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The neutrino experiment results suggest that neutrinos have finite
masses and violate lepton flavour. In supersymmetric extensions of the
Standard Model, the Yukawa and/or mass terms of the heavy neutrinos
can generate radiatively the lepton flavour violating slepton masses. These
new sources of lepton flavour violation may enhance the rates of charged
lepton flavour violating processes, like yu — ey. At future colliders they
can also generate distinct final states, e.g. Ti + jets + E. In this paper
the supersymmetric lepton flavour violating processes and their signals at
future ete~ colliders are discussed.

PACS numbers: 12.60.Jv, 14.80.Ly

1. Introduction

Earlier observations on solar neutrinos [1], the studies of the Super-
Kamiokande [2] and recent results of the SNO [3] have a natural explanation
in terms of neutrino oscillations. This phenomenon is Lepton Flavour Vio-
lating (LFV) and it is a first direct evidence for physics beyond the Stan-
dard Model (SM). The simplest model to account for the neutrino masses
and their oscillations includes three very heavy singlet neutrinos N;. Their
Yukawa couplings to the light neutrinos v; explain the smallness of m,, via
the see-saw mechanism [4] in a natural way if the heavy neutrino masses
are assumed in the range My ~ 10'4-10'> GeV. At the same time the
flavour oscillation of light neutrinos originates from non-diagonal elements
of the Yukawa couplings and/or non-diagonal mass matrix of the heavy
neutrinos [5]. Radiative corrections due to these interactions also induce
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flavour mixing in the charged lepton sector. An interesting question then
arises whether processes with charged-lepton flavour violation, like y — ey,
T — Wy, u-e conversion in nuclei, rare K decays etc., can be generated at
observable rates.

Unfortunately, due to the smallness of neutrino masses, these processes
in the Standard Model are strongly suppressed via the GIM mechanism. In
addition, the presence of the high energy scale My requires a mechanism
to stabilize the electroweak scale against radiative corrections. This is com-
monly achieved by supersymmetrizing the theory. In the supersymmetric
extension of the Standard Model with heavy scalar neutrinos, however, the
situation of LF'V processes may be quite different. In addition to the SM
mechanism, new sources of flavour violation in the leptonic sector can be
generated by non-diagonal soft supersymmetry breaking terms, e.g.

where only scalar mass and trilinear terms in the leptonic sector have been
written explicitly using self-explanatory notation. As a result, virtual su-
perpartner loops may enhance the rates of charged lepton flavour violating
processes. Of course, once superpartners are discovered, it will be possible to
probe lepton flavour violation directly in their production and decay [6]. For
example, it has been demonstrated that sneutrino or charged slepton pair
production at future eTe~ (and/or ut ) colliders may provide a more pow-
erful tool to search for Supersymmetric Lepton Flavour Violation (SLFV)
than the rare decay processes [7-9]. In some favourable scenarios signals of
SLFV can also be searched for at the LHC [10].

The outline of the paper is as follows. In Section 2 we start with a brief
review of global symmetries and lepton flavour violation in the Standard
Model. Current experimental limits from rare decay processes are discussed
in Section 3 as an indication of possible energy scales of lepton flavour viola-
tion. Then in Section 4 we discuss in some detail the lepton flavour violation
mechanisms in the supersymmetric model, and in Section 5 their possible
signals at future colliders. In Section 6, which is based on Ref. [11], we note
that sneutrinos and charged sleptons may not only be directly pair-produced
in ete™ collisions, but can also be decay products of other supersymmetric
particles, like charginos and neutralinos, decaying via cascades. We find
that off-diagonal chargino pair-production, overlooked earlier, can make a
significant contribution to the SLFV signal. We conclude in Section 7.
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2. Lepton Flavour Violation in the Standard Model

In the Standard Model renormalizability and gauge invariance restricts
the Yukawa interactions of quarks, charged leptons and left-handed neutrinos
to the form Ny N Ny

Ly =y hlie; + yil hgid; + v G (2)
where ¢ and j are generation indices. By unitary rotations in the generation
space the leptonic Yukawa couplings ¢/ can be diagonalized implying indi-
vidual lepton flavour numbers L., L, and L; to be conserved in addition
to the conserved baryon B and total lepton L numbers. These conservation
laws are consequences of global symmetries of the Standard Model which are
“accidental” in the sense that they follow from the spin and gauge quantum
number assignments of the SM fields.

Global symmetries however are not sacred: even within the SM they
are broken by non-perturbative sphaleron effects — only the B — L remains
conserved. Black holes are also expected to break all global symmetries.
Since these mechanisms of global symmetry breaking are extremely weak,
the existence of neutrino oscillations calls for physics beyond the SM. New
interactions due to new gauge bosons, fermions and/or scalars may also lead
to violation of global symmetries. For example, adding the right-handed
heavy neutrinos N; brings a new scale My and new Yukawa interactions

yIhel;N; (3)

and, as a result, the violation of charged-lepton flavour is induced in the
manner parallel to the quark sector. Unfortunately, due to small neutrino
masses m,, ~ 0.1 eV, which require a high My ~ 104-10'> GeV scale,
the charged-lepton flavour violating processes are also strongly suppressed,
e.g. BR(u — ey) ~ 10748 [12]. With the SM particles alone at the weak
scale this approach produces desired neutrino properties with no other ex-
perimentally interesting implications. However, other extensions of the SM,
like supersymmetry, can provide significant enhancement of LFV processes
leading to observable rates at future experiments. Before we turn to the
minimal extension of the Standard Model (MSSM) let us discuss possible
scales of LFV processes which are consistent with present experiments.

3. Energy scales of Lepton Flavour Violation

It is ironic that the “accidental” global symmetries are so accurately
observed in nature, while local gauge symmetries are broken. To discuss
the experimental limits on transitions due to global symmetry breaking it is
convenient to consider the SM as an effective theory valid up to some energy
scale ~ M. The effects of physics above the scale M can be accounted for
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by a series of non-renormalizable operators of dimension greater than 4 and
suppressed by powers of M. The terms in Eq. (2) serve as a first term in
the series, with higher in 1/M non-renormalizable operators:

qqql hhll llee hlo®PeF,
(a):Wa (b) : M C):W’Tﬁ’ (4)

where the first operator (a) breaks B and L, the second (b) breaks L and the
last two (c) conserve L but break individual L; (the generation indices are
understood). The experimental status of current limits derived from non-
observation of processes violating global quantum numbers can conveniently
be summarized by determining the corresponding scale M:

e The most stringent limit on the baryon number violating operator (4a)
is derived from the proton life time 7, > 1032 y, which translates into
the limit M > 10'° GeV.

e The non-zero neutrino masses m, ~ 0.1 eV set the scale of the to-
tal lepton number violating operator (4b). Assuming that the Higgs
field acquires the vacuum expectation value (h) ~ my when the elec-
troweak gauge symmetry is broken, the scale of L violation is derived
to be of the order M ~ 10" GeV.

e Neutrino oscillations imply the lepton flavour violation as well. How-
ever, other L-conserving, but L;-violating processes in the charged
lepton sector, like

— BR(Z — pe) < 1.7x 1076 [15],
— BR(Z — 1¢) < 9.8 x 1076 [15],

R(Z — ) <1.2x 1075 [16],

R(p— ey) <1.2x 1071 [17],
(

(
(

=

sslvs)

R(p — 3e) < 1.0 x 10712 [18],
R(p—e) <6.1x10°1 [19],
— BR(7 — py) < 1.1 x 1076 [20],

os)

currently do not exclude an exciting possibility that the scale of LFV
processes might be of the order ~ 103 — 10* GeV, that is much lower
than the scales of baryon and total lepton number violation mecha-
nisms. New experiments on u — ey [21], u — e [22] or Z — [I' [23]
will improve limits on M by an order of magnitude.

Thus the experimental data seem to suggest an interesting possibility of
the hierarchy between
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e the LFV processes which might be governed by a low scale (not much
above the electroweak scale)

e the B and L violating processes which have to be governed by a high
scale (N MGUT, Mp])

in parallel to the conventional gauge hierarchy between the electroweak and
the GUT or Planck scales.

From the theoretical model-building point of view, one can consider the
following scenarios:

e SM-like: all global symmetries are broken at a high scale. In this case
the LFV processes are strongly suppressed and far from the reach of
laboratory explorations, with the only exception of neutrino oscilla-
tions and proton decay experiments.

e Large extra dimensions: this idea has been suggested as a solution
of the gauge hierarchy problem. In this approach the Planck scale is
an artifact of extra dimensions, and the “true” scale of gravity is of
the order of electroweak scale. In this case all global symmetries are
broken at a low scale. As a result, the proton decays very fast and it
is a challenge in such a scenario to find an elegant solution to stabilize
the proton.

e Supersymmetry: the hierarchy between the electroweak scale and the
Planck scale is stabilized by introducing a superpartner for every SM
particle. By the same token the hierarchy between the B and L vio-
lation and the LFV processes can arise naturally, as discussed in the
next chapter.

4. Lepton Flavour Violation in the MSSM

In supersymmetric models, the hierarchy between L; flavour violation
on the one hand and B and L violation on the other arises as a natural
consequence of the basic motivations for supersymmetry, namely the gauge
hierarchy and the existence of dark matter. The introduction at the weak
scale of a superpartner to every particle allows us to write additional renor-
malizable and gauge-invariant interactions. Using capital letters to denote
superfields, the Yukawa superpotential is given by

W = yH\LE + yqH1QD + y, Ho QU
+ALLE + NLQD + \'UDD, (5)

where generation indices are suppressed. The interactions of Eq. (2) are
recovered by choosing terms with two fermions (quarks or leptons) and a



3760 J. KALINOWSKI

scalar Higgs from the first line (with the only exception that supersymme-
try requires two Higgs fields). However, any combination of two fermions
and one scalar from any term in Eq. (5) is allowed in the Lagrangian. As a
result, global B and L symmetries of the Standard Model are broken since
the terms in the second line of (5) violate both B and L. The presence of
all A-type terms at the electroweak scale not only implies fast proton de-
cay but also allows all superpartners to decay eliminating the possibility of
supersymmetric dark matter. The proton and the lightest supersymmet-
ric particle can be made stable by requiring R-parity conservation, where
R = (—1)P+1425 which eliminates all interactions in the second line of
Eq. (5). At the same time B and L are again allowed to be broken only at
a high scale.

The remaining soft supersymmetry breaking interactions, however, still
allow L;-violating processes at the weak scale, leading to the hierarchy dis-
cussed above. The most important for our discussion are slepton masses

7% 2 7 ~% 2~
limiile; + €rimyii€r; (6)

where the m% r are a priori arbitrary Hermitian matrices, and trilinear
terms ’ ~

Ajeihly; = m%Rijéz(éj (7)
which, after electroweak symmetry breaking, couple left- and right-handed
charged sleptons through the mass matrix m? ., ;= A%;(h).

These terms lead to charged LFV, as can easily be seen in the basis
in which the leptons are already rotated to diagonalize the lepton Yukawa
coupling, and the sleptons are rotated to preserve flavour-diagonal gaugino
couplings. No additional freedom in flavour space is then left to diagonalize
the terms of Eqs (6) and (7). If we now work in the mass eigenstate basis

for all fields, the slepton-mass diagonalization matrices W, where ml2 =

WTml? diagW, enter the chargino and neutralino couplings

EW *iaBaX’ + UiW iafaX + - (8)

where the Latin and Greek subscripts are generational indices for scalars
and fermions, respectively.

Non-trivial W matrices violate lepton flavour conservation and may give
sizeable contributions to rates for rare processes such as y — e7y. For nearly
degenerate sleptons, however, these contributions are suppressed through
the superGIM mechanism by Amj/m; with the mass difference Am; and
the average mass mj; of the sleptons; in the limit of exact degeneracy, the
W matrices can be rotated to the unit matrix, and the gaugino interactions
conserve lepton flavour. Actually, a high degree of degeneracy of the first
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two generation of sleptons is needed in order to evade bounds from pu — evy
if the mixing between them is not very small. This is an example of the
supersymmetric flavour-changing problem.

Even if the off-diagonal slepton mass terms are assumed to vanish at
tree level to avoid the supersymmetric flavour-changing problem, they can
be induced radiatively in the framework of a seesaw mechanism by the right-
handed heavy neutrinos [13]. In such a case a substantial v, — v; mixing
leads to [7,14] large fir, — 71, and ¥, — ¥, mixings. In the rest of the paper
we will not discuss these theories but we will concentrate on the question
how well SLFV can be probed in a model independent way at future e™e™
colliders .

To be more specific, we take a pure 2-3 intergeneration mixing between
v, and U, generated by a near-maximal mixing angle 53, and ignore any
mixings with 7. This means that scalar mass matrices are not diagonal in
the same basis as fermion mass matrices. For example, the scalar neutrino

2

mass matrix m;, restricted to the 2-3 generation subspace, can be written

in the fermion mass-diagonal basis as

m2 — <c03023 —Sin023> <mg2 0 ) < cos 093 sin023> (9)

v sinfy3  cos Oo3 0 mp, —sinfy3 cosbys )’
where mj, and my, are the physical masses of 7, and 3 respectively. In
the following we take the mixing angle 93 and Amos = |my, — my,| as
free, independent parameters. The same goes for the charged slepton sector,
modulo standard LR mixing, where 93 and Amsg are then the correspond-

ing parameters for charged sleptons. A parallel discussion for the e-7 mixing
case [24] is obtained by replacing p by e everywhere.

5. Collider signals of Supersymmetric Lepton Flavour Violation

Once supersymmetric particles are discovered, it will be possible to probe
lepton flavour violation directly in their production and decay processes at
future colliders. A flavour-violating signal is generated by the production of
real sleptons, followed by their oscillation into a different flavoured slepton,
and subsequent decay to a lepton. For example, at ete™ colliders events
with

T+ 45+ B Tl +2j + B, Tl +2j + By (10)

can be expected. Searching for such signals has several advantages: first
these processes are at tree level while rare decays are generated by loop
corrections. Second, the SLFV processes in decays of sleptons are suppressed
only as Amj;/I'; [8], where I is the slepton decay width, as compared to the
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Amj/m; for rare decays. Since mj/I] is typically of the order 102-103, one
may expect spectacular signals for possible discovery in future ete™, utpu~
or pp collider experiments. Last, but not least, the SM background with two
or more leptons with different flavours is quite small.

In discussing SLF'V collider signals one has to consider two cases in which
oscillation of lepton flavour can occur in processes with single or correlated
slepton pair production processes. To derive expressions for the signal cross
sections we will follow the field-theoretic method of Ref. [8]

5.1. Single slepton production

Processes involving single slepton production may be produced in cas-
cade decays of heavier superparticles. They are very important for hadron
colliders, where single slepton can be a product of a gluino or squark decay,
but they may also be relevant for lepton colliders where single slepton can be
a product of chargino or neutralino decay. The amplitude for such a process,
[ —efXe — ej:Xe/; Y, has the form

i

Mg = Z MpWia— WiMp, (11)

q® —m? +im;T;
where Mp and Mp are the amplitudes for production and decay of the
slepton €; in the absence of LFV, and W;, is the lepton-flavour mixing
matrix element. Summing over all slepton generations that can be produced
on-shell and assuming negligible generation dependence of these amplitudes,
the cross section can schematically be written as

OaB = / dq? Z WiaWisWis W, A;j(¢*) x [production] x [decay]. (12)
ij
For nearly degenerate in mass and narrow sleptons, Am?j, mI < m?, the
product of slepton propagators

Aij(q®) = i i 1
i(q) q2—m?+imf q2—m§—i—z’mf (13)
can be simplified as
1 T
Ai(?) dlg” = m?). -

Tividmomr
where m2 = (m? +m§)/2 .and Am?j = (m? — m?)/Q ~ 2mAm. In the case
of 2-3 intergeneration mixing

1 0 0

W=/ 0 cosfa sinfos (15)
0 —sinfy3 cosbos
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we arrive finally at

Oaf = X23 sin2 2093 X 09 X €BR , (16)
where 9
735 Amos
X23 2(1 +I%3), x23 T ( )

and o9 X egr = o(f f' = e} X é,) xBR (e, — e, Y) is the analogous cross
section in the absence of flavour violation.

5.2. Correlated slepton pair production

Correlated slepton pair production is the dominant slepton production
mechanism at lepton colliders, but it may also occur at hadron colliders
when sleptons are produced via Drell-Yan process. Assuming for simplicity
only the s-channel production mechanism, the amplitude for the process
ff—éeée — el X eg Y has the form

1 1

WisMp, (18)

Mag = Mp p Wm/\/tgp2

2 . 2
—mj +im;I; —mj +im;I’;

where Mp is the production amplitude for f f — é;L ¢; and M% are the de-
cay amplitudes for é*. Applying the same approximations as in the previous
case, the cross section can be written as

Oap = /Z Wi WisWisW5, Aij(q2)Aij (p?) x [production] x [decay] (19)
ij

and, again for the 2-3 intergeneration mixing of Eq. (15), we finally have

Oapf = X23(3 — 4X23) Sin2 2923 X 00 X €EBR » (20)

where 09 X egr = o(f f — éLé;) x BR(éf — el X) xBR(é; = e;Y) is
the analogous cross section in the absence of flavour violation.

6. The role of charginos

At ete™ linear colliders the SLFV signals can be looked for in decays of
sleptons which are produced in pairs, for example

+ - i+ + —-0-0
ete” — L4 =TT T XX
+

efe” — vl = T X XY (21)
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with 4 = 2,3. These processes have been discussed in detail, showing that
they may be competitive to rare decay processes in searches for SLFV signals
[7,9].

However, if the chargino )@t is not much heavier, as is the case in a
substantial region of the MSSM parameter space, then off-diagonal chargino
or neutralino pair production ete™ — )Zlif(; ., X1x9 can take place. The
heavier chargino and/or neutralino can decay via the SLFV chain,

ete” = Xaxy = TN (22)

et

e - R o R, )
where )Zli — XVff', and X9 escapes detection. The signature therefore
would be the same as in slepton pair production, i.e. 75uF + jets + B,
T uF + 04+ B, or 7FuT + ., depending on hadronic or leptonic xi decay
mode. As a result, the processes (22) and (23) provide a new source for the
signal in addition to those discussed in Ref. [9]. Moreover, the production
of two charginos in ete™ collision has both the s-channel and #-channel
exchange contributions and hence expected somewhat larger cross sections
at higher collider energies. Other production processes, like )@tf(; , )Z?)Z?,
may also be open at higher energies (depending on the mass pattern) and
contribute to the same final states not only via the SLFV mechanisms, but
through lepton flavour conserving decay chains as well contributing thereby
to the background.

To illustrate the role of charginos for the SLFV process at an ete™
linear collider, such as the proposed TESLA, we estimate the signal and
background rates at y/s = 500 GeV for one of the representative points [23]
in the MSSM parameter space. This point is given in terms of a mSUGRA
scenario defined by:

mo = 100; My, =200; Ag=0; tanf=3; sgn(u)=+ (24)

which has been chosen for detailed case studies at the ECFA/DESY lin-
ear collider workshop. Here the masses and Ag are in GeV, and standard
notation is used. The corresponding masses of chargino, neutralino and slep-
ton states relevant for SLEV processes at /s = 500 GeV, along with some
branching ratios, are listed in the Table (the branching ratios are given for
the case of no slepton mixing)

As it turns out that processes with one or both Xli decaying leptonically
in (21)—(23) are overwhelmed by background, in our analyses we consider
only their hadronic decay modes. Given the mass spectrum, the off-diagonal
)Zlif(; pair is the only possibility for the SLFV signal in chargino production
at /s = 500 GeV. The slepton flavour violation can occur in the heavier
chargino x4 cascade decay chain as shown
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_ ~t ~ - ~ ~ .
Sl: ete” — X2 Xf , X; — T+V2,3 ) Va3 — [ X1+ )

. - ot c ~ ~ — =
S2: ete” — X3 XT, x; — /ﬁl/g,3, Vo3 — T XIL,

followed by )ﬁt — XY+ ¢+ ¢. There is another sequence with the charges
reversed. The other process for the same final state, which was discussed
in [9], is the following:

S3: ete™ — vt Ui =X T, Ui = Xh,

where i = 2, 3. Notice that in [S1] and [S2] the slepton flavour violating decay
occurs in two ways leading to the the same final state so that eventually the
signal rate gets doubled.

TABLE

The masses (in GeV) and the branching ratios (only for significant decay modes) for
light supersymmetric particles which are relevant to our study. No slepton mixing
is assumed. ¢ denotes e or u, and 7 unless the entry for 7 is explicitly shown.

Mass Decay BR Mass Decay BR
128 X%ty 015 x3 | %) 72
Xlqq¢  0.56
X5 346  XSW*t  0.29 9 130 ¥rtr— 0.24
Xz 0.22 Wete™ 0.20
Xih 0.14 Xiptp~ 020
t1b 0.14 ey 0.04 x 3

Ty, 0.04 x 3
0o, 0.03 x 3

;176 xyve  0.53 e 161 X0 0.48
X5~ 0.32 XSve 0.12
X3 0.15 Y 0.40

7131 97~ 1.00

7 177 xyv. 053 v, 161 X7 0.48
X9t~ 031 XSvr 0.12

Wr- 0.16 Vv, 0.40
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The background may originate from the flavour-conserving SUSY pro-
cesses:

Bl: ete”™ = X3 X7 X3 =1 0, e (= pT)XT

B2: ete” »Xxaxi, X3 =71 (=uN)i, ot

B3: ete™ — p;if i = xth, o x{t (= p),

B4: ete = 777y, A =1ty X0 = 07t (= jets) T (= puo),
Ty —> UrX] -

Note that in all background cases B1-B4 the y comes from 7 decay after the
77X events are produced. Allowing two quark jets to overlap, an important
SM background to the final states with 7tuF+ > 3jets + B also comes
from

B5: efe™ — tig.

10 T T T

Am,,(GeV)

0.1 r

1 1 1 1

01 02 03 04 05 06 07 08 09 1

0.01 . . .
0

sin28,,

Fig.1. The significance contours (for the SUSY point mentioned in the text) in
Ama3z — sin 2023 plane for /s =500 GeV and for different luminosity options, con-
tours A, B and C being for 50 fb~!, 500 b~ and 1000 fb~!, respectively. The
dashed line is for only #7° contribution with luminosity 500 fb~!. The upper-right
side of these contours can be explored or ruled out at the 3o level.
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To assess the sensitivity to the SLFV processes the signal and back-
ground events have been selected using simple parton level simulation with
a number of simple kinematic cuts listed in [11]. Using Poisson distribu-

tions, the significance is given by o4 = ﬁ where N and B is the number

of signal and background events respectively for a given luminosity. Fig. 1
shows the region (to the right of the curve) in the Amsgs—sin 26,3 plane that
can be explored or ruled out at a 3o level by the linear collider of energy
500 GeV for the given integrated luminosity. The contours are drawn for
three luminosity options, namely 50 fb=!, 500 fb~! and 1000 fb~!, whereas
the dashed line shows the reach of the process ;7§ alone using our cuts
and assuming luminosity of 500 fb~!. Comparing the dashed line with line
B we see that that the chargino contribution, [S1] and [S2], increases the
sensitivity range to sin®fy3 by 10-20 % while the sensitivity to Amags does
not change appreciably.

7. Conclusions

Neutrino oscillations imply the violation of individual lepton flavour
numbers and raise an interesting possibility of observing processes with a vi-
olation of lepton flavour between two charged leptons. Current experimental
data seem to suggest a hierarchy between the energy scales that govern the
lepton flavour violation and the B or L breaking. Supersymmetry provides
a natural framework for such a hierarchy and many interesting signals of
SLFV processes may be expected at future colliders.
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Research (KBN) Grant no. 5 P03B 119 20 (2001-2002) and the European
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