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H — ey decay in an MSSM extension
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An analysis is given of the decay 4 — e + y in an minimal supersymmetric standard model 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 u — ey are
analyzed in detail. The constraints arising from the current upper limit on the branching ratio B(u — ey)
from the MEG experiment of 2.4 x 10~ (at 90% C.L.) on the parameter space of supersymmetry (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 improved limits will allow one to probe a much

larger domain of the parameter space of the extended models.
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I. INTRODUCTION

Lepton flavor violation provides a new window for
physics beyond the standard model. Since there is no
Cabbibo-Kobayashi-Maskawa-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 £ —
ffy. Recently the MEG experiment [1] has put the most
stringent bound thus far on the lepton flavor-violating decay
1 — ey, so that

B(u—e+y) <24x10712 at 90%C.L.(MEG). (1)

In this work we explore the implications of a new leptonic
vector generation for the 4 — e + y decay. Specifically, 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 whichenterinu — 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
1 — ey process can allow one to probe new physics arising
from the minimal supersymmetric standard model (MSSM)
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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—13], we have considered the effects of an extra vectorlike
generation on a number of processes, and here we extend the
analysis to discuss ¢ — ey decay, which is one of the most
stringently constrained lepton flavor-violating processes. We
also investigate the effect of CP phases on the decay y — ey.
Vectorlike multiplets have also been used by other authors
(see, e.g., Refs. [14-16]). Further, 4 — ey decay has been
analyzed in several previous works (see, e.g., Refs. [17-23]).
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 Sec. II
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 gener-
ations. In Sec. III we give the interactions of the leptons and
mirror leptons with the charginos and the neutralinos in the
mass diagonal basis. In Sec. IV we give an analysis of the
interactions of the leptons and their mirrors with the W and Z
bosons. An analytic analysis of y — ey decay is given in
Sec. V which includes charginos and neutralinos in the loops
as well as W and Z bosons in the loops. A numerical analysis
of the u — ey branching ratio is given in Sec. VI. 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 supersymmetry (SUSY) loop corrections (for
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areview, see Ref. [24]), and thus the effect of CP phases on
the decay y — ey is also analyzed. Conclusions are given in
Sec. VIL Details of the scalar mass squared matrices are
given in the Appendix.

II. 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
Sec. I, 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; 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

vir 1
i = ~ 1727__ 5 llC
v (m) ( 2) -

v ~(1,1,0);  i=1,23, (2)
|

~ (1, 1,1);

W = —pe; HYHS + ei5(f

ll/A/jL%Z + fi HéWLUrL + fo 1
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where the properties under SU(3)- x SU(2), x U(1)y are
also exhibited. The last entry in the braces, e.g.,
(1,2,-1/2), is the value of the hypercharge Y defined
so that Q =75+ Y. These leptons have V —A inter-
actions. 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. (2) 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

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

CJNL+f/H/ CZEL

+h HlllpLLﬂi + W\ H 2‘//,4LV,4L + thl‘/A/éLéz + h; Hz‘//eLVeL]
+ f3e0¢ ’l/Afi + fie U)(CZIIA/,J,L + fatSEL 4 f506 Ny + Fiis Ey +fl5ﬁ;LNL
+f// zj)?Lll/A/ﬁzL +f£1/é2EL +.f”AL NL9 (4)

where ~implies superfields, v, stands for {5, W, stands
for y,;, and yr,; stands for ;. In Eq. (4) we have
suppressed terms such as ejE;, 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 W

L=- 204,04, aaa Vv THe. )

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

electroweak symmetry, ((H!) =v,/v2 and (H3)=
v,/ \/5), we have the following set of mass terms written
in the 4-component spinor notation so that

L, =Ey(M)E +7k(Mg)n, +He., (6)

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

E[TQZ(ETR NR l_//lR DeR )»
5{ = (VTL Ny Uy VeL ),
ik = (7 Er Hr ©g)
np="(w E. u e), (7)
and the mass matrix M f is given by
fiva/V2 fs 0 0
M. — —f3 fzvl/\/i —fé —f”
! 0 f& Mu/VZo 0
0 fs" 0 Ryv,/\/2

(8)

We define the matrix element (22) of the mass matrix as my
so that

my :fZUl/\/E' (9)
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The mass matrix is not Hermitian, and thus one needs
bi-unitary transformations to diagonalize it. We define the
bi-unitary transformation so that
+
Dy (M;)D;} = diag(m,, ,m,,,m, . .m, ). (10)
Under the bi-unitary transformations, the basis vectors
transform so that

Z/‘L'R l//lR Z/TL W]L
Ng _p Yo Np _p Y2,
- ™R ’ - L
M &R L Vs,
Veg Yy, Ve, Yy,

(11)

W1, W, 3, 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 My,
where

flvl/\/E Sa 0 0
/3 fhva/V2 VE 3
Mf:
f4 hyvi /2 0
0 " 0 hyvy /2

(12)
|

PHYSICAL REVIEW D 92, 015003 (2015)

In general, f3,f4.fs,f5. f4: f5 f5. f4,f5 can be com-
plex, and we define their phases so that

fe=Ifden, fo=1files, fL=1fle
k=3,4,5. (13

We introduce now the mass parameter my defined by
the (22) element of the mass matrix above, so that

mg = f502/V/2. (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=Lr+Lp~+ Lo, (15)

where L is deduced from F; = 0W/0A;, and —Lp =
Vi =F;F; is given in the Appendix, while Lp is
given by

1
— 2 2 ~ vk Sk ~ ok ~ o~k ~ o~k = Sk
—Lp = Emzcos Ow cos 2p{D, Uy, — 7,77 + VuLV,p — HLHL + VeV — €r€1

==~ I, e e e~ I
+ EgEg — NgNg} + Em%smzew cos 2{Uy Uy + 71T + Uy + Bl

~ o~ ~ ~ -
+ Verly, +erep — ERER

For L., we assume the following form:

— NgNjy + 2E E} — 2Tt — 2figfiy — 285&5 ). (16)

—Looft = M%Lli/izli/iL +M )(”*)(“ + MZLI/N/MLW;;L + MeLl//LLli/eL + M V Vo t M' MLVﬂL
+ M2 555, + M2EES + M2 G + M2e5 &S + MAELE, + MANIN,

+ e {FIAHW 7 — f1A, Hyrl, 09 + hyAH i — BA, Hir 56,

=+ theHli’]féLéL

P —hA, Hz‘//eL”eL +f2ANH CJNL

— fLAgHLZE; +Hec.). (17)

Here M;;, Mj , 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

= [Ac[e",

Ve — |Ave

e, ... (18)

From these terms we construct the scalar mass-squared matrices. These are exhibited in the Appendix.

015003-3



TAREK IBRAHIM, AHMAD ITANI, AND PRAN NATH PHYSICAL REVIEW D 92, 015003 (2015)
III. 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
T =y~ Z Z%a ijL + Cm]PR))(Cl +H.c., (19)
i=1 j=I1
such that
Chyj = 9(=x:UpDR DY = kU D3, DY) = k Up Dy D5 + Uy Dio Dl = kn U Do, D)), (20)
C§1/ (_Kl/, VizDz*l(zng - Kl/ﬂ VizDz*&zDGj Ky, V12DL4(1 8j + VilDz*mDIfj
+ VaDy3,D5; + Vi Dy, D5 = keV i Dia,Dij). (21)
with
my, m,, m,, m
(KN’K‘HKM’ Ke) = ( N £ e) (22)
V2my cos
(mE’mzz My, My, )
Kp, K, K, K, ) = £ < 23
(ki A U”) \/Emwsinﬂ ( )
and
UMV = diag(my-, my-). (24)

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

oo

4
Loop=> > 7 (CLPL+ CRPR)T; +He., (25)
i=1 j=1
such that
ClL = V2(a:i DG, DT = 85iD5a D3 = ¥eiD51 D3 + PriDisa Dl + 4uiDisy D5 = 7, D3 D+ Aei Dy DY = 7ei D D)

(26)

CR.=V2(B.:D}1, D} — v £iD}5e D3 — 8.:D% (D3 + a5 DY, D + Bi D5, D% — 8,:D55,D5; + BoiD i, D3 — 8,:D55, D).

(27)
where
ngXZj / g ! 1 202
R Al o [ =X 4+ —L X |- — Ow |, 28
OEi 2my sin 3 Prei = eXii + cosfy  H\2 SISy (28)
i 2
n _ gsi Ow gmpXy;
- - Op; = -+ 29
VE = € T oS Oy =2 Ei 2myy sin 8 (29)
and
gm.Xs; gm, Xs; gm,Xs;
i T A o° aﬂi_i’ ei — 5 0 (30)
2myy cos 2myy cos ff 2myy cos f
. gm. X3 . gm, X5 . gm X3,
O =—5———, Wi = T A Oi = =57, (31)
2my cos f 2my cos f 2my cos f
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and where
B = = —ext I xr(ZL G2
Pei = Pui = Pei = —e li+COSQW 2i —E-i-sm w >
(32)
. gsin®Oy
Yei = VYui = Vei = _EXI tV— 89 X21 (33)
Here X' are defined by
X); = X1;c080y + Xy; sin Oy, (34)
X/Zi = _Xli sin 9W + le' COS ew, (35)

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

X"MpX = diag(m,p S0 M0, M ). (36)

IV. 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

4 4
Loy =Wy > wiy?’[CY P+ CY Prle, +He.,

i=1 a=1

(37)

where

g * T * T * T
CZV = 2[D211 L1a+DZ3iDL3a+DZ4iDL4aL (38)

ia

9 U T
CR =—7= [DR2iDR2a]' (39)

R:
For the Z-boson exchange, the interactions that enter are

given by

4 4
rrZ — Zp Z z %a}/p Cg /,PL + CR /,PR]Tﬁ7 (40)
a=1 p=1

where
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%,,,; = cosgew [X(DZADZU; + szszﬁ + DZBDZW
+ DZADZM) ; (DZHDZI,B
+ DlaDisy + DDy @)
and
ga/, = cosge { (DTaIDRl/} +DRa2D§e2/1 + DRa3DR3ﬁ
+ DRDy) = 5 (D) @)

where x = sin’ @y,.

V. THE ANALYSIS OF s > e +7
BRANCHING RATIO

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

(e(P ) alp(p)) = (P )Tau,(p), (43)
where
FY(q)ioq”  Fi(q)o,4759”
,(q) = 5 (9)iogq I 5 (9) /37’5‘14_.“’ (44)
my, + m, my, + m,
vj 721_

P Lo ({((6‘

Z

Rl (‘{(ﬁ' - PR SN

FIG. 1. The diagrams that allow the decay of u — e 4y via
supersymmetric loops involving the chargino (top left) and the
neutralino (top right), and via the W loop (bottom left) and Z loop
(bottom right) with emission of the photon from the charged
particle inside the loop.
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with ¢ = p’ — p, and where m, denotes the mass of the
fermion f. The branching ratio of 4 — e + y is given by

PHYSICAL REVIEW D 92, 015003 (2015)

It is also useful to define B, and B, as follows:
247?

247 Bnlpt = ) = Gymji(my, +m.)? 7 )

Blu= e 1) = gaoat s PO + [P 0)F), 2
) Bl etn =gt P S PIOR @9)
where the form factors F%” and F3° arise from the chargino, where B, is the branching ratio from the magnetic dipole

neutralino, and vector bosons’ contributions as follows:

Fi(0) = Fi, + FS, + Py + Fh. (46)

operator and B, is the branching ratio from the electric
dipole operator. We discuss now the individual contributions

to F5° F5° supersymmetric and nonsupersymmetric loops.
. . The chargino contribution F4° o is given by
F{(0) = Fiy, + Fiy + Py + FY (47)
|
2 8 M2 M?>
e m (m +m) * * Vj (m +me> * * vj
=33 i et s ctenn () < G e reycn ()] @
== Xi Xi Xi
where
1
Fi(x) = ——{-2x" = 3x* + 6x — 1 + 6x* Inx} (51)
3(x—1)
and
1
Fy(x) = ——5{3x —4x + 1 - 2x* Inx}. (52)
(x=1)
The neutralino contribution F’Z‘ » 18 given by
4 8 r_ M2~ M2~
e m (m +me) i (m +me> 7
=1 j= )( i )(i
(53)
where
1
F5(x) :W{—x3 +6x% —3x -2 —6xInx} (54)
x —_—
and
1
Fy(x) = ——{-+*+ 1+ 2xInx}. (55)
(x=1)
The contribution from the W exchange Fby, is given by
4 2 2
. m,(m, + m,) . : my, my, (m, +m,) . } ny,
Fhy = ;W [CLUCL + CruCrisl Fw <ml€/> + W [CLuCris + CriuCL3IGw (m—é/) (56)
where the form factors are given by
Fy(x) = 6= 1) [4x* — 49x% + 18x% Inx + 78x% — 43x + 10] (57)
x —_—
and
1
Gy(x) = TR [4 —15x + 12x* — x* — 6x* In x]. (58)
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The contribution F%, from the Z exchange is given by

2
ulm+my) 7 mz,
Fh; = Z 64ﬂ2m2 [CLﬁ4CLﬂ3 + CRﬂ4CRﬂ3]FZ 2

V4

me, (my, +m.) m;
e e (€7 Cy + ChpuCEGy (—”>
6An*m? Lpa“Rp3 rpaLLp3 m
(59)
where
+ 18x% Inx + 38x — §] (60)
and
2 3
Gy(x) = TN [x’ +3x—6xlnx—4]. (61)

The chargino contribution F%°, is given by

3+

e (
o = Z Z - 32;;2M2

i=1 j=

m .,
X {Cil‘/cgz; Cé]ftjcglj}FS <1‘42~ >, (62)

where

Fs(x) = x+3+2lnx} (63)

1-—x

1
2(x—1)2
The neutralino contribution F’;;O is given by

(my, +m,)m;o
e e
F e Z Z 3272 M2

i=1 j=
2

m-,
(el - i (3a ). (o

where

+2xlnx}' (65)

FG(x)ziz(xil)z{x—kl %

The W-boson contribution F4y, is given by

m m +m,)
pe Vi
F3W _Z 327[2 2

2
m
W W W Wk Vi
[CLi4CRi3 - CRi4CLi3]Il < 2 > ’
myy

(66)

where the functions C}’ and C} are given in Sec. IV and the
form factor 7, is given by
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2 11 1, 3x%Inx

- —x° - . 67
(1—x>2{ T3 2(1—x>] (67)

T4,
And finally, the Z exchange diagram contribution F%, is
given by

I(x) =

4

(m, +m,)m; m?
Fﬂe = H e I CZ CZ* _C C I _ ,
3z ﬂ; 3222 m% [ LAB“ R3p R4p L3ﬂ] 2 m%

(68)

where the form factor /, is given by

2 1 1 3xInx
L(x) = {

m 14+-x+-x +m:| (69)

47 "4
VI. ESTIMATE OF SIZE OF B(u — ey)

In this section, we give a numerical analysis for the
branching ratio B(u — ey). The analysis is done in an
MSSM extension with soft breaking parameters taken at
the electroweak scale. Thus, no renormalization group
running of grand unified theory scale parameters is needed.
The parameters entering the analysis are summarized in the
Appendix. The scalar mass and trilinear coupling param-
eters are mg and A in the slepton mass-squared matrix. The
corresponding ones in the sneutrino mass-squared matrix
are mj and A%, where

my =My =My =M; = M2 M;%L :Mz M, = M,
mh =My = M; =M; =M,
AOZAIZA;J:Ae:AE7

Aj=A, =A, =A, =Ay. (70)

The branching ratio B(u — ey) arises as a consequence
of mixing induced by the parameters fs, f%, f4 and
fa. 4. f4, where f’s are complex parameters and their
arguments are the CP-violating phases. The branching ratio
B(u — ey) is a sensitive function of both the magnitudes as
well as the phases of the mixing parameters f. We discuss
the dependence of B(u — ey) on these below.

Figure 2 exhibits the variation of B(u — ey) as a function
of the CP-violating phases x4 (left panel) and y% (right
panel). As the two panels of Fig. 2 show, B(u — ey) 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 — ey) from the MEG experiment [1]. A very similar
analysis holds when we vary the CP phases y4 and y as
exhibited in Fig. 3. Figure 4 gives the relative strength of the
magnetic and the electric dipole transition operators to
B(u — ey). Thus, the left panel of Fig. 4 exhibits the
relative strength of the contributions from the magnetic
dipole operator and the electric dipole moment (EDM)
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n .o
- -2 0 2 b4 - Y 0 2 b4

4.4 3.4l
T 3.4¢ T
S S 24} —
X X
=24 =
+ +
(] (]
1 T 147
214} 2
m m

0.4 0.4

CP phase y;’ (rad) CP phase y3» (rad)

FIG. 2 (color online). Left panel: An exhibition of the dependence of B(u — ey) on y} where y3 = x5 = 4. The B(u — ey) curves
(from bottom to top at x5 = ) are for the cases when |f3| = [f5| = [f5] =5x% 107>, 7 x 107, 9 x 107>, and 11 x 107°. Right panel:
An exhibition of B(u — ey) as a function of x4 where the curves (from bottom to top at x4 = ) are for the cases |f3] =5 x 1075,
7x1075, 9x 1075, 11 x 107, where |f3] = |f4] =5 %107 and y3 =y} = 0.3. The common parameters for both panels are
tanf =5, [u| = 500, |M,| = 130, |M,| = 110, my = 260, my = 280, my =4 x 105, mj = 5 x 10°, |Ay| = |A)| = 6 x 10°, a; = 0.4,
0 =a, =05 ay=ay=1 |fl=Ifil=1 IFI=01 [fs=3x10 |ff=8x107, [f=5x10" z =1
xa =xi=0.5, ys =xs' = y{ = 1. The solid horizontal line is the upper limit from the MEG experiment [1]. Here and in the

rest of the figures and in the tables, all masses are in GeV, and all phase angles are in radians.

operator as a function of the CP phase y}. The right panel of
Fig. 4 exhibits the dependence of the electron EDM d, as a
function of y}, 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. 5 exhibits the variation of B(u — ey) as a function of
x4 for different values of the mixing parameter |f%|, while
the right panel of Fig. 5 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 right panels shows the regions of 4 consistent with the
current experimental upper limits on B(u — ey) and on d,

- _72'7 0 %r b4
4.4
T 3.4}
S
X
_‘?:2.4
(]
T
214}
s
04+~ iy =

CP phase y4 (rad)

FIG. 3 (color online).

and accessible with reasonable improvement in the sensi-
tivity of experiments in the future.

In Table I, 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 B(z — uy), on
d,, and the data on the neutrino masses. Thus, the current
experimental limit on B(z — uy) is B(r — uy) < 4.4 x
10~8 (BABAR) [26] and B(r — uy) < 4.5 x 10=% (Belle)
[27]. Since the theoretical prediction of B(z — uy) 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 II, we give a
numerical analysis of the form factors F, and F5; and

B(u—e+y)x10712

CP phase Y4 (rad)

Left panel: Plot of B(u — ey) as a function of y, when y}; = ¥ = y4. The curves from bottom to top at y, = 7

are for the cases |f4] = |f,| = |f4] = 0.1, 0.5, 1, and 1.5, and |f3| = |f4] = |f5] =5 % 107> and y3 = ¥} = x4 = 0.3. The solid
horizontal line is the upper limit from the MEG experiment [1]. Right panel: An exhibition of the dependence of B(u — ey) on y}. The
curves from bottom to top at y; = x are for the cases when |f7,| = 0.3, 0.4, 0.5, and 0.6, and |f,| = |f}| = 0.4, x4 = ¥} = 1. All other

parameters in both panels are the same as in Fig. 2.
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FIG. 4 (color online).
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d,x107%

CP phase y4» (rad)

Left panel: An exhibition of the magnetic contribution B,, (dotted) as given by Eq. (48), and the electric

contribution B, (dashed) as given by Eq. (49) to B(u — ey), where the solid curve stands for their sum as a function of yj when
myg = my = 300. Right panel: An exhibition of d, as a function of yJ. The curves from top to bottom at y; = 7 are for values of
my = 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, |M,|=140, tan = 20, my=4x10°, |A;|=1.5x10°%, mi=4x10°, |A}|=
5.1x10°%, a;=04, a,=0.2, a,=0.7, aA[):aAgzl. The mixings are |f3|=7x107%, |f4|=1x107%, [f4]|=2x1074, |f4|=3%x1072,

f4] = 0.4, || =5% 1072, | £5] =3.8x 1070, | 4| =2.2x 1075, |f1|=3x 1070, y3=ys=x4=1, s = 0.3, 7, = 0.2, s = 1} = 4 = 0.5.

their subpieces arising from the supersymmetric and
the nonsupersymmetric loops. Also listed are 1, 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
Tables I and II are consistent with the constraint on the
sum of the neutrino masses from cosmology, i.e.,
> im, <044 eV (95% C.L.) [28] and with the data on
neutrino oscillations which give the neutrino mass-squared
differences so that [29]

Am3, =m3 —m} =24701F x 1073 eV2,  (71)

B(u—e+y)x10712
N

0.4+

CP phase ys» (rad)

FIG. 5 (color online).

Amd; =m3 —m} =7.6503 x 107 eV2.  (72)
Figure 6 exhibits a variation of B(u — ey) as a function of
the mirror masses myg and my. All points of the four curves
of Fig. 6 are consistent with the constraints set on the
neutrino masses by Egs. (71) and (72). We note that in the
analysis of Figs. 2—4, the mass parameters are typically
low. For instance, in the analysis of Fig. 4, we have used
lu| =310 GeV, M| = 180 GeV, and M, = 140 GeV, and
our vectorlike masses are chosen so that my = 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

T
0 2 /g

d.x107% (ecm)

CP phase ys» (rad)

Left panel: A plot of B(u — ey) as a function of y%, where the curves from bottom to top at y5 = 2 are for values

of |[f4] =7 % 1075,8 x 107°,9 x 1075, 1 x 10~*. The solid horizontal line is the upper limit from the MEG experiment [1]. Right panel:
Plot of d, as a function of y 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 tanf =5,

u| = 500,

M| =130,

M,| = 110, my = 260, my = 240,

my=7x10% mi=5x10% |Ay|=|A5|=6%x10°, a;=04, x=a,=0.5.ay,=a,=1. The mixings are |[f;|=3x107,
[F5]=4x107,|f4]=|f4|=0.8, [fi] =0.1, |fs| =3x1075, |fi|=7x1075, |fZ]=5x107"5.Their CP phases are y; = 0.3,

Xi=04 yy =14, =xi =05 ys=yL=xi=1.
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TABLE 1. An exhibition of the numerical values of 5,,, B5,,
B(y — ey), and B(zr — u+y) when yj =2 for two values of
mpg = my while other parameters are the same as in Fig. 4. The
values of the electron EDM d, and the neutrino masses
m,, ,my,,m, are also exhibited.

(i) mg = my =300 (i) mp = my = 150

B, 1.1 x 10712 8.3 x 10712
B, 1.6 x 10713 1.2x 10712
By — ey) 1.2 x 10712 9.4 x 10712
B(z = py) 48 x 1072 8.0 x 107%
d,(e cm) 6.3 x 10730 1.3x107%
mys 5.0x 107! 5.5x%x 107!
my 8.9 x 10712 9.6 x 10712
my, 1.1 x 10712 2.5x 10712

LHC particle searches are very model dependent, as can be
seen from the analyses of Refs. [30,31]. For instance, in the
ATLAS analysis of Ref. [31], 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 depen-
dent if the neutralino is assumed to be 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 points to the possibility that they could be

TABLE II. An exhibition of the numerical values of the form
factors F ’55 and F’ ’3” and their subpieces for two cases: (i) and (ii).
For case (i), | /4] = 107 and y§ = 0.39, while for case (ii), | /4| =
0.7 x 107* and y§ = 2.1. All other parameters used in this table
are the same as in Fig. 5. The magnetic and electric transition
operators 3,, and 5, are also listed, as are d, and the neutrino
mass eigenstates for each case listed above.

(i) x5 = 0.39 (i) 4 = 2.1

F’;} 2.7 x 107187074 2.8 x 10-18o-21i
Fo 3.4 x 107210360 3.5 x 1021039
Fhy 5.8 x 107157157 6.1 x 1015 0-12i
Fy; 4.0 x 107 !4 4.7 x 10-15¢—0.15i
F5°(0) 1.9 x 1071311 1.1 x 1014 £0.0024i
B,, 53 x 10714 5.6x 10713

F’;; 2.4 x 10718304 0.5 % 10-19045i
F’;;) 1.3 x 10720053 16 x 10-21 =117
Fay 3.3 x 1075170 2.3 % 10150019
Fy 1.5 x 1071319 5.8 x 1016034
F5°(0) 2.2 x 1075721 2.9 x 10~150051i
B, 6.6 x 10714 6.7 x 10-14

B(u — er) 1.2x 10713 1.7 x 1012

B(z — pr) 25x 107" 25 % 10-19

d,(e cm) 4.7 x 107% 6.1 x 10730

my; 4.7 x 10711 47 % 10~

My 9.1 x 10712 8.8 % 10-12

my 2.1x 10712 4.9 % 10-13

PHYSICAL REVIEW D 92, 015003 (2015)
150 200 250 300 350

T o 4
N 5 B B

B(u—e+y)x10712

—
S~

S
~

Mg = my (GeV)

FIG. 6 (color online). A plot of B(u — ey) as a function of
mg = my, where the curves from top to bottom at mp = my =
150 are for values of |f4| = 0.1, 0.5, 1, 1.5. The parameters used
are || =500, |M,|=130, |M,| = 110, tan = 10, my = 4 x 10*,
|Ag)| =6x10, m§=5x10%, |Aj| = 6 x 10°, a; = 0.4, a, = 0.5,
a, = 0.5, a, = a, = 0.6. The mixings are |f3] =5 x 1073,
I3 =5x1075, [f4]=5%x1075, |f4] =05, |ff]=5x%x107,
[/51=310°, || =8x1077, |4 =5x 10", 3=, =¢{=03,
xa=xa=xi=Lys=xs=x5=1

probed in run II of the LHC. It would thus be very
interesting to carry out a signal analysis of this model
specifically, for instance, for multilepton searches. Such an
analysis, however, is beyond the scope of this paper.

VII. CONCLUSION

In this work, we have given an analysis of 4 — ey decay
with the inclusion of a vectorlike leptonic generation where
mixings appear between leptons and mirror leptons as well
as between sleptons and mirror sleptons. The decay y — ey
arises from diagrams with charginos and sneutrinos and
mirror sneutrinos, and neutralinos, sleptons and mirror
sleptons in the loops. Additionally, electroweak loops are
included where W and Z bosons and leptons and mirror
leptons and neutrinos are exchanged. An analytic analysis
of these contributions is given in Sec. V, while a detailed
numerical analysis is given in Sec. VI. 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 either
improvement in experiments will 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 4 — ¢ + y decay down
to a branching ratio sensitivity of a few times 10~'3 in the
next few years. This will allow a further probe of this new
class of MSSM extensions.
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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
LSS = L8 + L5, (A1)

where L#** gives the mass terms for the charged sleptons, while £3** gives the mass terms for the sneutrinos. For £5*%,
we have

2lfol?

2
g = (BLE s g ) B (P i g+ 1P B

n (”1'?2 UL Yo + (”%'f lign 1) + (”%'2”'2 AP

+ (U |§l|2+|f3|2>miu + < ey 2)~ it < 2|§2|2+|f”|2>~ ~

+{ fiu UQ%L%};_hLJE%L% fﬁ BB+ (fz of3 | fmf)

" (fwzf 1”12f3>ER%; + <f/3:}/2§f/2* + hl%:‘*>ELﬁz + <f2\1}/2§f + f3\v/1§ >ER!7§

n ( "*szz 4”12h*)EL o+ ( Zf/zif/; T ”*\/%h )ER ex + AT + faf i iR

+ faf i erTr + fif5e0TL + fif5 iy + fuf i ety _}Qﬂ—¢;~Lé; e } -

We define the scalar mass-squared matrix M? in the basis (7, E;.%g Eg. iy jig.2p. ¢ r)- We label the matrix elements of
these as (M3),; = M7;, where the elements of the matrix are given by

l]’
”2|f’2|2

> T |f4l2+ | f412+ | f4|? +mZ cos2Bsin’Oy,,

L.
M%I—Mfﬁ— |f1|+|f3|2—m%cos2ﬂ<§—smzew>, M3, = M3+

|f2\

= 1
M§3:M2 |f1| ——— | f4]* — m% cos 2Bsin*Oy, M§4—M2 =2 P AP |2+mzcos2ﬂ<——sm29W>

~ h 1 ~ h
M§5:M,24L+U1|21| —|—|f’3|2—m%0052ﬁ(§—sin2t9w), M2 =M, + 1|2 1§ +|f4 > = m% cos2psin®Oy,
2 _ g2 U1|h2| "2 _ 2 I oo 2 _ 2 ”1|h2| N2 _ 2 .2
M3, =M, + +|f5|* —m3zcos2p 5 sin Ow ). Mg=M.+ + | f4 |7 = mZ cos2Bsin*Oy.
* szf v1faf7 N *
M%zzM%: \/253+ NG L M%3:M§1:\/1§<U1Ar—ﬂvz)v MM*MM*0

Mis=M3 =f3f5. Mig=Mg =0, My=Mj=fifs, Miz=Mg=0, M3=M3;=0,

5 nfsfy  vihf;
M?2 :MZ*:_Z AL — ), M2. = M2 = 2J3J2 + 4’ M?2 :MZ*ZO,
24 12 \/5( 2 —H 1) 25 52 \/f \/5 26 62
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V2 V2 V2 V2
) | % v /h*
M =ME=aff My =ME=0. My=My=fiff. Mi=M5=0. Mi=p=", 0l

V2 V2
vZf/ZfZ* vlfghé 2 2 hT 2 2 11 41
+ . Mg =M =—2=(v Ay —pvs), M3, =M75=fif7,
/2 NG 56 65 \/§< 1AL —H02) 57 75 =13f

M§8—M§;—‘—O M%7—M%Z—O M68 —M§Z—f4f”* M%SZM%:

2 ag2% 2 ag2%
M47*M74*0’ M48*M84*

*

h
- (UlAZ —sz)-

V2
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We can diagonalize this Hermitian mass-squared matrix by the unitary transformation
DY M2D* = diag(M? . M2 . M2 M2 M2 M2 M2 M2). (A3)
For L3*, we have
— L = < Wl e 1£517 + |fg|2>NRN;z+ ( GNP F5P2+115 |2>NLNL+ ( nlfie |f5|2> Derpg
N (vz|f’ P N |f3|2> B, + <v%|§/1|2+ |f’3|2> Bty + (v%|;l/1|2+ |f§|2> Bk

1P (e 3
(22+Uwvmu+ LiLINPTAP

+ 2
fom vy 0~ 7S ~ T ~% fsvaft faoif3) ~

+{— \/.2 NLNR 17 TLI/ ITUMLU/JR—F \/_2‘1 _ \/_2_3 NLUTL
fsvif3 /1”2f§)~ ~ <h/17)2f/5* fé”1f§)~ ~ </5/7)1f2 f”*vzh/>

+ - Ngvip + - Novy, + NgU}
< NIV I A V2 oo ov2 )P vz 2 ) e
hl*”zf f”*v1f2 ~ f/sﬂlfﬁ h sz/*

(5 s (B

! *Ul

ey hﬂ ~ o~k x5~k * ~x
+f/3f3l/uLI/ +fo5 yRI/-rR ZWI/ELUER+fgf3I/€LUTL+f5f/5/ eRI/R+f eLI/L+f5fN eRVﬂR+H-C-}-

Next, we write the mass-squared matrix in the sneutrino sector in the basis (7,1, N1, U;g, Ng. Uyr, Uygs Ver» Uer)- Thus,

here we denote the sneutrino mass-squared matrix in the form (M%) =m? 4> Where
2 12
”2|f1| Ul|f2| 2 |h |
mdy =iy + 200 pe ] S5 0082B,  my =My + =S |5 SSPHIS5PR miy =M 42|
20 f1 12
v |f2| 1 ,  u3lfhl 1
My =My + =5 [P P+ S5 —5mEcos2B, mEs = My + =221+ [f5] 4 5m3 cos2p,
2 ”2|h |2 2 2| | 2 2 2| |
m66—M,,#+ > FIF512 miy =M 2R | AP mZCOSZﬂ mig=M; +-2 2+ |fL2,
v /% v f f* f/*
2 2* 2f5fl 1J2J3 2 2* 1 * 2 2% 2 /
m = — s m = ’U2A —Uv), mi,=m :0, m *m ffa
12 = M7 /2 /2 13 = M3 = \/i( Ve ) 14 7 15 51= 3
2 2 2 2 2w I3
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25 = M5, = V2 V2 26 62 ) 27 72 V2 2
2 2% 2 m2 1f2 5 2J1J3 2 m2x 2 2% I 2 2%
mye =mzy =0, m = - , m =0, my=mi=/fsf, m5;=m5=0,
28 82 34 =My3 = /2 V2 35 = M3 36 63 5 37 73
h/fvzf% Ulf2f/5*
m — m _fsf//* m2 — mZ* — O, m2 — mZ* — 34 m2 m2* _ 0
38 83 45 54 46 64 V2 /2 47 = M3y =
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2 2% lf2f5 2702 J 3 2 m* 1 * 2 11 2 2%
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48 84 /2 N 56 = Mgs = \/E v, 57 5= 58 85
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We can diagonalize the sneutrino mass square matrix by the unitary transformation

D"M2D¥ = diag(M2 . M% . M2 M3 M2 . M?% . M2 M3 ).
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