fw (m‘z/v>

My, (M +me) mii
3972m. mZ, [C1uCris + CRiuCrialGw m2, |

(51)

(52)



where the form factors are given by

1

Fy(z) = 6@ —11

[43:4 — 4923 + 1823 Inz + 7822 — 43z + 10]

and

1

Gw () = CEE [

4 — 15z + 1222 — 22 —6x21n$] .

The contribution F}; from the Z exchange is given by

4 2
my(m,, + me) m2
Flg =% b 2 [CF,Clhs + CHziC —2
27 [32::1 64n?mZ [CL34CLps + Chpa RﬂS] 2
Moy (M + M) OZ. CZ5 4 OZ. CFEIG m?,
W[ 1p1Crps + CrpaCrpslGz | 5 |
where

1

Fz(z) = @1

[—52 + 142® — 392® + 182° Inz + 38z — §]

and

The chargino contribution F” o is given by

2
e m“ + me X m S+
‘F;XJr ZZ 322—]\42{041]031j 041]031]}F5 ( M2 ) 5

=1 j=1

where
1 2Inz

The neutralino contribution F“ 0 is given by

2
ne mu+m€ Xi /R* /L* m
F3XO—ZZW{ 15 Cs — CryCai Vs M2 ,

i=1 j=1

where

1 2xInx

The W boson contrition F4;, is given by

e - My, (1M, + me) i,
Fow = — Z W[CLMCI%S CR14CL13] m%V )
i=1

10

(60)

(61)



where the functions C}V and C}}" are given in section 4 and the form factor I; is given by

2 111 3z%Inx
I =—|1-— —a? - 67
@) =Gz { T 2(1:0)} (67)
And finally, the Z exchange diagram contribution F} is given by
4 (s + me) m m2
Fﬂe — [ € 8 CZ CZ* o CZ CZ* I 78 68
37 62:1 3072 7m22 [(CLasCR3p rapClLiapll2 7mQZ ) (68)
where the form factor I is given by
2 1 1 3zinz
1 =— |1+ - A S — 69
2(0) = = [ NSRS +2(1w)} (69)

6 Estimate of size of B(u — e7)

In this section we give a numerical analysis for the branching ratio B(ux — ev) . The analysis is done in
an MSSM extension with soft breaking parameters taken at the electroweak scale. Thus no renormalization
group running of GUT scale parameters is needed. The parameters entering the analysis are summarized in
the appendix. The scalar mass and trilinear coupling parameters are my and Ag in the slepton mass squared

matrix. The corresponding ones in the sneutrino mass squared matrix are my and Af where

md = NI2, = N3 = NI2 = NI = NI2, = M2 = N2, = N1?

vy — Al/“ = AV@ = AN (70)

The branching ratio B(u — e7y) arises as a consequence of mixing induced by the parameters fs, fi, f{ and
fa, 1, 1 where f’s are complex parameters and their arguments are the CP violating phases. The branching
ratio B(u — ev) is a sensitive function of both the magnitudes as well as the phases of the mixing parameters
f. We discuss the dependence of B(p — e7y) on these below.

Fig. [2| exhibits the variation of B(i — e) as a function of the CP violating phases x5 (left panel) and
X4 (right panel). As the two panels of Fig show B(u — e7y) is a sensitive function of these phases and
can vary by an order of magnitude or more as the phases vary. The solid horizontal line gives the current
experimental upper limit on B(u — e7y) from the MEG experiment [I]. A very similar analysis holds when

we vary the CP phases x4 and x/ as exhibited in Fig Figure [4] gives the relative strength of the magnetic

11



and the electric dipole transition operators to B(u — ey) . Thus the left panel of Fig exhibits the relative
strength of the contributions from the magnetic dipole operator and the electric dipole moment operator
as a function of the CP phase x//. The right panel of Fig exhibits the dependence of the electron EDM
d. as a function of x/] where the solid horizontal line gives the current upper limit on d, from the ACME
Collaboration [25]. Thus the right panel delineates the allowed regions of the parameter space, i.e., regions
consistent with the experimental upper limit constraint on d.. The left panel of Fig[f] exhibits the variation
of B(yr — e7v) as a function of x4 for different values of the mixing parameter |f{| while the right panel of
Figl5| gives the electric dipole moment of the electron with the horizontal solid line giving the experimental
upper limit on it. A comparison of the left and the right panels show the regions of x4 consistent with the
current experimental upper limits on B(x — ey) and on d. and accessible with reasonable improvement in
the sensitivity of experiment in the future.

In tablel we illustrate numerically the relative strengths of the magnetic and the electric dipole transition
operators to B(u — ey) . Here we also show that the analysis is consistent with the current upper limits
on the B(t — pv), on d. and the data on the neutrino masses. Thus the current experimental limit on
B(r — wy) is B(t — py) < 4.4 x 1078 (BaBar) [26] and B(r — uy) < 4.5 x 1078 (Belle) [27]. Since the
theoretical prediction of B(t — pv) in this case is smaller by several orders of magnitude than the current
experimental limit this decay mode is not of imminent interest in this case. In table 2 we give a numerical
analysis of the form factors Fy and F3 and their sub pieces arising from the supersymmetric and the non-
supersymmetric loops. Also listed are B, and B. as well as d. and the neutrino masses. One finds that
typically the magnetic dipole contributions dominate the electric dipole contributions. The neutrino mass
results of table 1 and table 2 are consistent with the constraint on the sum of the neutrino masses from
cosmology, i.e., > . m,, < 0.44eV (95% CL) [28] and with the data on neutrino oscillations which give the

neutrino mass squared differences so that [29]

Am2, =m3 —m3 =247012 x 1073 eV? | (71)

Am3, =mi —m? =7.65702 x 107° eV2. (72)

Fig. @ exhibits a variation of B(u — e7) as a function of the mirror masses mg and my. All points of the
four curves of Fig. (6) are consistent with the constraints set on the neutrino masses by eq. and .
We note that in the analysis of Fig. (2)- Fig.(4) the mass parameters are typically low. For instance in the
analysis of Fig.4 we have used |u| = 310 GeV, M; = 180 GeV and M = 140 GeV and our vectorlike masses
are chosen so that mgp = my = 150, 200, 250, 300. Such a choice may be close to the LHC exclusion plots
based on LHC RUN I data and could be close to being probed with more data. We should note that the LHC

particle searches are very model dependent as can be seen from the analyses of [31 [32]. For instance in the

12



ATLAS analysis of [32] the lightest chargino mass is excluded up to 700 GeV, 380 GeV, 345 GeV or 148 GeV
for a massless neutralino depending on the allowed decay channels. These results would be even more model
dependent if the neutralino is assumed massive with a varying mass. Thus while the current limits from
LHC do not directly apply to our analysis, the choice of low mass parameters point to the possibility that
they could be probed in RUN II of the LHC. It would thus be very interesting to carryout a signal analysis
of this model specifically, for instance, for multilepton searches. Such an analysis, however, is beyond the

scope of this paper.

7 Conclusion

In this work we have given an analysis of 4 — ey decay with inclusion of a vectorlike leptonic generation
where mixings appear between leptons and mirror leptons as well as between sleptons and mirror sleptons.
The decay pu — e7y arises from diagrams with charginos and sneutrinos and mirror sneutrinos, and neu-
tralinos, sleptons and mirror sleptons in the loops. Additionally electroweak loops are included where W,
7 and leptons and mirror leptons and neutrinos are exchanged. An analytic analysis of these contributions
is given in section 5 while a detailed numerical analysis is given in section 6. Here it is shown that the
current experimental limits from the MEG experiment put constraints on the parameter space of models.
Further, the size of the new contributions are such that improvement in experiment will either reveal new
physics or the improved experimental results will be able to probe large parts of the parameter space of the
extended MSSM model. Thus the MEG experiment is continuing to collect data and is expected to explore
the 1 — e + v decay down to a branching ratio sensitivity of a few times 1073 in the next few years. This

will allow a further probe of this new class of MSSM extensions.

Acknowledgments: PN’s research is supported in part by the NSF grant PHY-1314774.

8 Appendix: The scalar mass squared matrices

For convenience we collect here all the contributions to the scalar mass squared matrices arising from the F
terms. They are given by

51;7‘13‘55 — Kgass + EI]I\}&SS , (73)
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where L£5%%° gives the mass terms for the charged sleptons while £3}**® gives the mass terms for the sneutrinos.

For L& we have

2
o = (BEE e g 1) B (2D A7 4 1521 ) B

v 2 L 2 L 2|7 |2
+( 1|§1| +|f4|2) R+< il +1f3 2) TLTL+( ‘21| +f4|2> ARIR

Uhl ~ o~ Uh22 ~~>}< U2h22 ~~*
+( 1|2 | +|f3|2> QL L+( 1‘2 ‘ ‘ |2 R+ 1|2 | | |2 ELé;

fava f3 + favr f{

o T2 28 1P En+ EL7;
N vz MR f ( V2 V2 ) L
fava flr f1v1f§f> . (févzfé* h1v1fi*> = <fé02fi* févlh’{) .
+ + Erth + + Epp; + + ERrfiy
< V2 V2 iR V2 V2 Hh V2 V2 i
[ v f} 4’v1h§> _— ( 1 vafy* ”*Ulh*> S P T
+ + Eré; + + Erét + 74 T
< V2 V2 Lo V2 V2 1ER SIS S T

ko~ ~k * o~ o~k ko~ o~k * o~ o~k h 5, 6%
+fafd erTh + [ f3erTr + fi ey + fufi eriy — % +HC} (74)

+{ _hwtve L haptva o o foptu

We define the scalar mass squared matrix Mg in the basis (%L,EL,?R,ER,ﬂL,ﬂR,éL,éR). We label the

matrix elements of these as (MZ);; = M7 where the elements of the matrix are given by

2 _ ar2 U%|f1|2 2 2 1 2
MH_MTL+7+|f3| —my cos 23 5 — sin Ow ),
v
M3, = Mp + 22— 2|f2| + 1 £al? + [f412 + |12 + m% cos 2B sin? Oy,
M2, = M? + Ul|f1‘ + | f4]? — m% cos 2B sin? By,

- f 2 1
Mil:Mi 2| 2| + 132+ | f412 + | £5 12 + m% cos 28 §—s1n Ow

2 ~2 U%|h1|2 2 2 1 . 2
M55=MML+T+|f3| —my cos 23 §—sm Ow | ,
2 -2 U%|h1|2 12 2 . 2
M66:MM—&-72 + | f4]° — mZ cos 28 sin” Oy,
- 2h 2 1
M2, = M? + U1| 2| + £ 1? — m% cos 23 (2 — sin? QW) ,
~ h
M828:M3+U1| 2| + | £ |2 — m% cos 2B sin” Oy .
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2 2%
M}, = M3
MZ = M2

15 — 51
M2, = M% =

23 — 32

2 2%
M3y = M3

2 2%
M3, = M

2 2%
M3, = M3

2 2%
M45 - 54

2 2%
M3, = M2

2 2%
Mz, = MZ =

2 2%
Mz, = MZ
M2 = M% =

68 — 86

vafof3 | vifafi . T .
= \%3 + ﬁlvM123:M§1 :\/15(”1147_#”2) M14*M41 =Y,

= fifs, M *Mgl**o M3 = M2 = fi f5, M35 = Mg =0,

vafafs | vihaf]

=0, M24 M422* = 2 (02A% MUl)aM225 = M522* =

_|_
V2 V2 V2
va fy 5 wiha f)

:07M2:M2*: + M2:M2*: ,
27 72 V2 V2 28 82

Vo fu fo" v f1f3 2 2 2 2% Ix

= + 7]\4 = M = 0, M = M = 5
V2 /2 35 53 36 63 = fafy

=0, M3y = Mg = fufi",
vafsfi | nfihi

V2 V2
whf" | oih

V2 V2

h N "
\/%(UlA — pv2), M57 = M725 = ” é )
=0,MZ = M2 =0,

= 0, M3, = Mg =

=0,M} = M2 =

*

h(le: — pwg) .

V2

ES 2 2% __
- f4 M78 - M87 -

We can diagonalize this hermitian mass squared matrix by the unitary transformation

DTIMZD™ = diag(MZ , M2, M2, M2, M2, M2, M2, M2) .

T1? T2 T3 T4 T6 ) T7)
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For L3j*° we have
- = (U i g ) e
v 02| 112 L
_|_< 1|f2‘ +|f5|2+ |f5|2+| |2> NLNL—|— <2|2fl|+ f5|2> VrRVrR

,UZfIQ L ,UZh/2 ~ _ v2h/2 ~ _
+(BBE 1o ) iy (ZE 4 1552 ) s+ (ZE 4152

h/2 _ h 2
+( ol g F) +< alil” g 2>ueRu€R

fopva = <. fiptvi . o Rjptur o fsvaf1* favr f3 -
+ { - NpNp — VrLVigp — — 75 VpLVur + - Npvry
/ V2 V2 " V2 V2
[svifs f{U2f§f) S, ( 102 f5* féU1f2*> & (fé/vlff "*U2h/>

+ = Npittp + = Nty + = Nri

( vz e )T T vz )T\ T A vz )
Fva fi ”*Ulfz) - (fsl,vlfék hiva f5* ) _
+ (2 — N vl + — N v,
( V2 V2 o) e V2 N

S . hop*vy _
+ f3f3Pur ey + fo fS Durii g — NG VerVlg

+f§/f3776Lﬂ:L+f5fé/*DeRl7jR+f/ é*VeLV L+f5f5 UeRV R+HC}

Next we write the mass squared matrix in the sneutrino sector the basis (7.1, Nr, rr, Ng, UpLs VpuRy VeLs VeR)-

Thus here we denote the sneutrino mass squared matrix in the form (M2);; = m?j where

2 _ 2 U2|f1|2 9, 1 9
myy = Mo, + —— 9 + | f3] +2m2005 B,
Y v |f2\
miy = My + =25+ |fs|* + | f51* + 1 f5 )
v h/ 2
m33—M2 + 2| i +1f51,
~ v 1
m3, = M + 1|f2| + 132 + | £517 + | f4 |2—§mZZcos257
2 %|f1|2 112 1 2
m55—M 5 + | f5] +§ch082ﬂ,
v2|h |2
7”66*]\42 + 2|21| + |51,
hh |2 1
m2, = M?, | 2 + |14 |2+§m2z(3052ﬂ,
W\
mss*MQ +1f3 |2
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1% * /%
2 2 v f5 f1 v1faf3 2 2 1
mis =my = - mis =mz) = ﬁ(WA* — p1),

V2 x/i ’

m%4 = m?ﬁ =0, m%5 = m51 = fsfsamlﬁ = m61 =0,
mi; =m3y = f3 f5,mis = mgi =0,
«
s = s = 0.y = s = (v, = o),
m3; = m3 = —Ulf/%fé + g%g*’
s =y = O,y = miy = LIS Rl
2 2+ 2 _ VL3 S5 _ va fifs

_ 2 _ _
Moy = Mgy = 0,m3y = mjz =

V2 V2

2 2« 2 2% _ 1%
m3s = mszz3 = 0,m3s = mg3 = f5/5,
2 2% 2 2% //*
m3; = mz3 = 0,m3s = mg3 = f5f5
/ 1%
2 2% 2 2% _ 1U2f3 v1fafs
mys = msy = 0,mig = mgy = — +

V2 V2
2o _ V1fafs" vahf Sy
V2 V2

_ _ 2
my; = mzy = 0,mig =

|
5

1%
mis = mg; = %(024* = pw1),
m§7 = m?f, =fy é*,mgg mgj =Y,
m%? = m% = O»mgg = mse 5157,
Ix
mig = mg; = %(021‘13& — pvr).

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

D"TMZDY = diag(MZ,, M2, M2, Mz , M2 M3 Mz, M3) .

vy Uy |78 Vs v
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- —% 0 % T - -’5’ 0 %
44 3.4
T34 7
= \ =241
X X
=24} =
+ +
) o
0 T 1.4
1.4 - 3
M - M
0.4} 0.4r

CP phase ;s (rad) CP phase y3» (rad)

Figure 2: Left Panel: An exhibition of the dependence of B(u — ev) on x5 where x5 = x4 = x4. The
B(u — ev) curves (bottom to top at x4 = 7) are for the cases when |f3]| = |f}| = |[f§| =5 x 107°, 7 x 1075,
9 x 107, and 11 x 107°. Right Panel: An exhibition of B(u — ev) as a function of the x4 where the
curves (bottom to top at x4 = 7) are for the cases |f3] =5 x 1075, 7 x 1075, 9 x 107°, 11 x 1075 where
|f3] = |f5] =5 %1075 and x3 = x4 = 0.3. The common parameters for both panels are tan 8 = 5, |u| = 500,
| M| = 130, | M| = 110, my = 260, mp = 280, mo = 4 x 10°, m§ = 5 x 105, |Ag| = |AF| = 6 x 10°, a; = 0.4,
az =, =05, ax, = ayr =1 |fal = [fil = L [f{] =01, |f5| =3 x 107, |f5] =8 x 1077, [ f| =5 x 107°,
xXa =1, x5 = x4 =05, x5 = x5 = xf = 1. The solid horizontal line is the upper limit from the MEG

experiment [I]. Here and in the rest of the figures and in the tables all masses are in GeV and phase angles
in radian.

- —% 0 % T - -’5’ 0 %
4.4¢
(] [}
T 34¢ T
= =
X X
24y iy
[b] Q
T T
2144 2
m m
04t~ -

CP phase y; (rad) CP phase yy4 (rad)

Figure 3: Left Panel: Plot of B(u — e7) as a function of x4 when X} = x4 = x4. The curves from bottom
to top at x4 = 7 are for the cases |f4| = |fi| = |f{] = 0.1, 0.5, 1, and 1.5 and |f3]| = |f}| = |f{| =5 x 1075
and x3 = x4 = x4 = 0.3. The solid horizontal line is the upper limit from the MEG experiment [I]. Right
Panel: An exhibition of the dependence of B(xn — ev) on x}. The curves from bottom to top at X4/ =T are

for the cases when |f}|=0.3, 0.4, 0.5, and 0.6 and |fs| = |f{| = 0.4,x4 = x4 = 1. All other parameters in
both panels are the same as in Fig[2]
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— -
137 —
!
1.1 20}/
:9 0.9 o 150
X (]
207 S
A X 10~
T 0.5¢ ~3
2
@03 5t
0.1}
0,

CP phase y4» (rad)

CP phase y4» (rad)

Figure 4: Left Panel: An exhibition of the magnetic contribution B,, (dotted) as given by Eq. (48], the
electric contribution B, (dashed) as given by Eq. to B(p — e7y) where the solid curve stands for their
sum as a function of x} when mg = my = 300. Right Panel: An exhibition of d. as a function of xJ.
The curves from top to bottom at XZ = 7 are for values of mp = my = 150, 200, 250, and 300. The
solid horizontal line is the upper limit on d, from the ACME Collaboration [25]. The common parameters
for the two panels are |u| = 310, |[M;| = 180, |Ms| = 140, tan 3 = 20, mo = 4 x 10, |Ag| = 1.5 x 106,
mb = 4x10°%, |A5| = 5.1x105, a; = 0.4, ap = 0.2, v, = 0.7, ., = ayz = 1. The mixings are |f3] = 7x1074,
|f4] = 1x107%, [ f¥] = 2x107%, | fa] =3x1072, |fi] = 0.4, | f{| =5x1072, | f5| = 3.8x1076, | f{| = 2.2x 1076,
[f5]=3x107% xs =x5=x5 =1, xa =03, xj = 0.2, x5 = x5 = x5 = 0.5.

(1) mgpg =MmMmN = 300

(i) mp = my = 150

B, 1.1 x 10712 8.3 x 10712
B. 1.6 x 10713 1.2 x 10712
By — ev) 1.2 x 10712 9.4 x 10~ 12
B(T — ) 4.8 x 1072 8.0 x 1072
d. (ecm) 6.3 x 10730 1.3 x 10729
Mys 5.0 x 10~ 11 5.5 x 10711
My 8.9 x 10712 9.6 x 10712
My 1.1 x 10712 2.5 x 10712

Table 1: An exhibition of the numerical values of B,,, Be, B(n — ey) and B(t — p + ) when x = 2 for
two values of mpg = my while other parameters are the same as in Fig[dl The values of the electron EDM
d. and the neutrino masses m,,,, m,,, M., are also exhibited.
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Figure 5: Left Panel: A plot of B(i — e) as a function of x4 where the curves from bottom to top at x4 = 2
are for values of |f§/| = 7x1075,8x107°,9x 1075, 1 x 10~%. The solid horizontal line is the upper limit from
the MEG experiment [I]. Right Panel: Plot of d. as a function of x4 for the same values of f§ as in the left
panel. The solid horizontal line is the upper limit on d. from the ACME Collaboration [25]. The parameters
used are tan 8 = 5, |u| = 500, |Mi| =130, |[Mz| =110, my = 260 , mg = 240 , mg = 7x 10* , m§ = 5x
101, |4Ap] = |A§]| =6 x 10° , a1 =04, a2 = a, = 0.5, aa, = ayy = 1. The mixings are [fs3| =3 x
107, |fsl =4 x 1070 [fu] = |fil =08, [f{| =01, [fs| =3 x 107, [ff] =7 x 107°,|fs"] =5 x

1076 . Their CP phases are x3 = 0.3, x3' =04, xa=1,x,=X71=05,x5=x5 =x5" = L.

(i) x4 = 0.39

(i) x4 = 2.1

2.7 % 10 e 07T

2xt €

FJ% 3.4 x 107210561 3.5 x 10721039
Pl 5.8 x 107 1%e~ 15 6.1 x 107 150-12
F}; 4.0 x 1015l 4 4.7 x 101570150
FJ°(0) 1.9 x 10" P 1T 1.1 x 10~ 100024
B, 5.3 x 10714 5.6 x 10713

Fi 2.4 x 10~ 18308 9.5 x 10719045
Ffo 1.3 x 10720053 1.6 x 1072te 11
Fiy 3.3 x 107 1Pe" 1T 2.3 x 107150019
Fyy 1.5 x 107179 5.8 x 1016034
FI(0) 22 x 107 Pe= 20 2.9 x 10~ 19¢0-0517
B, 6.6 x 10714 6.7 x 10714
Blp—ey) 12x10°5 1.7 x 10712

B(t — wy) 2.5x 1071 2.5 x 10719

d. (ecm) 4.7 %1072 6.1 x 10730

M3 4.7 x 10711 4.7 x 10711

M2 9.1 x 10712 8.8 x 10712

My 2.1 x 10712 4.9 % 10713

Table 2: An exhibition of the numerical values of the form factors F'“ and F§' and their sub pieces for two
cases: (i) and (ii). For case (i) |f4| = 10~% and x4 = 0.39 while for case (ii) |f{| = 0.7 x 10~% and x4 = 2.1.
All other parameters used in this table are the same as Fig[5] The magnetic and electric transition operators
B, and B, are also listed as are d. and and the neutrino mass eigenstates for each case listed above.
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Figure 6: A plot of B(u — ey) as a function of mg = my where the curves from top to bottom at

mpg = my = 150 are for values of |f4] = 0.1, 0.5, 1, 1.5. The parameters used are |u| = 500, |M;| = 130,
IMo| = 110, tan 8 = 10, mo = 4 x 10%, [Ag| = 6 x 105, mZ = 5 x 10%, |AZ]| = 6 x 10°, ay = 0.4, ap = 0.5,
oy = 0.5, an, = ayy = 0.6. The mixings are |f3| =5 x 107°, |f3] =5 x 1072, [f3]| =5 x 1075, |f4] = 0.5,

If7=5x1071 |fs| =3 x 1076, [fil =8 x 1077, |[f/| =5x107% xa=x4=x4 =03, xa = X4 = Xi =1,
X5 = X5 = X5 =
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