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Probing Lepton Flavor Violation at Future Colliders

Nima Arkani-Hamed, Hsin-Chia Cheng, Jonathan L. Feng, and Lawrence J. Hall
Theoretical Physics Group, LBNL and Department of Physics, University of California, Berkeley, California 9
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Supersymmetric theories with significant lepton flavor violation haveẽ andm̃ nearly degenerate. In
this case, pair production of̃e1ẽ2 and m̃1m̃2 at LEP II and at the Next Linear Collider (NLC) leads
to the phenomenon of slepton oscillations, which is analogous to neutrino oscillations. The reach in
Dm2 and sin2 2u gives a probe of lepton flavor violation which is significantly more powerful than the
current bounds from rare processes, such asm ! eg. Polarizablee2 beams and thee2e2 mode at the
NLC are found to be promising options. [S0031-9007(96)01112-X]

PACS numbers: 11.30.Hv, 12.60.Jv, 13.10.+q, 14.80.Ly
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Two fundamental questions of particle physics are
origin of electroweak symmetry breaking and the patt
of the quark and lepton mass matrices, known as the
vor problem. Extensions of the standard model with we
scale supersymmetry have been widely studied: The
hanced space-time symmetry offers an understandin
the hierarchy of the weak and Planck scales, electrow
symmetry breaking is triggered by the dynamics of a he
top quark, and the unification prediction for the weak m
ing angle is highly successful if there are superpartner
the weak scale. The experimental discovery of superp
ners would represent enormous progress in underst
ing electroweak symmetry breaking, but would it allo
progress on the flavor problem?

It is probable that all the quarks and leptons have b
discovered. Although further light will be shed on th
flavor problem by measuring the 13 fermion masses
mixings to greater accuracy, within the minimal three g
eration standard model there are no new flavor parame
to measure. In any supersymmetric extension of the s
dard model, the superpartners of the quarks and lep
must be given masses. There are 15 new flavor para
ters in the scalar mass eigenvalues, and seven new fl
mixing matrices [1]

Wa ­ Uy
a Va, a ­ uL,R , dL,R , eL,R , nL , (1)

arising as relative rotations between the matricesUa and
Va that diagonalize the scalar and fermion mass matri
respectively. At the neutral gaugino vertex of speciesa,
the ith generation scalar is converted to thejth generation
fermion with amplitudeWaij . If supersymmetry is correc
it will furnish a large new arena for studying the proble
of flavor.

The last twenty years have seen a succession
discoveries of heavy quarks and leptons. After the ini
discovery and mass measurement, the focus has tu
to the measurement of the flavor violations via t
parameters of the Cabibbo-Kobayashi-Maskawa ma
VCKM ­ Vy

uL
VdL . If supersymmetry is discovered, w

envisage a similar progression: After measurement
superpartner masses, the focus will shift to a study of
new flavor mixing matrices at the gaugino vertices. R
flavor changing processes, such asm ! eg, t ! mg,
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t ! eg, b ! sg, and neutral meson mixing, provid
important constraints on theWa mixing matrices via the
virtual effects of superpartners. In this paper, howev
we show that, once superpartners are discovered, it
be possible to probe these matrices much more power
by directly observing the change in flavor occurring at
superpartner production and decay vertices. We cons
lepton flavor violation, and find that, if sleptons are ma
at LEP II or the Next Linear Collider (NLC), the 21, 32
and 31 elements ofWeL ,eR will be probed considerably
beyond the most stringent present limits, which res
from m ! eg, t ! mg, andt ! eg, respectively.

There are many theoretical ideas for the origin of
scalar and fermion masses in supersymmetry and
symmetries that govern them [2]. In this Letter we do n
discuss these theories; we concentrate on the questio
how well WeL,eR

can be probed at future electron collide
in a model independent way, assuming only that slept
are directly produced. Nevertheless, an important ques
is which experimental signature will provide the best pro
of this physics, and hence is most likely to produce a sig
To evaluate this, we find the reach of NLC forWeL,eRij ,
i fi j, and compare it to the corresponding Cabibb
Kobayashi-Maskawa (CKM) matrix element,VCKMij. We
find that only in the caseij ­ 12 can the NLC probe
mixing angles be as small as the CKM case, and, in
case, the probe can be very far beneath the CKM c
Hence in this paper we limit ourselves to an analysis
the lightest two generations. Further details of this ca
and the reach for flavor violation involving the tau, will b
given in a subsequent paper [3].

If WeL,eR12 are comparable to the Cabibbo ang
then the rate form ! eg is typically 4 orders of
magnitude above the experimental bound; this is par
the well-known supersymmetric flavor changing probl
[4]. It is solved by having considerable degenera
between the superpartnersẽ and m̃, leading to a super
GIM cancellation in the amplitude form ! eg. The
near degeneracy of̃e and m̃, together with their mas
mixing, which results in nonzeroWeL,eR12, implies that
the direct production of̃e and m̃ results in lepton flavor
oscillations, analogous to strangeness oscillations
© 1996 The American Physical Society 1937
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neutrino oscillations. Unlike the neutrino case, howev
ẽ andm̃ decay very quickly, and hence the relevant sig
is the time integrated one. Nevertheless, the reach
an experiment is best described by plotting event
contours in thessin 2u, Dm2d plane [5].

The gauge eigenstate scalarsjẽl, jm̃l are related to the
mass eigenstate scalarsj1l, j2l via

jẽl ­ 1 cosuj1l 1 sin uj2l ,

jm̃l ­ 2 sin uj1l 1 cosuj2l , (2)

where sinu ­ W12. Suppose that at timet ­ 0 we
produce a gauge eigenstate selectron in ane-e collision:
jcs0dl ­ jẽl. The state at timet is

jcstdl ­ cosue2sGy2dt2im1t j1l 1 sin ue2sGy2dt2im2tj2l

­ scos2 ue2sGy2dt2im1t 1 sin2 ue2sGy2dt2im2tdjẽl

2 sin u cosuse2sGy2dt2im1t 2 e2sGy2dt2im2tdjm̃l ,

(3)

where we have neglected the difference between the wi
of the two mass eigenstates and set them equal toG. The
probabilityPsẽ ! fmd that the gauge eigenstate selectr
decays into the final state containing a muon,fm, is

Psẽ ! fmd ­

R
`
0 dtjkm̃ j cstdlj2R`
0 dtkcstd j cstdl

3 Bsm̃ ! fmd

­ 2 sin2 u cos2 u
sDm2d2

4m2G2 1 sDm2d2

3 Bsm̃ ! fmd , (4)

where Dm2 ­ m2
1 2 m2

2, m ­ sm1 1 m2dy2, and
Bsm̃ ! fmd is the branching fraction for̃m ! fm. The
term depending onDm2 is the quantum interferenc
factor neglected in [5]. Note that, whenDm2 ¿ mG,
this factor becomes 1 and the interference effect can
ignored. However, whenDm2 ø mG, the factor goes
to zero and the interference effect cannot be neglec
G is typically much smaller thanm: For instance, if
the only decay mode for a gauge eigenstate right-han
selectron isẽ ! ex̃0, where x̃0 the lightest neutralino
Gym ­ ay2 cos2 uW s1 2 m2

x̃0ym2d2 , 0.01. Thus, as
long asDm2ym2 . 0.01, there is no interference suppre
sion of the flavor changing process. However,Bsm !

egd constrains the product sinu cosuDm2ym2 to be
(roughly) less than,0.01, so there is competition betwee
these different probes of flavor violation.

We have calculated the cross sections for the flav
violating processese1e2 ! e6m7x̃0x̃0 and e2e2 !

e2m2x̃0x̃0. In calculating these cross sections, we ha
correctly treated the different interferences in differe
channels. In thee2e2 case, the amplitude comes fro
t-channel neutralino exchange producing gauge eig
state selectrons, while in thee1e2 case there are add
tional contributions froms-channel annihilation intogyZ
producing gauge eigenstate selectrons and smuons
both cases, the sleptons produced oscillate and decay
leptons and lighter superpartners. Consider thee2e2
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case with both beams right polarized. The cross secti
for e2

R e2
R ! e2m2x̃0x̃0 depends on the right-handed

mixing angle in the combination sin2uR , on the mass dif-
ference of the right-handed scalarsDm2

Rym2
R (via the in-

terference effect), on the average mass of the right-hand
selectrons and smuonsm2

R, and, finally, assuming that the
lightest superpartner (LSP) is pure Bino, on the Bino ma
M1. Fixing m andM1, we will give contour plots below
for the cross section in thessin 2uR , Dm2

Rym2
Rd plane. For

comparison, we will also include contours ofBsm ! egd
in our plots. TheuR-dependent amplitude form ! eg

contains two pieces: one depending on the same para
ters just discussed and the other depending further on
left-right scalar mass mixing parameterA 1 m tan b and
the left-handed scalar masses.

Having discussed the flavor-violating cross sections, w
now examine the possibility of detecting flavor-violating
signals at future colliders. We first consider the sensitivi
of the LEP II e1e2 collider, with a center of mass
energy

p
s ­ 190 GeV and an integrated luminosity of

roughly 500 pb21. We then turn to the NLC, with
design energy

p
s ­ 500 GeV and luminosity50 fb21yyr

in e1e2 mode. Thee2e2 luminosity is currently being
studied [6], and may be degraded somewhat from t
e1e2 luminosity. We will, however, assume an even
sample of 50 fb21 in both modes. A5s discovery
signal then requiresS $ 7.1

p
B

p
0.5yY for LEP II and

S $ 0.71
p

B
p

50yY for the NLC, whereS andB are the
signal and background cross sections after cuts (in f
and the total integrated luminosity isY fb21.

To discuss the flavor violation discovery potential o
LEP II, we first choose some representative values f
the various supersymmetric (SUSY) parameters. (Som
implications of deviations from these choices will be dis
cussed below.) Sleptons with mass below 85–90 Ge
are expected to be discovered at LEP II. We therefo
consider the case wheremẽR ø mm̃R ø 80 GeV. The
LSP must be lighter than this, and we assume that it
Bino-like with massM1 ­ 50 GeV. For simplicity, we
also assume that the production of all other supersy
metric particles is suppressed, either kinematically or, f
example, in the case of neutralinos, through mix
ing angles. The sleptons, then, decay directly
the LSP, and the flavor-violating signal ise1e2 !

sẽR , m̃Rd sẽR , m̃Rd ! e6m7x̃0x̃0.
At LEP II energies, the dominant standard mode

background to thee6m7 final state isW pair production,
where bothW bosons decay toe or m, either directly
or through t leptons. Including branching ratios, this
cross section is 680 fb. TheWW background may be
reduced with cuts, as has been discussed in a num
of studies [7]. (Of course, if sleptons are significantl
lighter than 80 GeV, one may run below

p
s ­ 160 GeV

and eliminateWW production altogether.) Depending on
the LSP mass, the cuts may be optimized to reduce
background to,10 100 fb, while retaining 40%–60% of
the signal. Given an integrated luminosity of500 pb21,
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then, the required cross section for a5s effect is
,40 185 fb. The flavor-violating cross section is plotte
in Fig. 1, along with the constraint fromBsm ! egd
for various values of̃t ; 2sA 1 m tan bdymR . (In the
limit of large left-handed scalar mass, theA 1 m tan b

contribution to m ! eg vanishes, and so this limi
corresponds to thẽt ­ 0 contour.) The cross sectio
contours extend to sinuR , 0.15 and, for low values of
t̃, extend the reach in parameter space significantly.

We have assumed above that no other supersymm
ric particles are produced. If this is not the case, th
may be supersymmetric backgrounds. However, the
persymmetric backgrounds tend to be small relative
the WW background; in the case of stau pairs, for exa
ple, after branching ratios are included, this backgrou
is O s10 fbd. We have also assumed above that we
in the region where the lighter chargino and neutralin
are gauginolike. If they are Higgsino-like, the slepto
decay widths are greatly reduced, and theDm2

RysmRGd
suppression takes effect only for smallerDm2

R . Thus, the
e6m7 signal can probe regions of even smallerDm2

Rym2
R.

However, fore1e2 machines, the cross section becom
smaller whenM1 is large. The reach in mixing angle ma
be slightly worse.

If sleptons are not produced at LEP II, they may
discovered at the NLC. To consider the potential f
discovering slepton flavor violation there, we consid
right-handed slepton massesmẽR , mm̃R ø 200 GeV, and
M1 ­ 100 GeV. Again, we assume that we are in th
gaugino region, and that the production of other spartic
is suppressed.

FIG. 1. Contours of constantsse1e2 ! e6m7x̃0x̃0d (solid)
in fb for LEP II, with

p
s ­ 190 GeV, mẽR , mm̃R ø 80 GeV,

andM1 ­ 50 GeV. The thick gray contour represents the o
timal experimental reach in one year (40 fb). Constant c
tours of Bsm ! egd ­ 4.9 3 10211 and 2.5 3 10212are also
plotted for degenerate left-handed sleptons with mass 120 G
and t̃ ; 2sA 1 m tan bdymR ­ 0 (dotted), 2 (dashed), and
50 (dot-dashed).
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There are many options at the NLC, as both high
polarizede2 beams ande1e2 and e2e2 modes may be
available. We consider first thee1e2 modes. At NLC
energies,W pair production is still a large backgroun
at 7 pb, but there are now others, includinge6nW7,
which, at 5 pb, is a large background even though
electron tends to disappear down the beam pipe,
se1e2dW 1W2, which is only 200 fb, but is difficult to
remove from the signal. Nevertheless, efficient cuts ha
been devised for (flavor-conserving) selectron and smu
pair production [8,9], and these also effectively isolate t
flavor-violating signal. Applying the cuts of Ref. [8], we
find that the standard modele6m7 background is reduced
to 5.2 fb for unpolarized beams, while,30% of the
signal is retained. This may be improved further by usi
a e2

R beam, which doubles the signal and removesW
pair production, reducing the background to 2.6 (2.3)
for 90% (95%) beam polarization. (Note also that th
e2

R beam also highly suppresses the pair production
Wino-like charginos.) Given a year’s running at desig
luminosity, the required5s signal is 3.8 (3.6) fb. Cross
sections fore1e2

R ! e6m7x̃0x̃0 at the NLC are given
in Fig. 2. We see that the NLC ine1e2 mode is also
a powerful probe of the flavor-violating parameter spac
extending to sinuR ­ 0.06 and probing parameter spac
for which Bsm ! egd ­ 10214 s10211d for t̃ ­ 2 (50).
The extent of parameter space probed is seen to
insensitive to beam polarization.

An intriguing feature of the NLC is its ability to
run in e2e2 mode. This option allows one to polariz
both beams, and has extremely low backgrounds.
example,WW production, previously our most trouble
some background, and chargino production are both eli

FIG. 2. Contours of constantsse1e2
R ! e6m7x̃0x̃0d (solid)

in fb for NLC, with
p

s ­ 500 GeV, mẽR , mm̃R ø 200 GeV,
andM1 ­ 100 GeV (solid). The thick gray contour represen
the experimental reach in one year. Constant contours
Bsm ! egd are also plotted as in Fig. 1, but for left-hande
sleptons degenerate at 350 GeV.
1939



VOLUME 77, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 2 SEPTEMBER1996

a
d
o
o

n

it

t
n

v
it
h

is
n
e
lts
o

a
r
n

h
e
i

ny
e

ly

2].
on:

e
].
ul
her
y
rt

of
h
der
he
of
by

v.
and
e

nd
s

ll

i,

n-

ion

s.

es
,

nd

i,
nated. However, as first noted in Ref. [10], slepton p
production is allowed, as SUSY theories naturally provi
Majorana particles, the neutralinos, which violate fermi
number. The flavor-violating signal is slepton pair pr
duction followed by decays to the final statee2m2x̃0x̃0.
In fact, the backgrounds are so small ine2e2 mode that
m2m2 final states may also be used [3].

Assuming excellent lepton charge identification and
hermetic detector, there are essentially no backgrounds
the RR beam polarization. For LR (LL), the domina
background ise2nW2 with cross section 43 (400) fb
[11], where the electron is required to have rapid
h , 3 and the branching fraction ofW2 ! m2nm has
been included. Thus, without any additional cuts, if bo
beams are 90% (95%) right polarized, the backgrou
is reduced to 12 (5.1) fb, and the required5s signal is
2.4 (1.6) fb. Cross sections fore2

R e2
R ! e2m2x̃0x̃0 are

given in Fig. 3. This proves to be the most sensiti
mode considered so far, probing mixing angles w
sin uR ­ 0.02 and probing parameter space for whic
Bsm ! egd ­ 10215 (10212) for t̃ ­ 2 (50).

Finally, we note that, once lepton flavor violation
detected, the next step will be to identify its sources a
measure it precisely. For simplicity, we have chos
scenarios in which the flavor-violating signal resu
solely fromWeR

mixing. This analysis may be applied t
WeL

mixing with the analysis of left-handed sleptons. O
course, in more general settings, flavor-violating sign
from both WeL

and WeR
mixing may be accessible. Fo

example, if both left- and right-handed charged slepto
are available, the flavor-violating cross section ine1e2

mode may depend on both mixings. However, in t
e2e2 mode, one can isolate the flavor violation to eith
WeL or WeR by polarizing both beams, a considerable a
in disentangling the flavor-violating matrices.

If sleptons are discovered at the NLC, theem signal
will provide the most powerful probe of flavor violation

FIG. 3. Same as in Fig. 2, but forsse2
R e2

R ! e2m2x̃0x̃0d.
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mixing between the two lightest generations. Ma
theories of flavor will be probed: for example, thos
that giveW12 ­

p
meymm, in analogy toVus ­

p
mdyms.

Although it is possible that lepton flavor is exact
conserved, many unified theories giveW12 andDm2 large
enough to be detected, as, for example, in Ref. [1
Important tests are also possible in the third generati
t ! mg st ! egd do not give bounds onW32 sW31d
(althoughm ! eg constrains their product) but can b
probed down to approximately 0.2 (0.05) at the NLC [3
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