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Abstract

We consider sparticle decays that violateτ lepton number, motivated by neutrino oscillation data. We work in the con
of the constrained minimal supersymmetric extension of the Standard Model (CMSSM), in which the different slepto
identical masses at the GUT scale, and neutrino Dirac Yukawa couplings mix them. We find that the branching ratio for
the heavier neutralinoχ2 → χ + τ±µ∓ is enhanced when the LSP massmχ ∼ mτ̃1

, including the region of CMSSM paramet
space where coannihilation keeps the relicχ density within the range preferred by cosmology. Thusχ2 → χ +τ±µ∓ decay may
provide a physics opportunity for observing the violation ofτ lepton number at the LHC that is complementary toτ → µ + γ

decay. Likewise,χ2 → χ + e±µ∓ decay is also enhanced in the coannihilation region, providing a complement toµ → e + γ

decay.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Mixing between different neutrino flavours h
now been amply confirmed by experiments on b
atmospheric[1] and solar[2,3] neutrinos. The dis
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torted zenith-angle distributions observed by Sup
Kamiokande provided a ‘smoking gun’ for atm
spheric-neutrino oscillations, establishing that th
are most likely due to near-maximalνµ–ντ mixing.
Subsequently, SNO provided two ‘smoking guns’
solar-neutrino oscillations, providing direct eviden
for near-maximalνe → νµ,τ oscillations[4] through
its measurements of the charged- and neutral-cur
scattering rates.

These observations lead one to expect the co
sponding charged-lepton numbers to be violated
some level. However, the rates for such proces
would be unobservably small if neutrino masses w
generated by the seesaw mechanism[5] and there
.
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was no lower-energy physics beyond the Stand
Model. However, the naturalness of the gauge hie
chy, grand unification of the gauge couplings and
relic density of supersymmetric dark matter all sugg
that supersymmetry should appear at an energy s
� 1 TeV. This suggests that processes violating
different charged-lepton numbers might be observa
in low-energy experiments. Indeed, charged-lept
number violating processes could occur at embarr
ingly large rates if the soft supersymmetry-break
masses of the squarks and sleptons were not un
sal. For this reason, it is often assumed that th
masses are equal at the grand-unification scale, a
the constrained minimal supersymmetric extension
the Standard Model (CMSSM).

Even in this case, renormalization of the s
supersymmetry-breaking slepton masses would o
in the minimal supersymmetric version of the se
saw model for neutrino masses, thanks to the D
Yukawa couplings of the neutrinos[6]. These are ac
tive in the renormalization-group equations at sca
between the GUT scale and the heavy singlet-neut
mass scale, and are not expected to be diagon
the same basis where the light leptons are flavo
diagonal. This scenario provides the minimal credi
amount of charged-lepton-flavour violation: it cou
be enhanced by GUT interactions and/or non-unive
slepton masses at the GUT scale.

Many signatures for charged-lepton-flavour vio
tion have been considered in this scenario[7–12], in-
cluding µ → eγ and related decays,τ → µγ and
τ → eγ decays. Any or all of these may be favour
by the (near-)maximal mixing observed amongst
corresponding neutrino species. Other things be
equal, one expects these decays to be relatively l
when the soft supersymmetry-breaking massesm1/2
and/orm0 are relatively small, as has been borne ou
specific model-dependent studies. Another possib
that has been considered is the decayχ2 → χ + e±µ∓
[13,14], whereχ is the lightest neutralino, assume
here to be the lightest supersymmetric particle (LS
andχ2 is the second-lightest neutralino. It has been
gued that this decay might have a rate observable a
LHC for certain choices of the CMSSM parameters

In this Letter, we consider the alternative dec
χ2 → χ + τ±µ∓ [15]. This has certain theoretical a
vantages over the decayχ2 → χ + e±µ∓ considered
previously, since the feedthrough into the charg
lepton sector may be enhanced by larger Dirac Yuka
couplings and/or lighter singlet-neutrino masses,
compared to theνµ–νe sector, if neutrino masses e
hibit the expected hierarchical pattern, andντ –νµ mix-
ing is also known to be essentially maximal. On t
other hand, the decayχ2 → χ + τ±µ∓ has a less dis
tinctive experimental signature thanχ2 → χ + e±µ∓.
Both decays should be explored at the LHC and a p
sible lineare+e− collider, and which mode offers be
ter prospects may depend on the neutrino-mass m
and the experiment.

We find that the branching ratio forχ2 → χ +
τ±µ∓ decay is enhanced whenmχ2 > mτ̃1 > mχ ,
where τ̃1 is the lighter stau slepton. This occurs
a wedge of the(m1/2,m0) parameter plane in th
CMSSM that is complementary to that explored
τ → µγ . The region of CMSSM parameter spa
where this enhancement occurs includes the re
whereχ − �̃ coannihilation suppresses the relic de
sity Ωχ , keeping it within the range 0.1< Ωχh2 < 0.3
preferred by astrophysics and cosmology, even ifm1/2
is comparatively large. The interest of this coannih
tion region has been accentuated by the latest ex
imental constraints on the CMSSM, such asmh and
b → sγ decay, which disfavour low values ofm1/2.
We show that the branching ratio forχ2 → χ + τ±µ∓
decay may be a large fraction of that for the flavo
conserving decayχ2 → χ +µ±µ∓. An analogous en
hancement is expected for the flavour-violating de
χ2 → χ + e±µ∓ considered by other authors[13,14],
although the absolute branching ratio is expected t
smaller. Nevertheless, this decay may provide ano
way of probing lepton-flavour violation in the coann
hilation region.

2. Calculational framework

We assume the minimal supersymmetric ext
sion of the seesaw mechanism for generating neut
masses, in which there are three heavy singlet-neu
statesNi , and the leptonic sector of the superpoten
is

W = Nc
i (Yν)ijLjH2 − Ec

i (Ye)ijLjH1

(1)+ 1

2
Nc

i MijN
c
j + µH2H1,
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whereYν is the neutrino Dirac Yukawa coupling m
trix, Mij is the Majorana mass matrix for theNi , the
Lj andHI are lepton and Higgs doublets, and theEc

i

are singlet charged-lepton supermultiplets. The su
potential of the effective low-energy theory, obtain
after the decoupling of heavy neutrinos is[16]

Weff = LiH2
(
YT

ν

(
MD

)−1
Yν

)
ij
LjH2

(2)− Ec
i (Ye)ijLjH1.

In the basis where the charged leptons and the he
neutrino mass matrices are diagonal,

(3)Mν = YT
ν

(
MD

)−1
Yνv

2 sin2 β,

where thev = 174 GeV and tanβ = v2/v1.
As mentioned above, we work in the context

the CMSSM, where the soft supersymmetry-break
masses of the charged and neutral sleptons are
sumed to be universal at the GUT scale, with
common valuem0. In the leading-logarithmic ap
proximation, the non-universal renormalization of t
soft supersymmetry-breaking scalar masses is b
amount

(4)

(
δm2

L̃

)
ij

≈ − 1

8π2

(
3m2

0 + A2
0

)(
Y †

ν Yν

)
ij

log
MGUT

MNi

.

We note that, in this approach, non-universality
the soft supersymmetry-breaking left-slepton mas
is much larger than that in right-slepton masses w
the trilinear soft supersymmetry-breaking parame
A0 = 0, as we assume here.4 The pattern of charged
lepton-flavour violation induced by renormalizatio
depends on the details of(Yν)ij .

In plausible mixing textures, the renormalizati
of the soft supersymmetry-breaking parameters at
energies can be understood approximately in term
the dominant non-universality in the third-generat
left-slepton mass

(5)m2
0LL

= diag
(
m2

0,m
2
0, x × m2

0

)
,

where a typical value of the non-universality factor
x ∼ 0.9. Correspondingly, we assume there is an
diagonalτ̃L–µ̃L mixing term in the soft mass-square

4 In the caseA0 �= 0, this parameter would also be renormaliz

analogously tom2 (4).

L̃

-

matrix

(6)
m2
0LL

= (1− x)m2
0
sin(2φ)

2
,

whereφ is the mixing angle between the second a
third generation in the charged-lepton Yukawa mat
For the type of non-universalities introduced in(5),
this angle can be quite large without entering in c
flict with the current bounds forτ → µγ , though in
this case large mixing in the 2–3 sector must be co
bined with a small mixing angle between the first a
second generation, due to the very restrictive boun
theµ → eγ decay[17]. This mixing leads to lepton
flavour violation∼ sin2(2φ), as long as sin(2φ) is not
too large.5

We give below numerical results for sample choic
of the parameters(x,φ) that may be representative
the possibilities in specific models. We also show h
the results vary as(x,φ) are varied.

In the following, we consider mixing between th
left-handedτ - andµ-flavoured sleptons, but̃τ–ẽ mix-
ing might also be present, or even favoured in so
models. In such cases, the results would be rather
ilar to those we present, simply withµ replaced bye
in theLτ -violating decay modes studied.

We consider the following flavour-violating an
-conservingχ2 decays:

(7)χ2 → �̃i�j → χ�+
i �−

j , χ2 → ν̃iνj → χνi ν̄j ,

(8)χ2 → χZ → χ�+
i �−

i , χ2 → χZ → χνi ν̄i ,

(9)χ2 → χh → χ�+
i �−

i .

The first two decays are the only ones in which flav
violation may be expected, and it would of course
unobservable inχ2 → χνν̄ decay. The intermediat
sleptons are produced on-shell if they are lighter t
theχ2, while theZ and theh are always on-shell fo
the range of parameters that are of interest to us. S
ton exchanges andh decays may give significantl
different rates for the various flavor-conserving dec
χ2 → χ�+

i �−
i , suppressing the cases� = µ,e relative

to the case� = τ , an effect we see in subsequent plo
Our calculations are similar to[14], except that we

also include the Yukawa interactions, which are re

5 We have checked that this parametrization is generally a
good approximation forτ → µγ decay, as well as forχ2 →
χτ±µ∓.
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vant for decays intoτ leptons at large tanβ. Further-
more, we include finite-width effects in our calcul
tions ofZ0 and slepton exchanges. The neutralino a
slepton widths, which arise mainly from two-body d
cays, were calculated using theISAJET package[18],
and a check withcalcHEP [19] found good agree
ment. For the decaysχ2 → χ +µ±µ∓, we found good
agreement between our code andcalcHEP, once we
incorporated theVEGAS adaptive Monte Carlo pro
gramme for the momentum integrals in three-body
cays. The results fromVEGAS differ by several orders
of magnitude from those obtained usingISAJET for
χ2 → χ + µ±µ∓ decay close to thẽτ resonances.

For the decayχ2 → χ + τ±τ∓ the channels me
diated by higgses are important in the areas wh
mχ̃2 − mχ̃ < mτ̃1. The widths have been obtaine
using calcHEP, after adding to the package th
one-loop QCD corrected Higgs widths fromHDE-
CAY [20]. For flavour-violating decays, our calculatio
agrees withcalcHEP, once we modify the MSSM
Lagrangian included in this package to allow flavo
mixing amongτ̃1, τ̃2 andµ̃L.

3. Numerical results

The solid (black) lines inFig. 1 denote the tota
χ2 decay width, as well as the partial widths for t
flavour-violating and flavour-conserving decays,
the particular cases (a) tanβ = 10, µ > 0, m1/2 =
600 GeV and (b) tanβ = 40, µ > 0, m1/2 = 600 GeV.
In both plots, we make the representative choi
x = 0.9 andφ = π/6. In Fig. 1(a), we see a first edg
in the flavour-violating widthΓ (χ2 → χ + τ±µ∓) at
m0 ∼ 280 GeV, which is less pronounced inΓ (χ2 →
χ +µ±µ∓) and almost absent inΓ (χ2 → χ +τ±τ∓).
This reflects the dominant role of̃τ2 ∼ τ̃L exchange
in the flavour-violating case. We also note a seco
edge whenmτ̃1 = mχ2 atm0 ∼ 430 GeV, which is vis-
ible in all the flavour-violating and flavour-conservin
decays toχ and leptons. The differences betwe
Γ (χ2 → χ + τ±τ∓) and Γ (χ2 → χ + µ±µ∓) are
due, at smallerm0, to the different masses and co
plings of theτ̃1,2 and µ̃L,R being exchanged, whils
the differences at largerm0 are due toχ2 → χ + h

decay.
We see in panel (b) ofFig. 1 features atm0 = 300,

420 and 580 GeV, corresponding tom = m ,m
χ2 τ̃1 µ̃R
(a)

(b)

Fig. 1. Comparison of flavour-changing and -conservingχ2 de-
cay modes as functions ofm0 for (a) tanβ = 10, µ > 0,
m1/2 = 600 GeV and (b) tanβ = 40,µ > 0, m1/2 = 600 GeV. We
assume for illustration a non-universality factorx = 0.9 and a mix-
ing angleφ = π

6 .

andmτ̃2, respectively. The lowest and highest featu
show up inΓ (χ2 → χ + τ±µ∓) and Γ (χ2 → χ +
τ±τ∓) and the middle feature inΓ (χ2 → χ +µ±µ∓),
as one would expect. We note thatΓ (χ2 → χ +
τ±τ∓) may become relatively large for 300 GeV<
m0 < 580 GeV, becoming the dominantχ2 decay
mode.
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Fig. 2. Contours of the ratioR(τµ/µµ) of the branching ratios
for the flavour-violating and flavour-conserving decays in thex–φ

plane, for tanβ = 30,µ > 0, m1/2 = 400 GeV andm0 = 200 GeV.

The analogous plot for tanβ = 10, µ < 0, m0 =
600 GeV is quite similar to panel (a) ofFig. 1, whilst
that for tanβ = 30, µ > 0, m0 = 600 GeV is inter-
mediate between panels (a) and (b). Hence these
representative of the possibilities for flavour-violati
χ2 decays.

The ratio of branching ratiosR(τµ/µµ) ≡ Γ (χ2 →
χ + τ±µ∓)/Γ (χ2 → χ + µ±µ∓) is shown as (red
dashed lines inFig. 1(a), (b). In panel (a), the quan
tity R(τµ/µµ) also exhibits clearly the first edge
m0 ∼ 280 GeV. The second edge atm0 ∼ 430 GeV
also appears strongly, reflecting the facts that flav
violation appears mainly in the left-slepton sect
and that theτ̃2 is mainly τ̃L. We see that, for ou
choices ofx andφ, R(τµ/µµ) may be of order unity
for m0 < 270 GeV, and∼ 10−2 for m0 < 430 GeV.
Only at largerm0, where theχ2 → χ + τ̃ decay
becomes kinematically inaccessible, doesR(χ2 →
χ + τ±µ∓) drop below 10−3. In panel (b) ofFig. 1,
we see thatR(τµ/µµ) ∼ 0.1 to unity for 350 GeV<
m0 < 580 GeV, dropping below 10−3 only for m0 >

600 GeV.
In Fig. 2 we display contours of the ratioR(τµ/

µµ) of the branching ratios for the flavour-violatin
decayχ2 → χ + τ±µ∓ and the flavour-conservin
decayχ2 → χ + µ±µ∓ in the x,φ plane, for the
particular choices tanβ = 30, m1/2 = 400 GeV and
m0 = 200 GeV of the CMSSM parameters. We s
that the previous choicex = 0.9, φ = π/6 is not
particularly exceptional. To quite a good approxim
tion, R(τµ/µµ) scales by the square of the fact
(1 − x)sin(2φ) shown in(6). This makes it relatively
easy to reinterpret our illustrative results in the co
text of any specific flavour texture model that mak
definite predictions forx andφ.

We display in Fig. 3 contours of the branchin
ratio for the flavour-violating decayτ → µγ (thin
blue lines) and the flavour-violating ratioR(τµ/µµ)

(thick black lines) in the(m1/2,m0) planes for differ-
ent choices of tanβ and the sign ofµ. In each case
we have again made the representative choicesx = 0.9
andφ = π/6.

The contours whereR(τµ/µµ) = 10−1, 10−2,
10−3, 10−4 and 10−5 are shown as thick black solid
dashed, dot-dashed, dot-dot-dashed and dot-das
dashed lines. We also display contours ofBR(τ →
µγ ) = 10−6, 10−7, 10−8, 10−9 as thin blue solid,
dashed, dot-dashed and dot-dot-dashed lines. We
that largeµ̃–τ̃ (or ẽ–τ̃ ) mixing is not excluded by the
present upper limits onBR(τ → µ(e)γ ), which are
both just above 10−6. We also recall that theχ2 is
observable at the LHC in cascade decays of hea
sparticles[21] for many choices of CMSSM param
ters [22]. We see immediately fromFig. 3 that the
regions whereχ2 → χ + τ±µ∓ may be observable a
the LHC (or a future lineare+e− collider?), perhaps
where R(τµ/µµ) � 10−2, are largely complemen
tary to those whereτ → µγ may be observable at th
LHC or a B factory, perhaps whereBR(τ → µγ ) �
10−8.

For the choice of parameters ofFig. 1, ISASUGRA
estimates values forBR(ũL → χ0

2 + X) to be of the
same order asBR(d̃L → χ0

2 + X). The combined val-
ues can be rounded to 0.6 for all the values ofm0
and tanβ. This value is much higher than theBR(g̃ →
χ0

2 +X) since in this region of the parameter space
gluino is heavier than the squarks. Then, if we imag
a total number of SUSY events on the order of 105, for
(i) tanβ = 10 we can see that the number ofχ0

2 → τµ

decays can reach several hundreds form0 < 280 GeV
and decreases significantly beyond this point. On
other hand for (ii) tanβ = 40, the number of event
can reach a few tens whenm0 < 530 GeV. However
we see that for tanβ = 40 in the range ofm0 where
mτ̃1 < mχ̃2 the LSP is the lightest stau, hence the v
ues of m0 that would have led to a big number
events are forbidden in this case.
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(a) (b)

(c) (d)

Fig. 3. Contours ofR(τµ/µµ) (thick black lines) andBR(τ → µγ ) (thin blue lines) in the(m1/2,m0) planes for (a) tanβ = 10, µ > 0,
(b) tanβ = 10, µ < 0, (c) tanβ = 30, µ > 0, (d) tanβ = 40, µ > 0, for x = 0.9 andφ = π/6. The regions disallowed at lowm1/2 andm0
by measurement ofaµ at the 3σ level (see text) are dark (brown) shaded, and the dark (green) shaded regions at largem1/2 and lowm0 are

excluded because the LSP is the chargedτ̃1. The light grey shaded regions are those with 0.1 < Ωχh2 < 0.3 that are preferred by cosmolog
(calculated usingMICROMEGAS [23]), the medium (blue) shaded regions are excluded byb → sγ [25], and the dotted line ismh = 114.1 GeV
(calculated usingFeynHiggs [28]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
of this Letter.)
tom
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The darker (green) shaded regions in the bot
right corners of the panels inFig. 3 are excluded be
cause there the LSP is the lighter stau:τ̃1. Such a
charged LSP would be in conflict with basic ast
physics. The lighter (grey) shaded regions are th
in which the cosmological relic density of the ne
tralino LSPχ is in the range preferred by cosmolog
0.1 < Ωχh2 < 0.3 as calculated usingMICROMEGAS
[23], and in agreement with our previous calculatio
[24–26], whereh ∼ 0.7 is the current Hubble expan
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sion rate in units of 100 km/(s Mpc).6 In each panel
there is a region at smallm1/2 that is disfavoured by
laboratory experiments. The regions at smallm1/2 ex-
cluded by theb → sγ decay rate are medium (blu
shaded, the regions disfavoured bygµ − 2 at small
m1/2 andm0 are darker (brown) shaded, and the (d
ted) line is wheremh = 114.1 GeV as calculated usin
FeynHiggs [28]. The measurement[30] of the muon
anomalous magnetic moment,aµ, confirmed the ear
lier ones[29] with twice the precision of the previou
data. Following the analysis of Ref.[31] there is a
considerable discrepancy between the results base
e+e− andτ data. Taking both results into account, w
consider the range−16× 10−10 < δαµ < 57× 10−10

for the supersymmetric contribution toaµ at the 3σ
level, also taking into account the corrected[32] sign
of the pseudoscalar pole contribution to the light-b
light scattering correction toaµ. Together, these con
straints favour the coannihilation strip wheremτ̃1 ∼
mχ in all the panels, and the channels at largem1/2
andm0 in panel (d) where direct-channelχχ → A,H

annihilation is relatively rapid.
In panel (a), for tanβ = 10,µ > 0, the LEP search

for the Higgs boson disfavoursm1/2 � 360 GeV. In
panel (b), for tanβ = 10, µ < 0, the observed rat
for b → sγ decay excludesm1/2 � 300 GeV, the
LEP search for the Higgs boson disfavoursm1/2 �
430 GeV, andgµ − 2 excludes a triangle extending u
to m1/2 ∼ 350 GeV. In panel (c) for tanβ = 30,µ > 0,
the LEP Higgs limit disfavoursm1/2 � 340 GeV, and
the other constraints are weaker. A similar pattern
repeated in panel (d), for tanβ = 40,µ > 0.

In cases (a), (b), (c), the only region of the(m1/2,

m0) plane that survives these constraints is the s
parallel to the boundary of the disallowed regio
wheremχ/mτ̃1 ∼ 1.1–1.2, and coannihilation keep
Ωχh2 within the range allowed by astrophysics a
cosmology. This is precisely the region whereR(τµ/

µµ) is maximized, and hence the chances of observ
the decay may be maximized. We do note, howe
that R(τµ/µµ) has a tendency to fall asm1/2 in-
creases along this strip, which is apparent in panels
and (d). We further note in panel (d) thatR(τµ/µµ) �

6 WMAP measurements[27] reduce the uncertainty inΩχh2,
yielding narrower cosmological strips, but with similar implicatio
for our analysis.
10−2 also on the right side of the rapidχχ → A,H

annihilation channel, but may be significantly low
on the left side of this channel.

4. Conclusions

We have demonstrated in this Letter that the de
χ2 → χτ±µ∓ provides an opportunity to look forτ
flavour violation at the LHC that is largely compl
mentary to the search forτ → µγ . Essentially all the
above analysis would apply also if the slepton m
ing texture favoursχ2 → χτ±e∓ and τ → eγ over
χ2 → χτ±µ∓ and τ → µγ : it is even possible tha
both χ2 → χτ±µ∓/e∓ decays may be observable
the LHC.

We have phrased this analysis as model-indep
dently as possible. Specific models will predict valu
for the mixing parametersx and φ, and the scaling
of our results with these parameters is quite sim
We would expect the relevant mixing parameters to
much smaller in the case ofχ2 → χµ±e∓ decay, but
the correspondingR(µe/µµ) would be enhanced in
similar region of the CMSSM parameter space.

We note that theµ∓ produced inχ2 → χτ±µ∓
decay are likely to have significant transverse mom
tum, and any event in which theχ2 is produced is
likely to have considerable missing transverse ene
and jet activity associated with the decays of ot
sparticles. Therefore, we do not expect such even
be suppressed badly at the trigger level at the LH
though it might be more difficult to seeχ2 → χτ±e∓
decays. However, a detailed simulation goes bey
the scope of this Letter. There should be even
problem seeingχ2 → χ + τ±µ/e∓ decays at a linea
e+e− collider. We therefore urge more detailed sim
lations of this decay mode for this machine, as wel
for the LHC.
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