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supersymmetry breaking
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Sneutrino-antisneutrino mixing occurs in a supersymmetric model where neutrinos have nonzero
Majorana masses. This can lead to the sneutrino decaying into a final state with a ‘‘wrong-sign charged
lepton’’. Hence, in an e�� collider, the signal of the associated production of an electron-sneutrino and the
lighter chargino and their subsequent decays can be e��! e�~��1 ~��1 � p6 T where the ~�1s are long-lived
and can produce heavily ionizing charged tracks. This signal is free of any Standard Model background
and the supersymmetric backgrounds are small. Such a signal can be experimentally observable under
certain conditions which are possible to obtain in an anomaly-mediated supersymmetry breaking scenario.
Information on a particular combination of the neutrino masses and mixing angles can also be extracted
through the observation of this signal. Possible modifications in the signal event and the accompanying
Standard Model background have been discussed when the ~�1s decay promptly.
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I. INTRODUCTION

There has been a tremendous experimental progress in
neutrino physics in recent years, and the present data from
the solar and atmospheric neutrino experiments contain
compelling evidence that neutrinos have tiny masses [1].
It is widely believed that the lepton number (L) may be
violated in nature and the neutrinos are Majorana particles.
In this case, the smallness of the neutrino masses can be
explained by the seesaw mechanism or by dimension-five
nonrenormalizable operators with a generic structure. In
the context of supersymmetric theories, such �L � 2
Majorana neutrino mass terms can induce mixing between
the sneutrino and the antisneutrino and a mass splitting
(�m~�) between the physical states [2–6]. The effect of this
mass splitting is to induce sneutrino-antisneutrino oscilla-
tions, and the lepton number can be tagged in sneutrino
decays by the charge of the final state lepton. This situation
is similar to the flavor oscillation in the B0 � �B0 system
[7]. Suppose the physical sneutrino states are denoted by
j~�1i and j~�2i. An initially (at t � 0) produced pure j~�i state
is related to the mass eigenstates as

j~�i �
1���
2
p �j~�1i � ij~�2i�: (1)

The state at time t is

j~��t�i �
1���
2
p �e�i�m1�i�~�=2�tj~�1i � ie�i�m2�i�~�=2�tj~�2i�; (2)

where the difference between the total decay widths of the
two mass eigenstates has been neglected, and the total
decay width is set to be equal to �~�. Since the sneutrinos
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decay, the probability of finding a ‘‘wrong-sign charged
lepton’’ in the decay of a sneutrino should be the time-
integrated one and is given by

P�~�! ‘�� �
x2

~�

2�1� x2
~��
B�~�� ! ‘��; (3)

where the quantity x~� is defined as

x~� 	
�m~�

�~�
; (4)

and B�~�� ! ‘�� is the branching fraction for ~�� ! ‘�.
Here, we assume that sneutrino flavor oscillation is absent
and the lepton flavor is conserved in the decay of antisneu-
trino/sneutrino. If x~� 
 1 and if the branching ratio of the
antisneutrino into the corresponding charged lepton final
state is also significant, then one can have a measurable
‘‘wrong-sign charged lepton’’ signal from the single pro-
duction of a sneutrino in colliders. In a similar way, lepton
flavor oscillation has been discussed in Ref. [8].

It is evident from the above discussion that the proba-
bility of the sneutrino-antisneutrino oscillation depends
crucially on �m~� and �~�. Taking into account the radiative
corrections to the Majorana neutrino mass m� induced by
�m~�, one faces the bound [3] �m~�=m� & O�4�=��. If we
considerm� to be
0:1 eV, then �m~� & 0:1 keV. Thus, in
order to get x~� 
 1, one also needs the sneutrino decay
width �~� to be 
0:1 keV or so. In other words, this small
decay width means that the sneutrino should have enough
time to oscillate before it decays. However, such a small
decay width is difficult to obtain in most of the scenarios
widely discussed in the literature with the lightest neutra-
lino ( ~�0

1) being the lightest supersymmetric particle (LSP).
In this case, the two-body decay channels ~�! �~�0 and/or
~�! ‘� ~�� involving the neutralinos (~�0) and the chargi-
-1 © 2006 The American Physical Society
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nos ( ~��) will open up. In order to have a decay width �~� &

O�1� keV, these two-body decay modes should be forbid-
den so that the three-body decay modes ~�! ‘�~��1 �� and
~�! �~��1 �

� are the available ones. In addition, one should
get a reasonable branching fraction for the ‘�~��1 �� final
state in order to get the wrong-sign charged lepton signal. It
has been pointed out in Ref. [3] that, in order to achieve
these requirements, one should have a spectrum

m~�1
<m~� < m~�0

1
; m~��1

; (5)
where the lighter stau (~�1) is the LSP. However, having ~�1

as a stable charged particle is strongly disfavored by as-
trophysical grounds [9]. This could be avoided, for ex-
ample, by assuming a very small R-parity-violating
coupling which induces the decay ~�1 ! ‘� but still allows
~�1 to have a large enough decay length to produce a heavily
ionizing charged track inside the detector. As we will
discuss later on, the spectrum (5) can be obtained in
some part of the parameter space in the context of
anomaly-mediated supersymmetry breaking (AMSB)
with �m~� & O�4�m�=��. Hence, AMSB seems to have
a very good potential to produce signals of sneutrino-
antisneutrino oscillation which can be tested in colliders.

Like-sign dilepton signals from sneutrino-antisneutrino
mixing with or without R-parity have been discussed in the
context of an e�e� linear collider and hadron colliders
[3,10,11]. In the context of R-parity-conserving supersym-
metry, like-sign dilepton signal has also been calculated in
an e�� collider [10]. Some other phenomenological im-
plications of sneutrino-antisneutrino mass splitting have
also been discussed in Refs. [12,13] for various present
and future colliders. In this paper, we consider the signal of
sneutrino-antisneutrino oscillation via the observation of a
‘‘wrong-sign charged lepton’’ in the context of an e��
collider. In particular, we look at the process e��! ~�e ~��1
which will eventually lead to the final state e�~��1 ~��1 � p6 T
if the initial ~�e oscillates into a ~��e. The long-lived staus
will then produce two heavily ionizing charged tracks,
making this signal rather unique in the context of an e��
collider. As discussed above, AMSB can give an observ-
able rate for such a signal. In Sec. II of our paper, we will
briefly discuss the basic features of the AMSB scenario
which we consider, and calculate the sneutrino-
antisneutrino mass splitting. In this respect, we will
broadly follow the philosophy of Ref. [11]. We will also
calculate the total decay width of the sneutrino/antisneu-
trino and the probability of the sneutrino/antisneutrino
decaying to a final state with a ‘‘wrong-sign charged lep-
ton’’ given in Eq. (3). Section III discusses in brief the
properties of an e�� collider and the photon spectrum. In
Sec. IV, numerical results of our calculation of the signal
and the background in the available region of the parameter
space are discussed, and we finally conclude in Sec. V.
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II. ANOMALY MEDIATION AND
SNEUTRINO-ANTISNEUTRINO MIXING

In anomaly-mediated supersymmetry breaking, one as-
sumes that the hidden sector and the observable sector
superfields are not directly connected, e.g. they are local-
ized on two different parallel 3-branes in higher dimen-
sions. These branes are separated by a distance of the order
of the compactification radius rc along the extra dimen-
sion. SUSY breaking is communicated by the super-Weyl
anomaly through the Weyl compensator superfield �0 of
the supergravity multiplet [14]:

�0 � 1� �2F�0
; (6)

where F�0
is O�m3=2�, the gravitino mass.

In its simplest form, the AMSB scenario predicts ta-
chyonic sleptons and should hence be modified. Theo-
retical motivations for suitable modifications have been
discussed e.g. in [15]. Here, we adopt the minimal model
in which one assumes that a universal term m2

0 is added to
all the soft scalar squared masses at the grand unified
theory (GUT) scale MGUT  2� 1016 GeV. The expres-
sion for the scalar masses is given by

m2
i � m2

0 �
1

4

d�i
d lnQ

jF�0
j2; (7)

where �i � d lnZi=d lnQ is the anomalous dimension. The
gaugino masses are given by

Mi �
big

2
i

16�2 F�0
; (8)

where bi � �33=5; 1;�3� are the one-loop beta function
coefficients for the U(1), SU(2) and SU(3) gauge cou-
plings, respectively. For the trilinear soft SUSY breaking
parameters, one has

Aijk �
1

2
��i � �j � �k�F�0

: (9)

The minimal AMSB (mAMSB) model is described by
the following parameters: the gravitino mass m3=2, the
common scalar mass parameter m0, the ratio of Higgs
vacuum expectation values tan� and the sign of the higg-
sino mass parameter sign�	�. The characteristic signatures
of the mAMSB model with a wino LSP have been studied
in the context of hadron colliders [16,17], as well as for
high energy linear colliders [18,19]. A brief review on the
signals of the mAMSB model in linear colliders can be
found in Ref. [20]. In this work, we will concentrate on an
e�� collider and discuss the signatures of an AMSB model
which can accommodate a small Majorana mass for the
neutrino and consequently generate a �L � 2 sneutrino
mass splitting.

In order to generate small neutrino masses in this sce-
nario, one should include the dimension-5 operators in the
effective superpotential at the weak scale and also the
-2
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associated soft SUSY breaking interactions [11]. The high
energy SUSY preserving dynamics, which generates the
small neutrino masses, can be the exchange of a heavy
right-handed neutrino with mass M or the exchange of a
heavy triplet Higgs boson. Here, we assume that the scale
M is far above the weak scale. The relevant part of the
superpotential and the soft SUSY breaking interactions are
given by [11]

�Weff �
�0

M

ij�LiH2��LjH2�; (10)

�Lsoft �
Cij
ij
M
�~‘ih2��~‘jh2�; (11)

where H2 is the Higgs doublet superfield giving masses to
the up-type quarks and Li are the lepton doublet super-
fields. The scalar components of Li and H2 are denoted by
~‘i and h2, respectively, and Cij  F�0

. 
 is a matrix in
flavor space.

Once the electroweak symmetry is broken, a neutrino
mass matrix is generated from Eq. (10) and is given by

�m��ij �
2

M

ijhh2i

2: (12)

The operator in Eq. (11) gives rise to the �L � 2 sneutrino
mass-squared matrix given by

1

2

�
1

2
�m2

~�

�
ij

~�i~�j � H:c:; (13)

where ��m2
~��ij � 2�Cij � 2	 cot���m��ij. In addition,

sneutrinos have also the usual ‘‘Dirac’’ masses which are
written as

�m2
~��ij~�

�
i ~�j; (14)

where �m2
~��ij  m2

~��ij with m2
~� �

1
2M

2
Z cos2��m2

~‘
, and

the slepton doublet mass-squared matrix is assumed to be
of the form �m2

~‘
�ij  m2

~‘
�ij.

In the AMSB scenario, Cij  F�0
and F�0

=m~� �

O�4�=��. Using the relation �m2
~� � 2m~��m~�, we can

write

��m~��ij 
F�0

m~�
�m��ij � O�4��m��ij=��: (15)

Since we want to produce an electron-sneutrino, the rele-
vant sneutrino-antisneutrino mass splitting in our case is
given by ��m~��ee �

4�
� �m��ee, where we have neglected

the effects suppressed by �m~�=�m~�. Here, �m~� represents
the deviation from the exact degeneracy of the �L � 0
sneutrino masses, and �m~� � �m~�. Thus, for a given
neutrino mass, the AMSB model predicts a larger
sneutrino-antisneutrino mass splitting compared to the
models where Cij=m~� is O�1�. As mentioned in the
Introduction, it is also possible to have the mass spectrum
(5) in a significant portion of the allowed region of the
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parameter space of the minimal AMSB model, which can
lead to a small decay width of the sneutrino (�~� & 1 keV).
These two features make the minimal AMSB model a
potential candidate to produce a sizeable ‘‘wrong-sign
charged lepton’’ signal in an e�� collider. In Sec. IV of
our paper, we will show the allowed region of the parame-
ter space where an appreciable number of signal events can
be seen.

As we know, the neutrino oscillation experiments deter-
mine only the mass-squared differences, but not the abso-
lute scale of the neutrino masses. Information on the sum
of the neutrino masses can be obtained from the galaxy
power spectrum combined with the measurements of the
cosmic microwave background anisotropies [1,21].
Several recent analyses of cosmological data [22], which
are using results of different measurements, give an upper
limit in the range �ijmij � �0:4–1:7� eV (at 95% C.L.).
However, if we consider only the lower end of this limit,
then we have m� & 0:14 eV for three degenerate neutrinos
of mass m�. On the other hand, neutrinoless double beta
decay provides direct information on the absolute scale of
the neutrino masses. The neutrinoless double beta decay is
also important due to the fact that it is related to the lepton
number violating Majorana mass of the neutrino. The
present limit from the neutrinoless double beta decay is
j�m��eej � 0:2 eV [1,21], where �m��ee � �U2

eimi in
terms of the mixing matrix (Uei) and the mass eigenvalues
(mi). Recently, some evidence for the neutrinoless double
beta decay has been reported [23]. If this result were
confirmed, it would favor the degenerate neutrino scenario.
From Eq. (15) and the probability (3), one can see that the
‘‘wrong-sign charged lepton’’ signal depends on the neu-
trino mass matrix elements �m��ee. Thus, we see that one
can get information on �m��ee also from sneutrino-
antisneutrino mixing [11,24]. It is important to note here
that the one-loop contribution to the neutrino mass coming
from the sneutrino mass splitting can also be significant
[3]. In our analysis, we have considered this loop effect so
that the contribution to �m��ee comes from both tree and
one-loop level. Writing this total contribution as �m��ee �
�m��

0
ee � �m��

1
ee, we use the constraint j�m��eej< 0:2 eV.

Here, �m��
0
ee is the tree-level value discussed in Eq. (15)

and �m��
1
ee is the one-loop contribution. We will also

discuss how far below we can go with j�m��eej so that
the signal significance is � 5�. In order to show an ex-
ample of the strength of this one-loop contribution, let us
choose a sample point in the parameter space: m3=2 �

50 TeV, m0 � 250 GeV, tan� � 7 and 	< 0. If we
now choose the tree-level value �m��

0
ee � 0:079 eV, then

the loop contribution is �m��
1
ee  0:117 eV and the total

contribution is consistent with the bound of 0.2 eV. In this
case, the sneutrino mass splitting is  127 eV.

Let us now show plots of the total decay width of the
sneutrino/antisneutrino (�~�) and the probability of observ-
ing an opposite sign charged lepton in the final state of the
-3
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decay of the sneutrino/antisneutrino given by Eq. (3). We
have plotted these quantities for a fixed value of m3=2 and
tan�, and the sign of 	 is negative. The value of m0 is
changed in such a way that the condition (5) is satisfied. In
Fig. 1, we have plotted the total decay width of the ~�e as a
function of the sneutrino mass. The total width is calcu-
lated for the available three-body decay modes ~�e !
e�~��1 �� and ~�e ! �e~��1 �

� mediated by virtual charginos
and neutralinos, respectively. It is worth mentioning here
that the neutralino-mediated modes ~�e ! �e~��1 �

� and
~�e ! �e~��1 �

� can, in general, have quite different partial
decay widths. From Fig. 1, we can see that the total decay
width is 
 a few hundreds of eV in this region of the
parameter space, being consistent with the requirement of
observing a sizeable signal. In Fig. 2, we have plotted the
probability of observing a positron in the decay of the ~�e
(defined in Eq. (3)) as a function of the mass of the ~�e for
the same choice of parameters as in Fig. 1. The probability
shows a peak for m~�e  140 GeV, since the total decay
width �~�e is smallest for this value of m~�e , and, hence, the
quantity x~� defined in Eq. (4) is largest for a fixed �m~�. On
the other hand, the branching ratio of ~��e ! e�~��1 ��� does
not change much for the range of m~�e shown in the figure.
We can also see that the probability is not so small for this
choice of parameters, and if the production cross section
e��! ~��1 ~�e is large, a sizeable number of positron events
can be seen.

Let us then move to discussing the physics of the
electron-photon colliders and the production cross section
of ~��1 ~�e with polarized and unpolarized beams. We will
 0.1
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Γ ν∼ e (
ke

V
)

mν∼e
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tanβ=7    µ<0    m3/2=50 TeV

FIG. 1 (color online). Total decay width of the electron-
sneutrino (~�e) as a function of the sneutrino mass. Here, we
have fixed m3=2 � 50 TeV and tan� � 7. The sign of 	 is taken
to be negative.
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show the available region of the parameter space of the
AMSB model where a reasonable number of signal events
can be seen, while satisfying various experimental con-
straints. In addition, we will discuss the conditions under
which the long-lived ~�1s produce heavily ionizing charged
tracks before decaying eventually to lepton and neutrino
pairs so that they can be easily distinguished from other
sleptons.
III. e�� COLLIDER AND THE PHOTON
SPECTRUM

The way to obtain very high energy photon beams is to
induce laser back-scattering off an energetic e� beam [25].
The reflected photon beam carries off only a fraction (y) of
the energy of e� with

ymax �
z

1� z
; z 	

4EbEL
m2
e

cos2 �bL
2
; (16)

where Eb�L� are the energies of the incident electron/posi-
tron beam and the laser, respectively, and �bL is the inci-
dence angle. The energy of the photon can be increased, in
principle, by increasing the energy of the laser beam.
However, a large EL (or, equivalently a large z) also
enhances the probability of e�e� pair creation through
interactions between the laser and the scattered photon,
consequently resulting in beam degradation. An optimal
choice is z � 2�1�

���
2
p
�, and this is the value we use in our

analysis. The use of perfectly polarized electron and pho-
ton beams maximizes the signal cross section, though, in
reality, it is almost impossible to achieve perfect polar-
-4
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izations. It is also extremely unlikely to have even near
monochromatic high energy photon beams.

For an e�� collider, the cross sections can be obtained
by convoluting the fixed-energy cross sections
�̂�ŝ; P�; Pe�� with the appropriate photon spectrum:

��s� �
Z
dydŝ

dn
dy
�Pb; PL��̂�ŝ; P�; Pe����ŝ� ys�; (17)

where the photon polarization P� is a function of Pb;L and
the momentum fraction y through the relation P� �
P��y; Pb; PL�. In our analysis, we shall, for simplicity,
consider circularly polarized laser beam scattering off
polarized electron(positron) beams. The corresponding
number-density n�y� and average helicity for the scattered
photons are then given by [25,26]

dn
dy
�

2��2

m2
ez�C

C�y�;

P��y� �
1

C�y�

�
Pb

�
y

1� y
� y�2r� 1�2

�

� PL�2r� 1�
�

1� y�
1

1� y

��
;

C�y� 	
1

1� y
� �1� y� � 4r�1� r�

� PbPLrz�2r� 1��2� y�;

(18)

where r 	 y
z�1�y� , and the total Compton cross section �C

provides the normalization.
It is also important to address another experimental issue

regarding the long low-energy tail of the photon spectrum.
In a realistic situation [26], it is possible that these low-
energy photons might not participate in any interaction.
The harder back-scattered photons are emitted at smaller
angles with respect to the direction of the initial electron,
whereas softer photons are emitted at larger angles. Since
the photons are distributed according to an effective spec-
trum (Eq. (18)), the low-energy photons which are pro-
duced at a wide angle are essentially thrown out, since they
do not contribute significantly to any interaction. However,
the exact profile of this effective spectrum is not simple,
and it depends somewhat on the distance between the
interaction point and the point where the laser photons
are back-scattered and on the shape of the electron beam.
Unfortunately, we are not in a position to include this effect
in our simulations. It has been indicated in [27] that ne-
glecting this effect does not change the total signal cross
section to any significant extent.

Perfect polarization is relatively easy to obtain for the
laser beam, and we shall use jPLj � 1. However, the same
is not true for electrons or positrons, and we use jPbj �
jPe�j � 0:8 as a conservative choice. Since we want to
produce the sneutrino in this study, the e� should be left-
polarized, i.e. Pe� � �0:8. In order to improve the mono-
055011
chromaticity of the outgoing photons, the laser and the e�

beam should be oppositely polarized [28], which means
PL � Pb < 0. In our analysis, we shall use both choices of
polarizations consistent with PL � Pb < 0.
IV. SIGNAL AND BACKGROUNDS

As explained in the Introduction, we will focus on the
production process [29] e��! ~�e ~��1 and then look at the
oscillation of the ~�e into a ~��e. The resulting antisneutrino
then decays through the three-body channel ~��e ! e�~��1 ���
with a large branching ratio. The chargino ~��1 subse-
quently decays into a ~��1 and an antineutrino ( ���). The
neutrinos escape detection and give rise to an imbalance in
momentum. The signal is then

e��! ~�e ~��1 ! e� � ~��1 � ~��1 � p6 T; (19)

where the two ~��1 s are long-lived and can produce heavily
ionizing charged tracks inside the detector after traversing
a macroscopic distance. The positron serves as the trigger
for the event. The probability that the chargino decays
before travelling a distance � is given by P��� �
1� exp���=L�, where L is the average decay length of
the chargino. We assume that the ~��1 decays through a tiny
R-parity-violating coupling [30] 
233 � 5� 10�9 into
charged lepton� neutrino pairs so that a substantial num-
ber of events do have a reasonably large decay lengths for
which the displaced vertex may be visible. At the end of
this section, we will discuss the possible modifications in
the signal event in order to accommodate a larger R-parity-
violating coupling that will allow faster decay rates of the
~��1 s. Obviously, in such a situation, the Standard Model
(SM) backgrounds would arise. We shall give numerical
estimates of these SM backgrounds and discuss their
implications.

The cross section of the signal event in Eq. (19) has been
calculated in the narrow width approximation. We have
calculated the 2! 2 differential cross section d��e��!
~�e ~��1 �=d cos� and then folded into it the probability of the
sneutrino oscillation and proper branching fractions of
the corresponding decay channels mentioned earlier to
get the final state described above.

We select the signal events in Eq. (19) according to the
following criteria:
(i) T
-5
he transverse momentum of the positron must be
large enough: pe

�

T > 10 GeV.

(ii) T
he transverse momentum of the ~��1 s must satisfy

p~�1
T > 10 GeV.
(iii) T
he positron and both the staus must be relatively
central, i.e. their pseudorapidities must fall in the
range je

�;~�1 j< 2:5.

(iv) T
he positron and the staus must be well-separated

from each other: i.e. the isolation variable �R 	���������������������������������
���2 � ����2

p
(where  and � denote the

separation in rapidity and the azimuthal angle,
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respectively) should satisfy �R> 0:4 for each
combination.
(v) T
he missing transverse momentum p6 T > 10 GeV.

(vi) B
oth the heavily ionizing charged tracks due to the

long-lived staus should have a length � 5 cm.
A. The signal profile

In order to understand the profile of the signal we are
looking for and to see the effects of the cuts we have
employed, it is important to look at the kinematic
distributions of various quantities. We will illustrate this
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for a sample point in the parameter space: m0 � 250 GeV,
m3=2 � 50 TeV, tan� � 7 and 	< 0, leading to
�m~��1

; m~�e ; m~�1
�  �170; 142; 122� GeV. Beam polariza-

tion choices are PL � �1, Pb � Pe� � �0:8. As ex-
plained earlier, these distributions have been calculated
in the narrow width approximation by convoluting the
distributions of the ‘‘wrong-sign charged lepton’’ with
those of the sneutrino from the 2! 2 process e��!
~�e ~��1 . For such a choice of parameters, the total cross
section is  10:26 fb without any cuts for a machine
operating at
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� 500 GeV. The transverse momentum
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of the positron in Fig. 3(a) shows its peak around 5 GeV
and then falls sharply. This is due to the fact that the
positron is coming from the decay of the ~��e. Since the
mass difference between the ~��e and the ~�1 is not large,
most of the positrons are softer. Hence, the requirement of
the minimum positron transverse momentum of 10 GeV
rejects quite a few signal events. However, this pT cut of
10 GeV is needed in order to trigger the event. Since the
positron is coming out of the decay of the antisneutrino, it
is quite central, which can also be seen from its rapidity
distribution in Fig. 3(b). On the other hand, one of the staus
comes from the decay of the chargino and the other one
comes from the decay of the sneutrino. The one (~�s1) arising
from the sneutrino decay shows quite similar behavior as
the positron, whereas the other (~�c1) arising from the char-
gino decay, though being quite central, is somewhat
boosted in the opposite direction [Fig. 3(b)]. One can
immediately understand that the ~�c1 is well-separated
from the positron and the other stau (~�s1). This feature is
evident from the distribution shown in Fig. 3(c). This
conclusion holds almost over the entire allowed parameter
space which we are considering. On the other hand, the
angular separation between the positron and ~�s1 is much
smaller, and the position of the peak moves slightly de-
pending on the point chosen in the allowed parameter
space. Because of the choice of a very small R-parity-
violating coupling, both the staus leave a substantial track,
and, for most of the events, the decay lengths are greater
than 10 cm. Some of the events can have charged tracks
which may extend up to a meter or greater than that.

B. The SUSY backgrounds

As one can see, due to the presence of these heavily
ionizing charged tracks, the signal is entirely free of any
standard model (SM) background. However, there are
backgrounds from SUSY processes. One possibility is
the associated production of the left-selectron (~e�L ) and
the lightest neutralino (~�0

1). If the mass of the left-selectron
is larger than the mass of the lighter chargino, then it may
subsequently decay into an (e� � ~�0

1) pair or a (~��1 � �e)
pair with the branching fractions B�~e�L ! e� � ~�0

1� 

33–39% and B�~e�L ! �e � ~��1 �  60–66%, due to the
fact that both ~�0

1 and ~��1 are predominantly winos. Two-
body decays into heavier neutralinos (charginos) are kine-
matically forbidden for most of the parameter space. In
order to have the same visible final state as in the case of
our signal, we concentrate on the neutrino-chargino chan-
nel. The lightest neutralino (~�0

1) may decay into an
electron-neutrino (�e) and the associated antisneutrino
(~��e). Because of the choice of our spectrum in Eq. (5),
~�0

1 always has this two-body mode available. The resulting
antisneutrino can go to the three-body channel ~��e !
e�~��1 ���, and the chargino arising from the selectron decay
may go into a (~��1 � ���) pair. The final background event is
055011
then e��! ~e�L ~�0
1 ! e�~��1 ~��1 �e ����e ���, where the neutri-

nos give rise to the missing transverse momentum p6 T .
In order to compare the strength of the background and

the signal event, let us give an example. For m0 �
255 GeV, m3=2 � 50 TeV, tan� � 7 and 	< 0, the spec-
trum is m~eL � 171:4 GeV, m~�e � 151:1 GeV, m~��1

�

170:1 GeV, m~�0
1
� 169:94 GeV and m~�1

� 131:8 GeV.

After imposing our cuts at
������
see
p

� 500 GeV, the surviving
background is 0.48 fb and the signal is 2.33 fb. Here,
the polarization choices are the same as in the previous
subsection. If we now calculate the signal significance
	 Ne=

�������������������
Ne � NB
p

, where Ne is the number of signal events
and NB is the number of background events, then, for this
particular example, the ratio is much greater than 5 for an
integrated luminosity of 500 fb�1. If we increase the value
of m0, then the masses of both the ~eL and the ~�e increase,
and, as a result, the signal as well as the background cross
sections decrease. However, the signal significance always
remains greater than 5. On the other hand, if we keep m0

fixed and change the value of m3=2 in such a way that ~eL is
always heavier than ~��1 and ~�0

1, then the signal significance
remains again greater than 5. One of the reasons for this
small cross section of the background event is that the
branching ratio B�~�0

1 ! �e~��e� is very small (less than
10%). It is worth mentioning that the decay ~�0

1 ! ��e~�e
could contribute to the signal through the ~�e � ~��e oscil-
lation, but this process is further suppressed by the small
oscillation probability (less than 0.1) and is hence
negligible.

In the case when ~e�L is lighter than ~��1 and ~�0
1, it can

decay into the chargino-mediated three-body mode ~e�L !
�e~��1 ���, which contributes to the background. In this case,
one should notice that ~�0

1 goes to the two-body mode ~��e�e
with a branching ratio smaller than in the earlier case.
There are other three-body decay modes available for the
left-selectron in this case, namely, ~e�L ! e���~��1 , ~e�L !
�e‘�~��‘, ~e�L ! e��	;�~��	;�, e� ��	;�~�	;� and ~e�L ! ~�e‘� ��‘
where ‘ � e;	; �. Here, we have neglected the three-body
decays involving ~eR and ~	R in the final state. From the
above discussion, we can conclude that the cross section
for the background event still remains quite small in the
case when ~eL is lighter than ~��1 and ~�0

1. On the other hand,
the signal also suffers a suppression due to a smaller
branching ratio of ~��1 in the (~��1 � ���) mode. However,
this suppression is such that the ratio Ne=

�������������������
Ne � NB
p

al-
ways remains greater than or equal to 5.

Another source of background could be the associated
production e��! ~e�L ~�0

2. However, this production pro-
cess is kinematically forbidden for the entire region of the
parameter space we are investigating for a machine oper-
ating at

������
see
p

� 500 GeV. For a
������
see
p

� 1 TeV collider,
this process is allowed, but the production cross section is
too small to contribute significantly. The 2! 3 process
e��! �e~e�L ~��e could also contribute to the background,
-7
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but the production cross section in this case is very small
(<O�10�2� fb) [10].

C. The signal strength and the parameter space

Let us now discuss the signal event in more detail. The
number of signal events and the kinematical distributions
depend crucially on the sneutrino and the chargino masses
and also on the mass of ~�1. In our analysis, the evolution of
gauge and Yukawa couplings as well as that of scalar
masses are computed using two-loop renormalization
group equations (RGE) [31]. We have also incorporated
the unification of gauge couplings at the scale MG 
 2�
1016 GeV with �3�MZ�  0:118. The boundary conditions
for the scalar masses are given at the unification scale via
Eq. (7). The magnitude of the higgsino mass parameter 	
is computed from the requirement of a radiative electro-
weak symmetry breaking and at the complete one-loop
level of the effective potential [32]. The optimal choice
of the renormalization scale is expressed in terms of the
masses of the top-squarks through the relation Q2 �

m~t1m~t2 . We have also included the supersymmetric QCD
corrections to the bottom-quark mass [33], which is sig-
nificant for large tan�. It should be noted at this point that
gaugino masses and trilinear scalar couplings can be com-
puted from the expressions in Eqs. (8) and (9) at any scale
once the appropriate values of the gauge and Yukawa
couplings at that scale are known. A particularly interest-
ing feature of the mAMSB model is that the lighter char-
gino ~��1 and the lightest neutralino ~�0

1 are both almost
exclusively a wino and, hence, nearly mass-degenerate. A
small mass difference is generated from the tree-level
gaugino-higgsino mixing as well as from the one-loop
corrections to the chargino and the neutralino mass matri-
ces [34]. The numerical results of the spectrum of mAMSB
model have been obtained using the fortran codes devel-
oped in [35] and in the first two references of [18]. We have
checked that our results agree with those of previous
authors [16] for a few sample choices of parameters.

It is important to look at the total number of signal
events as a function of the model parameters with the
condition on the spectrum given in Eq. (5). In order to do
this, we will fix the value of tan� and take the signature of
	 to be negative and then allow m0 and m3=2 to vary in a
region which satisfies the experimental constraints on the
sparticle masses. Later on, we will also discuss how the
total cross section changes with tan� and the sign of 	. As
above, we make a specific choice for the beam polariza-
tion, namely, PL � �1, Pb � Pe� � �0:8.

In Fig. 4, we show our results for the total number of
positron events for a machine operating at

������
see
p

�

500 GeV with 500 fb�1 integrated luminosity, after impos-
ing the kinematical cuts discussed above. The region
marked by (A) corresponds to a lighter stau mass of less
than 86 GeV [36]. The area below the line X does not
satisfy the mass hierarchy of Eq. (5). Thus, the allowed
055011
region in the (m0 �m3=2) plane is the one between the
area (A) and the line X. The other experimental constraints
[36] which we have used are the mass of the lighter
chargino (m~��1

> 104 GeV), the mass of the sneutrino
(m~� > 94 GeV) and the mass of the lightest Higgs boson
[37] (mh > 113 GeV). Apart from these direct bounds, one
should also consider the constraints on the parameter space
arising from the virtual exchange contributions to low-
energy observables. For example, the constraints on the
minimal AMSB model parameters from the measurement
of muon anomalous magnetic moment have been studied in
several works [35,38,39]. However, the numerical results
of those papers should be modified due to the reevaluation
of the light by light hadronic contribution [40] and the
results published by the E821 experiment [41]. In addition,
one should bear in mind that the theoretical calculation of
the SM contribution to muon (g� 2) has many remaining
theoretical uncertainties. The measurement of the rare
decay ��B! Xs�� can set additional bounds [38,39] on
the parameters, but they are not very restrictive. Bounds
can also be obtained by demanding that the electroweak
vacuum corresponds to the global minimum of the scalar
potential [42]. However, as long as it can be ensured
that the local minimum has a life time longer than the
-8
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present age of the Universe, these additional bounds can be
evaded [43].

We have used the value of tan� � 7, and the sign of	 is
taken to be negative. It has already been mentioned that, in
the AMSB scenario, the positron events in an e�� collider
via the sneutrino-antisneutrino mixing can provide infor-
mation on the neutrino mass matrix elements �m��ee. In
Fig. 4, we have chosen the value of �m��

0
ee � 0:079 eV

which corresponds to �m��ee  0:2 eV. Later on, we will
make comments on the smallest value of �m��ee which can
be probed in this scenario. In this figure, we have plotted
contours of total number of positron events Ne, starting
with Ne � 50. It is evident from this figure that an experi-
ment of this type can easily explore m3=2 as high as
 72 TeV whereas the reach in m0 is  340 GeV for a
negative 	, tan� � 7 and �m��ee  0:2 eV. Even with an
integrated luminosity of 100 fb�1, it is possible to explore
values of m3=2 and m0 up to  64 TeV and 315 GeV,
respectively, with Ne � 50. In Fig. 5, we show a similar
plot in the (m0 �m3=2) plane for a machine operating at���
s
p
� 1 TeV with other inputs remaining the same. We can

see similar features in both the Figs. 4 and 5, with the
obvious enhancement in the reach in the latter case.

So far, we have discussed the strength of the signal for a
fixed value of the parameter tan�. Let us now see how the
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FIG. 5 (color online). Parameter regions with tan� � 7 and
	< 0. The area (A) represents the parameter region forbidden
by the stau mass bound. The mass spectrum (5) is obtained in the
region between the area (A) and the line X. Assuming an
integrated luminosity of 500 fb�1 at

������
see
p

� 1 TeV, the numbers
of positron events per year inside the contours are: (a) Ne � 100,
(b) Ne � 200, (c) Ne � 300 and (d) Ne � 500 for �m��

0
ee �

0:079 eV so that the total contribution �m��ee  0:2 eV, while
satisfying Ne � 5

�������������������
Ne � NB

p
.
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signal cross section changes with varying tan�. For a fixed
m3=2 and with increasing tan�, a larger value of m0 is
required to obtain the spectrum (5) for both choices of
the sign of 	. This leads to a larger value of m~�e . On the
other hand, m~�1

becomes smaller due to a stronger left-
right mixing in the stau sector. Thus, the ratio m~�e=m~�1

increases with tan�, making the sneutrino decay width �~�e
an increasing function of tan�. Hence, in order to get a
sizeable number of positron events Ne, one needs a small
value of the parameter tan� for a fixed neutrino mass. This
feature has also been observed in Ref. [11]. For 	> 0, the
Higgs boson mass is a bit lower, so we need a higher tan�
for a fixed m3=2 to satisfy the constraint on the light Higgs
boson mass mh > 113 GeV. This makes the number of
positron events very small. When tan� is fixed, the allowed
region in them0 �m3=2 plane is shortened for	> 0, since
a higher value of m3=2 is required in order to satisfy the
Higgs boson mass bound. For a negative 	, the require-
ment of observing the signal with at least 5� significance
implies that the highest allowed value of tan� is 8:1 with
a machine operating at

������
see
p

� 500 GeV, and tan� is
 8:0 for a machine with

������
see
p

� 1 TeV. The lowest al-
lowed value of tan� for a fixedm3=2 is limited by the Higgs
boson mass bound. For a negative 	, we can have tan� as
low as 4:9, which will still produce an acceptable Higgs
boson mass and at least 5� signal significance for

������
see
p

�

500 GeV. For a value of tan� as low as 4.9, it is notable
that the value of m0 and m3=2 should be quite high (m0 

375 GeV and m3=2  88 TeV) in order to have enough
signal events. For

������
see
p

� 1 TeV, the lowest allowed value
of tan� is approximately the same. In order to have 5�
signal significance for a positive 	, we must have

������
see
p

�

1 TeV in which case the tan� range is quite small
 6:1–6:3, while the value of m3=2 is of the order of
100 TeV and m0 is in the range 460–590 GeV.

In order to discuss the effect of the beam polarizations,
we choose two sample points in the parameter space and
show the results in Table I for a machine with

������
see
p

�

1 TeV. One can see that the cross sections for polarized
beams are larger than the unpolarized ones. The effect of
the cuts can also be seen. Depending on the choice of the
parameters, the kinematical cuts can reduce the number of
events by more than 50%.

Let us now discuss the change in the number of events
when �m��

0
ee is varied in such a way that it is consistent

with the upper limit of 0.2 eV for the total contribution
�m��ee. For the purpose of this discussion, we choose a
machine operating at

������
see
p

� 500 GeV. It is evident from
our discussion so far that larger values of �m��

0
ee give a

larger cross section. This is also shown in Fig. 6 for a
sample choice of m3=2 � 50 TeV, tan� � 7 and 	< 0.
Assuming an integrated luminosity of 500 fb�1, we have
plotted the number of events per year as a function of m~�e
for different choices of �m��

0
ee. The curves from below
-9



TABLE I. Illustrating the effects of various polarization choices on the signal cross sections for two specimen points in the parameter
space and for

������
see
p

� 1 TeV. In either case, 	< 0. Whenever nonzero, jPLj � 1, jPbj � jPe�j � 0:8.

�m0�GeV�; m3=2�TeV�; tan�� (250, 50, 7) (350, 70, 7)
�m~��1

; m~�e ; m~�1
� (GeV) (170.1, 142.5, 121.9) (239.6, 208.9, 179.3)

�PL; Pb; Pe�� �PL; Pb; Pe��
��;�;�� ��;�;�� (0, 0, 0) ��;�;�� ��;�;�� (0, 0, 0)

Total � (without cuts) (fb) 7.15 5.93 3.21 1.29 1.45 0.66
Total � (with cuts) (fb) 2.12 1.58 0.92 0.56 0.59 0.28

TUOMAS HONKAVAARA, KATRI HUITU, AND SOUROV ROY PHYSICAL REVIEW D 73, 055011 (2006)
correspond to �m��
0
ee � 0:018 eV, 0.021 eV, 0.035 eV,

0.05 eV, 0.07 eV and 0.081 eV. The corresponding values
of the total contribution �m��ee are shown in the figure. The
horizontal line givesNe � 100 per year. This figure tells us
that if we demand the value of Ne to be � 100, so that the
signal significance is� 5�, then we can probe the value of
�m��ee down to  0:05 eV. On the other hand, the current
upper limit of 0.2 eV on �m��ee sets the upper limit of
�m��

0
ee  0:081 eV. The topmost curve in this figure starts

from a slightly higher value of m~�e , since the bound on
�m��ee is not satisfied before that. This figure can also be
used to extract the value of �m��ee with the knowledge of
the number of events and other masses.

Finally, we will discuss the situation when a larger R-
parity-violating (RPV) coupling is present. We shall as-
sume that a single RPV coupling is dominant at a time, and
our choice is 
233. The reason behind this choice is that it
 10
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will not affect the total decay width of ~��e, since otherwise
the �L � 2 effect will be diluted. The coupling 
233 also
allows observation of muons and taus in the final state from
the decay of the ~��1 s, so that they can be clearly distin-
guished (assuming 100% detection efficiency) from the
isolated e� produced due to the sneutrino mixing phe-
nomena. The upper bound on the coupling 
233 is given
by [44]

j
233j< 0:070�
m~�R

100 GeV
: (20)

The bound in Eq. (20) has been obtained from measure-
ments of R� � ���! e� ���=���! 	� ��� and R�	 �
���! 	� ���=��	! e� ���. Using this upper limit on

233, we see that the ~��1 s will decay promptly to either a
(�� �	) pair or a (	� ��) pair. Taking into account all
possible final states involving 	 and/or �, the signal event
in this situation looks like e��! e�‘�‘� � p6 T where
‘ � 	; �.

The SM background to this process arises from the
resonant production of three W� bosons through the 2!
4 process e��! W�W�W��e and the subsequent decays
of the W�s. The background to the signal e��!
e�‘�‘� � p6 T originates when the W� decays through
W� ! e��e and the two W�s decay through W� !
‘� ��‘. This process has already been calculated in
Ref. [45] for two values of the c.m. energy, namely,

������
see
p

�

500 GeV and
������
see
p

� 1 TeV. As can be seen from the
Table I of Ref. [45], the background cross section for������
see
p

� 500 GeV is  0:0089 fb (after dividing the num-
ber in the table by B�W�W� ! hadrons� and multiplying
by B�W�W� ! �	� ���, and that for

������
see
p

� 1 TeV is
 0:1257 fb. One should note here that these numbers for
the background cross sections are without any cuts and
should be reduced further after imposing suitable kinemati-
cal cuts. It should be mentioned here that the SUSY
background analysis remains almost the same as discussed
in the subsection IV B but now with prompt decays of the
~��1 s.

In order to look at the signal to background ratio in this
case, let us choose

������
see
p

� 500 GeV and two widely sepa-
rated points in the parameter space:
(A) m
-10
0 � 255 GeV, m3=2 � 50 TeV, tan� � 7 and
	< 0; and
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(B) m
0 � 310 GeV, m3=2 � 60 TeV, tan� � 7 and
	< 0.
The polarization choices are the same as in the
subsection IVA. The signal cross section for the
point (A) is 3.3 fb (with only a cut on the positron pT ,
which is the most effective one, and on the positron pseu-
dorapidity) and the SUSY background cross section is
0.67 fb. Combining this background cross section with
the SM background mentioned above, we see that the
signal to background ratio is greater than 5�. Similarly,
for the point (B), the signal cross section is 0.425 fb and the
SUSY background cross section is 0.328 fb. Again, we see
that the ratio Ne=

�������������������
Ne � NB
p

is greater than 5. Thus, even in
the case of a larger RPV coupling, we can explore an
appreciable region in the parameter space of our interest
with the signal described above. We have also performed a
similar analysis for a

������
see
p

� 1 TeV collider, and, once
again, it shows that a significant region in the parameter
space of mAMSB model with a spectrum given in Eq. (5)
can be probed by this signal.

V. CONCLUSION

In conclusion, we have discussed the potential of an
electron-photon collider to investigate the signature of
~�e � ~��e mixing in an AMSB model which can accommo-
date �L � 2 Majorana neutrino masses. A very interesting
feature of such models is that the sneutrino-antisneutrino
mass splitting �m~� is naturally large and is O�4�m�=�� .
On the other hand, the total decay width of the sneutrino is
sufficiently small in a significant region of the allowed
parameter space of the model. These two features enhance
the possibility of observing sneutrino oscillation signal in
various colliders. We have demonstrated that the associ-
ated production of the lighter chargino and the sneutrino at
an e�� collider could provide a very clean signature of
such a scenario.

The signal event consists of an energetic positron (re-
sulting from the oscillation of a ~�e into a ~��e), which serves
as the trigger, two macroscopic heavily ionizing charged
055011
tracks in the detector coming from the long-lived staus and
a large missing transverse momentum. Because of the
presence of these macroscopic charged tracks in combina-
tion with the energetic positron, the signal is free of any
Standard Model backgrounds. The backgrounds from
supersymmetric processes are present, but they are small
and become even smaller with the cuts we have imposed.
Consequently, with an integrated luminosity of 500 fb�1,
one could see as many as 1300 signal events in some region
of the parameter space for a machine operating at

������
see
p

�

500 GeV with polarized beams. We have also seen that the
signal significance is � 5� for almost the entire allowed
region of parameter space. In the case of a

������
see
p

� 1 TeV
collider, the features are similar with an obvious enhance-
ment in the reach. The signal cross section depends also on
�m��ee, and, obviously, we get the best result with the value
of �m��ee (including both tree and one-loop contribution)
close to its present upper limit. We have also discussed the
effects on the signal cross section when lowering the value
of �m��ee. This way, the signal discussed in this paper can
be used to determine �m��ee which provides important
information on a particular combination of the neutrino
masses and mixing angles, which is not possible to obtain
from neutrino oscillation experiments. Slightly lower val-
ues of tan� ( & 9) and a negative 	 are preferred to get a
sizeable number of signal events. Taking into account
various experimental constraints and demanding that the
signal significance should be � 5�, we see that the lower
limit on tan� is 4:9. We have also discussed the possible
effects on the signal when a larger R-parity-violating cou-
pling is introduced. Numerical estimates of the Standard
Model backgrounds in this case have also been provided.
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