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We investigate flavor violating decays of the long-lived lightest slepton and the tau lepton in the
coannihilation region of the minimal supersymmetric standard model with a seesaw mechanism to
generate neutrino masses. We consider a situation where the mass difference between the lightest
neutralino, as the lightest supersymmetric particle , and the lightest slepton, as the next-to-lightest
supersymmetric particle, is smaller than the mass of tau lepton. In this situation, the lifetime of the lightest
slepton is very long and it is determined by lepton flavor violating (LFV) couplings because the slepton
mainly consists of the lighter stau and the flavor conserving 2-body decay is kinematically forbidden. We
show that the lifetime can change many orders of magnitude by varying the Yukawa couplings entering
the seesaw mechanism. We also show that the branching ratios of LFV tau decays are strongly correlated
with the lightest slepton lifetime. Therefore the branching ratios of LFV tau decays can be determined or
constrained by measuring the slepton lifetime at the LHC experiment.
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L. INTRODUCTION

Neutrino oscillation experiments [1-4] have confirmed
that neutrinos are massive and mix with each other. Thus,
flavor is violated in the lepton sector similarly to the
quark sector flavor violation described by the Cabibbo-
Kobayashi-Maskawa quark-mixing matrix. These experi-
mental results require that, today, the standard model (SM)
of particle physics must include a way to accommodate
neutrino masses and mixing. In this extension of the SM,
lepton flavor violation (LFV) in a charged lepton sector
should also occur through neutrino mixing in loop correc-
tions, although it has not been found so far. In fact, the rates
of LFV of charged leptons induced by neutrino mixing,
being proportional to the mass differences of neutrinos, are
far below the present and near-future experimental sensi-
tivities. Therefore, the discovery of flavor violating pro-
cesses in the charged lepton sector would be a clear
evidence of new physics beyond the SM.

One of the most attractive mechanisms to realize the
observed tiny neutrino masses is the so-called seesaw
mechanism [5-9], where Majorana right-handed neutrinos
with heavy masses are introduced. Because of the presence
of these right-handed neutrinos, a Yukawa coupling and a
Majorana mass term for the right-handed neutrinos are
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allowed, and left-handed neutrinos acquire masses through
an effective dimension-five operator, after the Higgs scalar
develops a vacuum expectation value. Then, the masses of
left-handed neutrinos are a function of the neutrino
Yukawa couplings and the heavy right-handed Majorana
masses and they become naturally tiny because they are
suppressed by these heavy Majorana masses. Therefore,
the observed light neutrino masses and mixing provide
information on the heavy right-handed neutrino masses
and the neutrino Yukawa couplings in the seesaw scenario.
It was pointed out in [10], however, that apart from the
unknown right-handed Majorana masses there exists a
complex orthogonal matrix in the parametrization of the
neutrino Yukawa coupling, whose six parameters can not
be determined by low-energy neutrino oscillation experi-
ments. In a supersymmetric (SUSY) extension of the see-
saw mechanism, flavor mixing among sleptons (scalar
partners of leptons) are induced at low scale from the
neutrino Yukawa coupling through renormalization group
equations (RGEs) [11-13]. Since flavor violating decays
and flavor conversions of leptons occur via the slepton
mixing [11-13], the parameters can be determined or con-
strained by measurements of these processes. A lot of
theoretical works have been done for this purpose (see
some recent works [14-24]), and several experiments to
explore LFV processes are ongoing or will start in the near-
future [25-31].

Apart from the LFV processes of leptons, it is clear that
once we are able to produce sleptons in colliders, their
decays can also provide information on the flavor violating
entries in the slepton mass matrix. In particular, it was
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shown in [32], that in a scenario of the minimal super-
symmetric SM (MSSM) where the lightest slepton and the
lightest neutralino are nearly degenerate, as it happens in
part of the coannihilation region [33], the lifetime of the
lightest slepton has a very good sensitivity to small LFV
parameters. In this scenario, the lightest supersymmetric
particle (LSP) is the lightest neutralino which is almost
pure Bino, and the Next-to-LSP (NLSP) is the lightest
slepton, which mainly consists of the right-handed stau.

When the mass difference between the LSP neutralino
and the NLSP slepton is smaller than the tau mass, the
decay of the NLSP slepton into tau and neutralino is kine-
matically forbidden. Then, flavor conserving decays are
only 3-body (or 4-body) decays into a tau neutrino, a pion
and the neutralino (a tau neutrino, two leptons and the
neutralino). The decay widths of flavor conserving pro-
cesses are highly suppressed due to the additional Fermi
coupling and the small phase space, and therefore the
lightest slepton becomes long-lived [34]. On the other
hand, flavor violating 2-body decays into an electron (or
a muon) and the neutralino are kinematically allowed.
They become dominant if the suppression due to LFV
couplings is looser than the suppression of the flavor con-
serving decays. In this situation, the lifetime of the slepton
is determined by LFV parameters and is sensitive to very
small values of the LFV parameters. In Ref. [32], it was
shown that such a small mass difference is realized in the
constrained MSSM (CMSSM) consistent with present con-
straints from terrestrial experiments and cosmological ob-
servations. It was also discussed that determination of the
LFV parameters via the lifetime could be possible in
the ATLAS detector [32] when the sleptons decay inside
the detector. Therefore, the LHC experiment provides a
good opportunity to explore the LFV of the sleptons in this
nearly degenerate scenario. At this point, we should com-
ment on the fine-tuning in this scenario. First, one may
think that the mass difference smaller than the tau mass is a
strong fine-tuning. It is, however, of similar order of the
tuning required by the coannihilation mechanism in the
usually considered regions of neutralino dark matter. Both
situations require an important tuning of the parameters. In
fact, all the neutralino dark matter scenarios in the
CMSSM have been more constrained with recent results
from WMAP [35] and LHC experiment [36-38]. However
both scenarios have allowed regions consistent with ex-
perimental bounds even in the constrained framework, and
therefore will be easier to realize in more general frame-
works. So, we consider it worthwhile to study this scenario
of long-lived sleptons in spite of the fine-tuning. The
important point to be stressed is that we can have a very
special advantage on observing LFV with this small mass
difference, which cannot be found in other parameter
regions widely investigated.

In this work, we will analyze this scenario of nearly
degenerate LSP and NLSP in the MSSM with the seesaw
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mechanism. We assume that slepton mass matrices are
perfectly universal at the grand unification theory (GUT)
scale and flavor violating entries in these matrices are
generated by RGE evolution in the presence of the neutrino
Yukawa coupling. Then, the lifetime of the slepton is
mainly determined by the mixing of left-handed sleptons,
because larger flavor mixing is induced to the left-handed
sleptons than to the right-handed sleptons. Similarly, in this
scenario, the rates of flavor violating tau decays are
strongly related with the lifetime of the slepton because
the NLSP slepton mostly consists of the stau. Thus, it is
worthwhile to study correlations between the lifetime of
the slepton and the branching ratios of the LFV tau decays
to obtain information on the parameters of the seesaw
mechanism. Therefore, the model considered in this paper
is a CMSSM in the presence of neutrino Yukawa cou-
plings. We realize that the CMSSM is too simple and
will probably not be the model chosen by nature. For
instance, we could expect the flavor structures in the soft
terms to be nontrivial, in analogy to the observed Yukawa
couplings, or we could have additional particles at low
energy. However, due to the strong constraints, both in
flavor and in direct searches, we can expect the final
SUSY model chosen by nature to be rather close to the
CMSSM. So, we use it as a laboratory and a close example
of the physics that could be expected at LHC. Although our
results are based on the CMSSM, the correlations studied
here are more general and are equally present in more
complete MSSM scenarios with nontrivial flavor struc-
tures. At low energy it will be very difficult to check the
origin, RGE-induced or nontrivial flavor, of these LFV
entries. We can only have indirect hints on their origin,
as for instance, consistency of leptogenesis in the RGE
seesaw scenario or the presence/absence of nontrivial fla-
vor structures in the quark sector. In any case, as we said
above, we use the CMSSM with seesaw as a realistic
example to study these correlations between the lightest
slepton lifetime and the tau LFV decays.

The rest of the paper is organized as follows. In Sec. I,
we briefly review the CMSSM with the seesaw mecha-
nism. In Sec. III, we give expressions for the decay rates of
the slepton and LFV tau decays, and then derive relations
among branching ratios and lifetimes. The results of our
numerical calculation are shown in Sec. IV. Finally, we
summarize and discuss our results in Sec. V.

II. THE CMSSM WITH
RIGHT-HANDED NEUTRINOS

We start our discussion with a brief review of the seesaw
mechanism in the CMSSM. The CMSSM is defined at the
GUT scale, Mgy =2 X 10'® GeV, by four parameters
and a sign:

{MI/Z’ my, AO’ tanB’ Slgn(/*"“)}’ (1)
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where M/, and m are the universal gaugino and scalar
masses, respectively, and A is the universal trilinear cou-
pling. tanf is the ratio of the vacuum expectation values
of up-type Higgs (v,) to down-type Higgs (vy,), tanf =
v,/vy, and u is the Higgs mass parameter in the super-
potential. It is important to emphasize that in this model,
soft SUSY breaking terms are completely universal at the
GUT scale, i.e. soft mass matrices are proportional to the
identity matrix and trilinear couplings are proportional to
the Yukawa couplings. This universality is broken in the
quark sector by radiative corrections due to the presence of
the up- and down-type quark Yukawa couplings, but it is
preserved in the lepton sector if neutrinos are massless.
When Majorana right-handed neutrinos are introduced in
the CMSSM, a neutrino Yukawa coupling and a Majorana
mass term for the right-handed neutrinos are allowed in
the superpotential. In the basis where the charged lepton
Yukawa coupling and the right-handed neutrino mass ma-
trix are diagonal,' the leptonic part of the superpotential is
given by

W= (yf)aLaHdEgz + (yl/)aiLaHuNiC
+ (Mg);N¢N¢ + Hec., (2)

where i = 1-3 and o = e, u, 7. The charged lepton
Yukawa coupling, the neutrino Yukawa coupling and the
diagonal right-handed neutrino mass matrix are denoted as
$¢, v, and M where My = diag(Mg;, Mgy, Mgs), respec-
tively. The superfields corresponding to the left-handed
leptons, right-handed charged leptons and right-handed
neutrinos are denoted as L, Ej,, and N{. The superfield
of the up-type (the down-type) Higgs doublet is as H,,).
Throughout this paper, we use Greek indices to denote
flavor eigenstates ( = mass eigenstate of charged leptons)
and Latin indices to denote mass eigenstates of both of left-
and right-handed neutrinos. After the electroweak symme-
try breaking, the effective mass matrix of the left-handed
neutrinos, m,,, is given by

vi 1. T
muz_TyV.MR Y- 3)
From this equation, we can see that neutrino masses are
suppressed by a factor (v2/Mp;), and hence tiny masses are
naturally generated. The mass matrix of the neutrinos,
Eq. (3), is a complex symmetric matrix and is diagonal-
ized as

i, = UT - m, - U = diag(m,, my, mz), “4)

where U is the neutrino mixing matrix (or the Maki-
Nakagawa-Sakata matrix [39]) that contains three mixing
angles, one Dirac-type and two Majorana-type CP violating
phases. The diagonal matrix, 71,, contains three light

"Without loss of generality, we can always take this basis.
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neutrino masses, m;. By inverting the seesaw relation
Eq. (3), we obtain the following expression for the neutrino
Yukawa coupling [10]

V2i = -
v Ui, - W- \/MR, (5

where W is a general complex orthogonal matrix. Notice
that this orthogonal matrix, W, does not contribute to the
left-handed neutrino masses and mixing, and hence can not
be measured in neutrino oscillation experiments. We can
parametrize W as

Yo =

cosw; —sinw; 0 cosw, 0 sinw,
W =] sinw; cosw; O 0 1 0
0 0 1 —sinw, 0 cosw,
cosw; —sinws 0
X | sinw; cosws; O |, (6)
0 0 1

where, in principle, the angles ) , 3 are complex numbers.
In fact, the different elements of the Yukawa coupling,
Eq. (5), can change many orders of magnitude due to the
imaginary parts of these complex angles, even if all other
parameters are fixed. However, as we will see later, these
complex angles affect LFV processes, and large values of
elements would violate the present bounds. For this reason,
in this paper, we will take — 3 77 < Im(w) < 3 77 for numeri-
cal analysis in Sec. I'V.

After introducing the neutrino Yukawa coupling and
right-handed Majorana masses in the superpotential, they
modify the slepton mass matrix at the loop level and
generate lepton flavor violating entries through RGE run-
ning in analogy to the quark sector. These flavor violating
off-diagonal elements induced in the slepton mass matrix
and in the slepton trilinear coupling can be estimated at one
loop in the leading-log approximation as [11,13,17]:

1
AM;‘%‘aB = - W(:sm(z) + A%)()’IL)’V)aﬁ,

(7)
M
Ly = 10g< GUT)&J‘,
Mp;
AMikap =0, ®)
3 .
AMiRaB == WAOyfa(yILyv)aBr )

where AM{7 ,; and AMG,; denote the 3 X 3 left- and
right-handed slepton soft mass matrices and AM{ ,, 4 is the
3 X 3 left-right mixing slepton matrix that includes a con-
tribution from the trilinear couplings. Notice, that, as we
can see in these equations, at one loop, flavor mixing is not
induced in the right-handed slepton mass matrix. However,
right-handed slepton mixing is effectively generated from
left-handed slepton mixing in the presence of left-right
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mixing. Therefore, the mixing in right-handed sleptons is
suppressed by the left-right mixing. Similarly, flavor mix-
ing is generated in the right-handed sector by two-loop
effects [40] but this two-loop induced flavor mixing is
strongly suppressed by loop factors and the charged lepton
Yukawa coupling. In the following, we neglect the two-
loop contributions and consider only the induced flavor
mixing by the one-loop RGE. Thus, the slepton mass
matrix at the electroweak scale includes only the LFV
entries described in Eqgs. (7)—(9) that are a function of the
neutrino Yukawa coupling.

Moreover, in this paper, we consider a case of the
CMSSM where the mass difference between the lightest
slepton /; and the lightest neutralino i), ém = my -mp, is
smaller than the tau mass, m,. In the CMSSM with this
small mass difference, the LSP is the lightest neutralino
which is almost pure Bino and the NLSP is the lightest
slepton which mainly consists of the right-handed stau 7.
The LSP and the NLSP remain the neutralino and the
slepton in the seesaw mechanism because the neutrino
Yukawa coupling and the Majorana mass term do not
change mass spectrum significantly.

In the next section we will discuss the phenomenology
of NLSP decays and radiative tau decays in this scenario.

III. NLSP DECAYS AND LFV TAU
BRANCHING RATIOS

In this section, we show the decay rates of flavor violat-
ing decays of the lightest slepton and tau radiative decays.
We derive explicit relations between the lifetime of the
lightest slepton and the branching rations of radiative LFV
tau decays, r— e+ yand 71— u + vy.

First, we show the decay rates of LFV decays of the
lightest slepton. The main decay modes of the lightest
slepton when the mass difference is m,(m,) < ém <m,,
are LFV 2-body decays, [; — e(u) + %°, unless the in-
duced LFV entries in the slepton mass matrix are so
small. In these conditions, the slepton decay rates are given
by [32],

P
8
2 (6m)?|gk . I%,

Ll =1, + 3= (a=e, p),
477'ml~1
(10)
® 2
I~ 7q TL L.
AMpper  AMprer
1 1
ME-Mg Mg -Mg,

la

FIG. 1.
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where (I,,1,) = (e, u) and g, is the SU(2) coupling con-
stant. gk | is an effective LFV coupling constant of the
neutralino LSP, the lightest slepton and the charged lepton
interaction. gt | can be estimated using the mass insertion
(MI) approximation [41] as shown in Fig. 1(a),

e2 e e
A1‘4LR7'7' MLaMRT
e2 _ pge2 e2 _ pge2

M7 — Mg Mg — M7,

(8EL)017’ (11)

where 60y is the Weinberg angle, M| /Ra
elements of the slepton mass matrix and AM¢% =
m.(Ay — mtanB) is the flavor-diagonal element of the
left-right slepton mass matrix. The left-left ML, (8¢, )4
is defined as follows and is generated through RGE running

by the neutrino Yukawa coupling,

are diagonal

) _ AMizLaﬁ ~ (3m(2) + A(%)(yltLyV)ozﬁ
FeP My M 8mMi Mig

(67 (12)
Then the lifetime of the slepton, 7; , is approximately given
by the inverse of the sum of decay rates, Eq. (10),

- -1
qz<ZFm~@+ﬁ). (13)
a=e,u

Therefore, the lifetime is inversely proportional to (8m)? X
(g%.,)%, and increases as the mass difference and/or the
LFV couplings become small. When the LFV couplings
are very small, the sum of I'(];, — [, + X)) becomes com-
parable to or smaller than those of flavor conserving 3- or
4-body decay rates, and then the lifetime becomes insensi-
tive to the LFV couplings [32]. The ratio between the
2-body and 3-body decays is given by [34]

I, — g +v,+7%)

Ll — 3 + e(w)
8GR frcos?0 tan?0y [30(2m) my m2] ™! (6m)°
- g2mm; 171 (m)lgh,, I

1 GeV

and hence Eq. (13) is valid when gt , = 1073 for ém =
1 GeV.If 6m < m, (m, being the mass of charged pions),
the 3-body decay is forbidden. The similar ratio with
4-body decay is given by

om \4
=2.31><10_16|g’1“a1|_2( ) (14)

vilJ

Mass insertion Feynman diagrams. (a) depicts the 2-body decays of the lightest slepton in the presence of 85, . (b) depicts

radiative LFV tau decays, 7 — [, + 7y, where @ = e or u, from the neutralino and the slepton loop contribution.
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rG, =\ +v,+e+ 7, _ 2g3G2tan’6y[3 - 53(277)5ml~1 m2] 7 6m[(8m)? — m2/2[2(8m)* — 23m2]

Ll — 3 + e(w)

= 1.80 X 10—24|gfa1|—2<

and hence Eq. (13) is valid when gi , = 10712 for
om = 50 MeV.

Similarly, we can express the decay rates of 7— ¢ + 7y
and 7 — u + vy in terms of the LFV couplings. For sim-
plicity, we assume that utang is large, which is the
interesting case to obtain sizable LFV tau decays. In this
case, the lightest slepton has a non-negligible mixture with
left-handed stau and the main contribution to LFV tau
decays comes from the pure Bino loop with the lightest
slepton.” Both processes are proportional to u tan8 and
include the same MI, (8%,),,. that contributes to the
effective coupling gk,,. Therefore, we can expect these
processes to be strongly correlated, and in fact can estimate
the decay rates by evaluating Feynman diagram shown in
Fig. 1(b),

T
Tr—1,+7vy)~—
(1= 1, +y) 2(

2 13
dem82 > &lglfa1|2’ (16)
i

967> cosfy) m3

where «a., is the fine structure constant. The decay rates
have the same dependence on g%, as Eq. (10).

Using the above results, we can derive useful relations
between the lifetime of the slepton and the branching ratios
of the LFV tau decays, Br(7 — e(u) + 7). It can be done
straight-forwardly by replacing the coupling |gk ,I* in
Eq. (10) with that in Eq. (16). In the case of m, < om <
m,, the branching ratios are expressed

Br(r—e+vy)+Br(r— u+v)

— 93 Yem 2 2)-1
S 2m7T7<m) (Tllmll(5m) ) . (17)

From Eq. (17), we can obtain an upper bound on the
branching ratios of the radiative tau decay when the
lifetime and the mass difference are given. For m,<
om < m,, the lifetime is related only to Br(7 — e + ),

In some parameter space, the Higgsino-Bino mixed loop is
also important for LFV tau decays (see Fig. 2 in [13]). However,
in the case that the lightest neutralino is almost pure Bino, the
mixing is tiny, and as will be shown in numerical results the
contribution is smaller. Moreover, it has the same dependence on
the flavor-changing MI (65, ), as the Bino loop has, and does
not modify the correlation in Eq. (17). All of the contributions
from neutralinos and sleptons are included in the numerical
analysis in the next section.

g32mm; 171 (6m)?| gk, I?

om \o
P — 1
50 MeV) ’ (15

[

a
Br(r—e+y) = 2m277<—em

2
~m (8 271,
967Tcost9W) (Tl‘ ml‘( m)’)

(18)

because the slepton decay into w + %V is kinematically
forbidden for this mass difference. When the 2-body slep-
ton decays are dominant, the relations, Egs. (17) and (18),
can be expressed in a different way,

a
Br(r — [, +y) =2mir (———
(= lo + ) mTTT<967Tcos0W

2
) g m (6m)

X Br(l; = I, + 1)), (19)

where Br(l; — I, + X} is the branching ratio of the slep-
ton decay. From Eq. (19), the branching ratios of LFV tau
decays can be predicted once the mass difference, the
branching ratios and the lifetime of the slepton are
determined.

Another relation obtained from Egs. (10) and (16) is

Br(r—e+y) Br(lij—e+ i)
Br(r—pu+vy) Br(,—pu+ i)

(20)

= Top

which is valid only for m,, < ém <m,. The ratio of the
branching ratios of the tau decays is determined when r,,,

is determined through the slepton decays. The ratio can be
given in terms of the LFV couplings,

~ (g%d)z
o (gll‘;x,l)z

21

This ratio can be predicted once the LFV couplings are
given in a specific model. It is important to emphasize here
that these relations hold also for models where the LFV
entries in the slepton mass matrix are not generated by the
RGEs in a seesaw scenario. Both the lifetime and the
branching ratios depend on these LFV parameters and
these expressions are still valid in other scenarios if
AMIe‘ZLa/,B > AM;?%?aﬂ and M tanﬁ > mgsysys Msysy being
a typical mass scale of particles in the loop in Fig. 1

IV. NUMERICAL ANALYSIS

In this section we analyze numerically the lightest slep-
ton lifetime and the radiative tau decays in the CMSSM in
the parameter region corresponding to nearly degenerate
slepton and neutralino as described above. All these results
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TABLE I. Reference points of the CMSSM parameters. 6m is
the mass difference between the lightest slepton and the lightest
neutralino in absence of flavor mixing.

point 1 point 2 point 3
mgy (GeV) 325.1 2759 351.9
M, (GeV) 859.7 870.6 821.0
Ap (GeV) 664.0 161.2 857.8
tanf 36.68 31.88 38.23
om (GeV) 1.44 0.212 0.071

on the lifetime of the slepton and the branching ratios of
7— e(u) + vy and also u — e + 7 are obtained by solv-
ing one-loop RGEs and using exact formulae of the decay
rates given in [13,32].

Regarding the CMSSM parameters, we choose three
reference points shown in Table. I to see the difference of
the lifetimes and the branching ratios on ém. The point 1
corresponds to the case where 6m is slightly smaller than
m, while the point 3 is the one where m is smaller than
m,,, the point 2 is an intermediate value between points 1
and 3. The masses of the NLSP slepton and the LSP
neutralino are almost the same for three points and are
approximately 360 GeV. It is shown in [32] that, in the
CMSSM parameter space, there exist regions for 6m < m,
where not only the dark matter abundance but also the
Higgs mass, the deviation of the muon anomalous mag-
netic moment and the branching ratios of b — s + y are
consistent with experimental bounds. The points we
choose here are included in this region.

In this work, flavor mixing is generated by the neutrino
Yukawa coupling through RGE evolution. Therefore, we
need to specify the neutrino Yukawa coupling consistent
with the observed neutrino masses and mixing, Eq. (5).
Mixing angles of the left-handed neutrinos, 61,, 653, 63,
have been measured by neutrino oscillation experiments
[1-4]. We use the following values [42],

tan26’12 = 045, Sin22023 = 10, (22)
and we assume that 6,3 and the CP violating phases are
zero. For the left-handed neutrino masses, we employ the
normal hierarchy, m, <ms; and m; = 0, for simplicity.
Then m, and ms are determined by two squared mass

differences, Am%j =m? —m?,

Am2, =80X 1075 eV2,  Am?, =2.0X 1073 eV2.
(23)

The undetermined parameters in Eq. (5) are the Majorana
masses, M r> and the complex angles, w, 3. These varia-
bles can not be directly determined by near-future experi-
ments, perhaps in the future, and could only be indirectly
inferred through LFV experiments in a scenario of the
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supersymmetric seesaw mechanism. Thus, for us, they
are free parameters in our model.

As mentioned in Sec. II, the flavor violating entries on
the slepton mass matrix are strongly dependent on the
complex angles w ;3. In this work, we do not intend to
do a full analysis of the possible neutrino Yukawa coupling
and only present some representative examples. Hence, for
simplicity, we fix the Majorana masses assuming a normal
hierarchy,’

Mg, = 1010 GeV, 24)
My, = 10" GeV, 25)
My = 102 GeV, (26)

and vary w ;3 in the following ranges,
0 = Re(w)), Re(w,), Re(ws) = 2, 27
Im((l)3) =

Im(w,), . (28)

[\SNON]

—EWSIm(wl),

Strictly speaking, the imaginary parts of w , 3 can be taken
from —oo to +00. However, as can be seen from Eq. (5), if
we take large values of the imaginary parts, the induced
flavor mixing will easily exceed the present experimental
bounds. We have checked that, if we restrict Im(w 5 3) to
the above range, the obtained branching ratios do not
exceed the present bounds by a large amount.

In Fig. 2, we show the lightest slepton lifetime, i, in
different colors (gray scale) as a function of the branching
ratios Br(7 — ¢ + ) and Br(7 — u + ) as a scatter plot
varying the complex angles in the previously defined.
Panels (a), (b) and (c) correspond to the CMSSM points 1,
2 and 3, respectively. In all panels, the experimental bound
on the branching ratio Br(u — e + y) < 1.2 X 10711 [42],
is imposed and it excludes the right-top corner (white
region) on each panel. This is because, in this region, both
gt | and glf,w or both the corresponding mass insertions
(67, )erand (87, ),,, are large. Then, evenif (55, ),,, is small
enough, sizable u — e + y occurs via a double mass in-
sertion which picks up (8;),, and (67, ), on the slepton
line in the loop. We can also see, in this figure, that the
slepton lifetime in points 1 and 2 are strongly correlated
with Br(r — e+ y) + Br(r — w + y) as shown in
Eq. (17), while the lifetime in point 3 depends on only
Br(7 — e + y) as shown in Eq. (18). This is due to the

*In fact, we performed a similar analysis taking Mp; =
10'* GeV and we did not find significant differences.
Moreover, the assumption of the normal hierarchy for the left-
handed and the right-handed neutrino masses is not critical in our
discussion. A different hierarchy could give different numerical
results for the studied lifetimes and branching ratios but would
not change the correlations studyied here.
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FIG. 2 (color online).

Scatter plots of the lifetime of the slepton as a function of Br(7 — w + ) and Br(r — e + 7y) for three

reference points. Values of the lifetime are indicated by the color (gray scale) bar at the side of the figures. (a), (b) and (c) correspond to

points 1, 2 and 3.

fact that the slepton can decay into e or p with the neutra-
lino for m,, < dm < m.. Therefore the lifetime depends on
both of gf,, and g}, on which the branching ratios, Br(r —
e +7v) and Br(7r — u + 7y), also depend. On the other
hand, the slepton can decay only into e and the neutralino
form, < 6m < m,,. Therefore the lifetime depends on only
gk, and is correlated with only Br(r — e+ y). In
Figs. 2(a) and 2(b), for the same values of the branching
ratios, the lifetimes become longer as the mass differences
become smaller. This is because the lifetime is inversely
proportional to (6m)? as shown in Eq. (10).

From Eq. (17), we can see that the experimental upper
bound on the branching ratios implies a lower bound on the
lightest slepton lifetime. Because of looser experimental
bounds on the branching ratios of the radiative tau decays,
the branching ratio of u — e + y provides the lower
bound on the lifetime through the double mass insertions.
On the other hand, as mentioned in Sec. III, for very small

LFV couplings, the lifetime becomes insensitive to gt |
for gk, = 1078, Eq. (14), and the lifetime is given by
decay rates of the flavor conserving 3-body and/or 4-body
decays. In the case of dm < m ., the lifetime is constant for
gt . = 10712, Eq. (15), and is determined by decay rate of
the flavor conserving 4-body decays. The bounds are sum-
marized in Table II. One can see from this Table II that, in
the degenerate slepton-neutralino region, the lifetime of
the slepton can change in many orders of magnitude in the
presence of LFV couplings. The off-diagonal entries in the
left-left part of the slepton mass matrix, Eq. (7), depends on
the complex orthogonal matrix, W, through the Yukawa
coupling of neutrinos. Thus, the lifetime depends on W and
change in many orders of magnitude by varying the imagi-
nary parts of w;,3. It is important to emphasize here
that, as was discussed in [32], the ATLAS detector could
measure the lifetimes of the slepton and therefore deter-
mine or constrain the LFV couplings. Thus, in the case of

TABLE II. Upper and lower bounds on the lifetime of the stau. Upper bounds are calculated
from flavor conserving 3- and 4-body decay rates given in [34].

point 1 point 2 point 3
upper bound (sec.) 1.05 x 1077 2.85 % 107! 3.53 X 10*
lower bound (sec.) 7.98 X 10716 3.13 X 10712 422 x 10712
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(b) point 2
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Contour plots of branching ratios of 7— u + 7y and 7 — e + v, and the lifetime of the slepton for points

1 and 2. The lifetimes of 1072 — 10733, 10™"" — 1073 and 1073 — 107!>3 sec are shown. Solid curves are drawn by Eq. (20)
and corresponding lifetimes are shown near the curves. Dashed lines are drawn by Eq. (23) and values of r,, are shown near the lines.

the small 6m, the LHC experiment can provide an oppor-
tunity to obtain information on the LFV parameters and
hence on the parameters in the seesaw mechanism.

In Figs. 3(a) and 3(b) we plot the branching ratios
Br(7 — e(u) + y) for the points 1 and 2 selecting values
of the slepton lifetimes in the ranges, 7; = 107% = 1075,
107" — 107193 and 10713 — 107122 sec All the points in
this figure are extracted from Fig. 2(a) and 2(b). The solid
curves in these panels represent the correlation shown in
Eq. (17). We can see that Eq. (17) is in agreement with the
numerical results for points 1 and 2, and the branching
ratios are predicted once the lifetime, the mass of the
slepton and the mass difference are given. These correla-
tions between the LFV branching ratios and the lightest
slepton lifetime are summarized in Table. III for both
points 1 and 2. In fact, the LFV branching ratios can be
completely determined from slepton decays using r,,
which is determined by measuring the slepton decays to
the different leptonic flavors. In this figure, dashed
lines represent Eq. (20) and the corresponding values of
rou are shown near the lines. A large value of r,, corre-
sponds to a larger branching ratio of 7— e + vy than
that of 7 — w + y. For example, for r,, = 100 and the
lifetime between 10785 — 1072 sec in Fig. 3(a),
Br(r — e + ) is roughly between 1077 and 5 X 107"/
and Br(7 — u + ) is between 10715 and 5 X 10713,

Similarly, Fig. 4(a) shows Br(r — e + ) as a function
of the slepton lifetime for point 3. Now, the solid line
represents Eq. (18) with dm = 0.071 GeV. We can see
that Br(7 — e + 7) is inversely proportional to the lifetime

TABLE III.

and Eq. (18) is in agreement with the numerical analysis. In
this case, we can directly determine Br(r — ¢ + y) by
measuring the lightest slepton lifetime. For instance, a
lifetime of 1078 corresponds to a branching ratio of
4.56 X 10713 and for a lifetime of 107!%3, the branching
ratio is 4.36 X 1071, We also see in this figure that there
are some points which deviate from Eq. (18). This devia-
tion stems from changes of the mass difference. If the
neutrino Yukawa coupling is large, relatively large flavor
mixing in the slepton mass matrix is induced through
RGE and this reduces the mass of the lightest slepton. In
Fig. 4(b), we show Br(r — e + vy) in terms of the mass
difference. It can be seen here, that starting from ém =
0.071 GeV in the absence of LFV mass insertions, the
mass difference can become much smaller when (6¢,),,,
i.e. Br(7 — e + ), is large. Note that for points 1 and 2,
the change on the slepton mass is negligible because the
mass difference is not as small as that for point 3.

V. SUMMARY AND DISCUSSION

In this work, we have studied several lepton flavor
violation observables in the supersymmetric seesaw sce-
nario in the region of nearly degenerate sleptons and
neutralinos. Based on the CMSSM, flavor violating entries
in the slepton mass matrix are induced only in the left-left
and left-right parts at one-loop order, and LFV is trans-
ferred to the right-handed sleptons via the left-right part.
When the mass difference between the NLSP, the lightest
slepton, and the LSP, the lightest neutralino, is smaller than

Upper bounds on Br(7 — e(w) + 7) for the points 1 and 2.

point 1

point 2

TZI

1072 — 10783 (sec)
1071 — 107105 (sec)
10713 — 107123 (sec)

Br(t — e(n) + )
(1.23 —3.90) X 1071
(1.23 — 3.90) X 10713
(1.23 — 3.90) X 10711

Br(7 — e(u) + )
(0.580 — 1.84) X 10713
(0.580 — 1.84) X 10~
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FIG. 4 (color online). Plots of the branching ratio of 7 — ¢ + 7 as a function of the slepton lifetime, i (a) and as a function of ém,

(b) for point 3. Solid line in the left panel, (a), shows Eq. (21).

the tau mass, the lifetime of the lightest slepton is inversely
proportional to the LFV entries in the slepton mass matrix.

We have seen in Sec. 111, that, in the case of 6m < m,,
flavor violating 2-body decay rates of the lightest slepton
are proportional to the square of the effective couplings
gfg(ml. We have also shown that the branching ratios of

T — e(u) + 7y are proportional to the same LFV couplings.
Then, using these results, we derived relations between the
lifetime of the slepton and the branching ratios of the LFV
tau decays. We also found that the ratio of Br(t — w + )
to Br(r — e + ) is the same as that of Br(l;, — u + i) to
Br(/; — ¢ + ¥). Using these relations, it is possible to
determine the branching ratios of LFV tau decays by mea-
suring the lifetime and the branching ratios of the LFV
slepton decays. Note that these relations are valid in any
scenarios with dm < m, when (AM$3),, > (AMS) -
and u tanB > mgygy are satisfied.

Then, in Sec. IV, we have checked these relations
numerically by calculating the NLSP lifetime and tau
LFV branching ratios by varying the complex phases in
W. We chose three reference points of the CMSSM pa-
rameters which correspond to ém = 1.44, 0.212 and
0.071 GeV, respectively. As summarized in Table II, the
lifetime of the lightest slepton, in this scenario, can be
reduced in many orders of magnitude when compared with
the flavor conserving case due to the LFV entries. These
LFV entries are determined by the complex mixings, @ ; 3,
which can not be determined by low-energy experiments.
Fixing the right-handed Majorana masses and varying the
complex angles w3, the slepton lifetimes can be found
between 7.98 X 107!¢ and 1.05 X 1077 sec for dm=
1.44GeV, between 3.13 X 10712 and 2.85x 107! sec
for 6m = 0.212 GeV, and between 4.22 X 107!2 and
3.53 X 10* sec for &m = 0.071 GeV. As shown in

Ref. [32], the ATLAS detector will be able to determine
the lifetime between 107!2 and 107> sec Therefore, it
would be possible to measure very small LFV entries
through lightest slepton decays at the LHC experiments.
In this way, slepton lifetimes for mass differences
m, < &m < m, are related with both Br(7 — e + ) and
Br(7 — u + ), while lifetimes for m, < ém <m, are
related with only Br(7 — e + ). Thus, by measuring at
the LHC the lightest slepton lifetime, the branching ratios
to the e and w channel and the mass difference, we can
predict the branching ratios of the radiative tau decays in
the slepton-neutralino coannihilation scenario with the
supersymmetric seesaw mechanism. Although our analy-
ses are based on the assumption with the universal slepton
masses at GUT scale, the correlations are applicable to
other scenarios with similar flavor structure at low-energy
scale.

ACKNOWLEDGMENTS

The work of J. S. was supported in part by the Grant-in-
Aid for the Ministry of Education, Culture, Sports,
Science, and Technology, Government of Japan Contract
No. 20540251. The work of T. S was supported in part by
the Grant-in-Aid for the Ministry of Education, Culture,
Sports, Science, and Technology, Government of Japan
Contract No. 19540284. The work of T.S. and O. V. was
supported in part by MEC and FEDER (EC), Grant
No. FPA2008-02878 and by the Generalitat Valenciana
under Grant Nos. PROMETEO/2008/004 and GVPRE/
2008/003. The work of O.V was also supported in part
by European program MRTN-CT-2006-035482 Flavianet.
T.S. acknowledges support from the Yukawa Memorial
Foundation.

115005-9



SATORU KANEKO et al.

(1]
(2]
(3]
(4]

(5]
(6]

S. Fukuda et al. (Super-Kamiokande Collaboration), Phys.
Lett. B 539, 179 (2002).

S.N. Ahmed et al. (SNO Collaboration), Phys. Rev. Lett.
92, 181301 (2004).

T. Araki et al. (KamLAND Collaboration), Phys. Rev.
Lett. 94, 081801 (2005).

M. H. Ahn et al. (K2K Collaboration), Phys. Rev. D 74,
072003 (2006).

P. Minkowski, Phys. Lett. B 67, 421 (1977).

T. Yanagida, Proceedings of the Workshop on Unified
Theory and Baryon Number of the Universe, edited by
O. Sawada and A. Sugamoto (KEK, Tsukuba, Japan,
1979), p. 95.

M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity,
edited by P. van Nieuwenhuizen and D. Freedman (North
Holland, Amsterdam, 1979).

R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,
912 (1980).

J. Schechter and J. W.F. Valle, Phys. Rev. D 22, 2227
(1980).

J. A. Casas and A. Ibarra, Nucl. Phys. B618, 171 (2001).
F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961
(1986).

J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, and T.
Yanagida, Phys. Lett. B 357, 579 (1995).

J. Hisano, T. Moroi, K. Tobe, and M. Yamaguchi, Phys.
Rev. D 53, 2442 (1996).

] M. Raidal et al., Eur. Phys. J. C 57, 13 (2008).

J. Hisano and D. Nomura, Phys. Rev. D 59, 116005
(1999).

I. Masina and C. A. Savoy, Nucl. Phys. B661, 365 (2003).
S. Petcov, S. Profumo, Y. Takanishi, and C. Yaguna, Nucl.
Phys. B676, 453 (2004).

S. Lavignac, I. Masina, and C. A. Savoy, Phys. Lett. B 520,
269 (2001).

A. Masiero, S.K. Vempati, and O. Vives, Nucl. Phys.
B649, 189 (2003).

S. Lavignac, I. Masina, and C.A. Savoy, Nucl. Phys.
B633, 139 (2002).

J.R. Ellis, J. Hisano, M. Raidal, and Y. Shimizu, Phys.
Rev. D 66, 115013 (2002).

[22]
(23]

[24]
(25]
(26]

(27]

(28]
[29]
(30]
(31]
(32]
[33]
[34]

(35]

115005-10

PHYSICAL REVIEW D 83, 115005 (2011)

S. Davidson, J. High Energy Phys. 03 (2003) 037.

S. Davidson and A. Ibarra, J. High Energy Phys. 09 (2001)
013.

L. Calibbi, J. Jones-Perez, and O. Vives, Phys. Rev. D 78,
075007 (2008).

Y.G. Cui et al. (COMET Collaboration),
No. KEK-2009-10, 2009.

Y. Kuno et al. (PRISM Collaboration) (unpublished) 2006,
see http://j-parc.jp/NuclPart/pac_0606/pdf/p20-Kuno.pdf.
R.M. Carey et al. (Mu2e Collaboration), Mu2e
Proposal 2008,  http://mu2e-docdb.fnal.gov/cgi-bin/
ShowDocument?docid=388.

J. Adam et al. (MEG Collaboration), Nucl. Phys. B834, 1
(2010).

B. O’Leary et al
arXiv:1008.1541.

A. Akeroyd et al. (SuperKEKB Physics Working Group),
arXiv:hep-ex/0406071.

W.J. Marciano, T. Mori, and J. Roney, Annu. Rev. Nucl.
Part. Sci. 58, 315 (2008).

S. Kaneko, J. Sato, T. Shimomura, O. Vives, and M.
Yamanaka, Phys. Rev. D 78, 116013 (2008).

K. Griest and D. Seckel, Phys. Rev. D 43, 3191
(1991).

T. Jittoh, J. Sato, T. Shimomura, and M. Yamanaka, Phys.
Rev. D 73, 055009 (2006).

E. Komatsu et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 180, 330 (2009).

G. Aad et al. (Atlas Collaboration) Phys. Rev. Lett. 106,
131802 (2011).

J.B.G. da Costa et al. (Atlas), arXiv:1102.5290.

V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B
698, 196 (2011).

Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. Phys.
28, 870 (1962).

A. Ibarra and C. Simonetto, J. High Energy Phys. 04
(2008) 102.

F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silvestrini,
Nucl. Phys. B477, 321 (1996).

C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

Report

(SuperB  Collaboration),


http://dx.doi.org/10.1016/S0370-2693(02)02090-7
http://dx.doi.org/10.1016/S0370-2693(02)02090-7
http://dx.doi.org/10.1103/PhysRevLett.92.181301
http://dx.doi.org/10.1103/PhysRevLett.92.181301
http://dx.doi.org/10.1103/PhysRevLett.94.081801
http://dx.doi.org/10.1103/PhysRevLett.94.081801
http://dx.doi.org/10.1103/PhysRevD.74.072003
http://dx.doi.org/10.1103/PhysRevD.74.072003
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1016/S0550-3213(01)00475-8
http://dx.doi.org/10.1103/PhysRevLett.57.961
http://dx.doi.org/10.1103/PhysRevLett.57.961
http://dx.doi.org/10.1016/0370-2693(95)00954-J
http://dx.doi.org/10.1103/PhysRevD.53.2442
http://dx.doi.org/10.1103/PhysRevD.53.2442
http://dx.doi.org/10.1140/epjc/s10052-008-0715-2
http://dx.doi.org/10.1103/PhysRevD.59.116005
http://dx.doi.org/10.1103/PhysRevD.59.116005
http://dx.doi.org/10.1016/S0550-3213(03)00294-3
http://dx.doi.org/10.1016/j.nuclphysb.2003.10.020
http://dx.doi.org/10.1016/j.nuclphysb.2003.10.020
http://dx.doi.org/10.1016/S0370-2693(01)01111-X
http://dx.doi.org/10.1016/S0370-2693(01)01111-X
http://dx.doi.org/10.1016/S0550-3213(02)01031-3
http://dx.doi.org/10.1016/S0550-3213(02)01031-3
http://dx.doi.org/10.1016/S0550-3213(02)00256-0
http://dx.doi.org/10.1016/S0550-3213(02)00256-0
http://dx.doi.org/10.1103/PhysRevD.66.115013
http://dx.doi.org/10.1103/PhysRevD.66.115013
http://dx.doi.org/10.1088/1126-6708/2003/03/037
http://dx.doi.org/10.1088/1126-6708/2001/09/013
http://dx.doi.org/10.1088/1126-6708/2001/09/013
http://dx.doi.org/10.1103/PhysRevD.78.075007
http://dx.doi.org/10.1103/PhysRevD.78.075007
http://j-parc.jp/NuclPart/pac_0606/pdf/p20-Kuno.pdf
http://mu2e-docdb.fnal.gov/cgi-bin/ShowDocument?docid=388
http://mu2e-docdb.fnal.gov/cgi-bin/ShowDocument?docid=388
http://dx.doi.org/10.1016/j.nuclphysb.2010.03.030
http://dx.doi.org/10.1016/j.nuclphysb.2010.03.030
http://arXiv.org/abs/1008.1541
http://arXiv.org/abs/hep-ex/0406071
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171126
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171126
http://dx.doi.org/10.1103/PhysRevD.78.116013
http://dx.doi.org/10.1103/PhysRevD.43.3191
http://dx.doi.org/10.1103/PhysRevD.43.3191
http://dx.doi.org/10.1103/PhysRevD.73.055009
http://dx.doi.org/10.1103/PhysRevD.73.055009
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://dx.doi.org/10.1103/PhysRevLett.106.131802
http://dx.doi.org/10.1103/PhysRevLett.106.131802
http://arXiv.org/abs/1102.5290
http://dx.doi.org/10.1016/j.physletb.2011.03.021
http://dx.doi.org/10.1016/j.physletb.2011.03.021
http://dx.doi.org/10.1143/PTP.28.870
http://dx.doi.org/10.1143/PTP.28.870
http://dx.doi.org/10.1088/1126-6708/2008/04/102
http://dx.doi.org/10.1088/1126-6708/2008/04/102
http://dx.doi.org/10.1016/0550-3213(96)00390-2
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1016/j.physletb.2008.07.018

