
ar
X

iv
:0

90
3.

14
08

v3
  [

he
p-

ph
]  

6 
M

ay
 2

00
9
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2
an be maximized, while respeting urrent low-energyonstraints, suh as those oming from the bounds on Br(µ → eγ). We estimate the ross setionfor χ0

2
→ χ0

1
+ τ +µ. Though insu�ient for a full reonstrution of the seesaw, the searh for LFVdeays of supersymmetri states at the LHC brings omplementary information to that omingfrom low energy neutrino osillation experiments and LFV searhes.Keywords: supersymmetry; neutrino masses and mixing; LHC; lepton �avour violation
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I. INTRODUCTIONNeutrino osillation experiments [1℄ have provided the �rst signal of physis beyond thestandard model (SM). These measurements show that (a) neutrinos have a non-zero massand (b) lepton �avour is violated. So far there is no experimental data that indiates thatlepton number is also broken. However, one expets neutrinos to be Majorana partiles,their mass at low energy being desribed by a unique (∆L = 2) dimension-5 operator [2℄
Lmν

=
f

Λ
(HL)(HL). (1)where Λ is some high energy sale, f a dimensionless oupling onstant, and H (L) theHiggs boson (lepton) doublets, respetively. Many model realizations of eq. (1) exist, themost famous being the seesaw mehanism. The latter an be implemented via the exhangeof a heavy singlet fermion, usually alled type-I seesaw [3, 4, 5, 6℄. The exhange of a salartriplet [6, 7, 8, 9, 10, 11℄ is now known as type-II seesaw 1. The exhange of a fermionitriplet [12℄ is alled type-III seesaw in [13℄. A list of generi 1-loop realizations of eq. (1) analso be found in [13℄. Further seesaw realizations, suh as the inverse and the linear seesaw,are disussed in [14℄.At �low� energies one annot deide whether tree-level or loop physis generates eq. (1),nor an any measurements of neutrino angles, phases or masses distinguish between the dif-ferent tree-level seesaw realizations. Under the assumption of a pure type-I or pure type-IIminimal supergravity seesaw mehanisms, we reonsider here the prospets for reonstrut-ing the underlying high energy parameters from a ombination of di�erent measurements.Clearly, observables outside the neutrino setor are needed in order to ultimately learn aboutthe high energy parameters haraterizing the seesaw. The lassial tree-level realizationsof the simplest type-I seesaw mehanism, unfortunately, an not be put to the test in adiret way. This an be straightforwardly understood by inverting eq. (1), whih results in

Λ ∼ f
(

0.05 eV

mν

)
1015 GeV.If the CERN LHC, due to take �rst data, �nds signs of eletroweak sale supersymmetry,indiret insight into the high-energy world might beome possible through the searh for�avour violation e�ets [15, 16℄. Starting from �avour diagonal soft supersymmetry breakingterms at some high energy �uni�ation� sale, �avour violation appears at lower energies dueto the renormalization group evolution of the soft breaking parameters [17, 18℄. If the seesawmehanism is responsible for the observed neutrino masses, the neutrino Yukawa ouplingsleave their imprint in the slepton mass matries as �rst shown in [19℄. Potentially largeLFV is then indued by the �avour o�-diagonal struture in the Yukawa ouplings requiredby the large mixing angles observed in osillation experiments [20℄. Expetations for LFVdeays suh as li → lj + γ and li → 3lj in the supersymmetri seesaw have been studied in[21, 22, 23, 24, 25, 26℄. For the related proess of µ− e onversion in nulei see, for example[27, 28℄. The potential of LHC experiments in probing the allowed seesaw parameters1 This is the opposite onvention to that used in [6℄.2



through measurements of masses and branhing ratios of supersymmetri partiles has beenalso disussed in Refs. [29, 30, 31, 32, 33℄.In two previous studies [34, 35℄ we have pointed out that ratios of branhing ratios areespeially useful for learning about the unknown seesaw parameters. In [34℄ the ase oftype-I seesaw was disussed, whereas [35℄ addresses the ase of seesaw type-II. For the type-I seesaw, there are in general too many unknown parameters that prelude making anyde�nite preditions for LFV deays. In ontrast, in the simplest type-II seesaw model (withonly one triplet oupling to standard model leptons) neutrino mixing angles an be relatedto ratios suh as Br(τ̃2 → eχ0

1
)/Br(τ̃2 → µχ0

1
).It has been shown that, to a good approximation, suh ratios do not depend on themSUGRA parameter values. However, from an experimental point of view, alulations ofabsolute event rates are needed, before ratios of di�erent �nal state hannels an be studied.In [34, 35℄ we took as referene just a few benhmark mSUGRA points, for whih we havemade detailed studies. In the present paper we alulate branhing ratios and event ratesover a large region of mSUGRA parameter spae, in order to identify the maximal numberof events one an expet in experiments at the LHC, while still respeting all low-energyonstraints.The rest of the paper is organized as follows. In the next setion we give a short summaryof the theoretial setup. In setion III we desribe our numerial proedure and present ourresults. Finally we lose in setion IV with a disussion and a short summary.II. THEORY SETUPIn order to �x the notation, we will brie�y disuss the main features of the seesaw meh-anism and mSUGRA. The type-I supersymmetri seesaw onsists in extending the partileontent of the MSSM by three gauge singlet �right-handed� neutrino super�elds. The lep-toni part of the superpotential is then

W = Y ji
e L̂iĤdÊ

c
j + Y ji

ν L̂iĤuN̂
c
j + MiN̂

c
i N̂

c
i , i, j = 1, . . . , 3, (2)where Ye and Yν denote the harged lepton and neutrino Yukawa ouplings, while N̂ c

i are the�right-handed� neutrino super�elds with Mi Majorana mass terms. One an always hoosea basis in whih the Majorana mass matrix of the �right-handed� neutrinos is brought todiagonal form M̂R = diag(M1, M2, M3). Without loss of generality we will also assume thateq. (2) is written in the basis where the harged lepton Yukawa matrix is already diagonal.In this simple setup, the type-I seesaw model, as de�ned by eq. (2), is haraterized by atotal of 21 parameters, from whih only 12 are measurable in the low-energy theory, as wedisuss below.The e�etive mass matrix of the �left-handed� neutrinos at low energies is then given as
mν = −v2

u

2
Y T

ν · M̂−1

R · Yν , (3)3



so that, for eah �right-handed� neutrino, there is one non-zero eigenvalue inmν . In eq. (3) weuse the notation 〈Hu,d〉 =
vu,d√

2
for the vauum expetation values of the neutral omponentsof the Higgs boson doublets.The parameters of eq.(2) are de�ned at the Grand Uni�ed Theory (GUT) sale, whereasthe entries of eq. (3) are measured at low energies. In order to onnet these two sales wenumerially solve the full set of renormalization group equations (RGE) [22, 36℄.Being omplex symmetri, the light Majorana neutrino mass matrix in eq. (3), is diago-nalized by a unitary 3 × 3 matrix U [6℄

m̂ν = UT · mν · U . (4)Inverting the seesaw equation, eq. (3), allows to express Yν as [37℄
Yν =

√
2

i

vu

√
M̂R · R ·

√
m̂ν · U †, (5)where m̂ν is the diagonal matrix with mi eigenvalues and in general R is a omplex orthogonalmatrix. Note that, in the speial ase R = 1, Yν ontains only �diagonal� produts √Mimi.In this simpli�ed ase the 18 parameters in Yν are redued to 12. Note that in general type-Iseesaw shemes, the unitary matrix diagonalizing the e�etive neutrino mass matrix di�ersfrom the lepton mixing matrix by terms of order D/MR, where the D = Yνvu. For thehigh-sale shemes onsidered here one an safely neglet these deviations 2. In this asewe an set the diagonalization matrix as the lepton mixing matrix (partially) determined inneutrino osillation measurements.Implementing the type-II seesaw mehanism within supersymmetry requires at least two

SU(2) triplet states T1,2. A salar triplet with mass below the GUT sale hanges therunning of g1 and g2 in an unwanted way and gauge oupling uni�ation is lost. If insteadone adds only omplete SU(5) multiplets (or GUT multiplets whih an be deomposedinto omplete SU(5) multiplets) to the standard model partile ontent, the sale whereouplings unify remains the same (at one loop level), only the value of the GUT ouplingitself hanges [38℄.Our numerial alulation uses an SU(5) inspired model [39℄, whih adds a pair of 15and 15 to the Minimal Supersymmetri Standard Model (MSSM) partile spetrum. Thisvariant of the type-II seesaw mehanism, as disussed above, allows us to maintain gaugeoupling uni�ation even for MT ≪ MG, MG being the uni�ation sale. Under SU(3) ×
SUL(2) × UY (1) the 15 deomposes as

15 = S + T + Z (6)
S ∼ (6, 1,−2

3
), T ∼ (1, 3, 1), Z ∼ (3, 2,

1

6
).2 However for other type-I shemes, like the inverse seesaw [26, 28℄ this approximation fails and leads tolarge LFV from right-handed neutrino exhange, even in the absene of supersymmetri ontributions.For a systemati perturbative seesaw diagonalization method that overs all ases see the seond paperin Ref. [6℄. 4



T has the orret quantum numbers to generate the dimension-5 operator of eq. (1). The
SU(5) invariant superpotential reads

W =
1√
2
Y

15

ij 5̄i · 15 · 5̄j +
1√
2
λ15̄H · 15 · 5̄H +

1√
2
λ25H · 15 · 5H + Y

5

ij 10i · 5̄j · 5̄H

+ Y
10

ij 10i · 10j · 5H + M1515 · 15 + M55̄H · 5H . (7)Here, 5̄ = (dc, L), 10 = (uc, ec, Q), 5H = (t, H2) and 5̄H = (t̄, H1). Below the GUT sale, inthe SU(5)-broken phase, the superpotential ontains the terms
1√
2
(Y ij

T LiT1Lj + Y ij
S dc

iSdc
j) + Y ij

Z dc
iZLj + Y ij

d dc
iQjHd + Y ij

u uc
iQjHu + Y ij

e ec
iLjHd

+
1√
2
(λ1HdT1Hd + λ2HuT2Hu) + MT T1T2 + MZZ1Z2 + MSS1S2 + µHdHu . (8)As long as MZ ∼ MS ∼ MT , gauge oupling uni�ation will be preserved. Note that exatequality is not required for a suessful uni�ation. In our numerial studies we have takeninto aount the di�erent running of these mass parameters.Integrating out the heavy triplets at their mass sale, the dimension-5 operator of eq. (1)is generated and after eletroweak symmetry breaking the resulting neutrino mass matrixan be written as

mν =
v2

u

2

λ2

MT
YT . (9)As in the ase of the type-I seesaw, eq. (9) depends on the energy sale. In order to omputethe neutrino mass mν measured at low energies, one needs to know λ2, YT and MT as inputparameters at the high energy sale. As will be disussed in setion III, one an use aniterative proedure in order to �nd the high sale parameters from the low energy measuredquantities.Note that, without loss of generality, we have the freedom to write eqs. (2) and (7) in thebasis where the harged lepton mass matrix is diagonal, �tting the orresponding Yukawaouplings so as to reprodue the three measured harged lepton masses. However note thatthere are important di�erenes between the type-I and type-II seesaw shemes. For example,in ontrast to type-I, in a pure type-II seesaw sheme the unitary matrix U that diagonalizeseq. (9) oinides with the lepton mixing matrix studied in neutrino osillations. Moreover, insequential type-I seesaw for eah �right-handed� neutrino added there is one non-zero lightneutrino mass eigenstate 3. In ontrast, in type-II seesaw one an produe three neutrinomasses with just one pair of triplet super�elds, with only one triplet diretly oupling toleptons. This implies that in the minimal type-II seesaw one has less parameters than inthe sequential type-I seesaw. Indeed from the 12 parameters in the omplex symmetri YT3 We do not onsider here the possibility of having just two right-handed neutrino states in the type-I seesaw,alled (3,2) in Ref. [6℄. This ould well aount for the urrent neutrino data with just 12 parameters,instead of the 18 haraterizing the sequential (3,3) seesaw onsidered here.5



matrix, one an remove 3 phases by rede�ning the harged leptons [6℄. In addition, from the3 omplex parameters λ1,2 and MT , one does not enter, as only one of the triplets ouplesto leptons, and �nally, two of the three phases an also be removed by �eld rede�nitions.The net result is that there are only 11 physial parameters governing neutrino physis [35℄.This number is substantially smaller than the 18 free parameters desribing the simplesttype-I seesaw sheme ontaining three �right-handed� neutrinos [40℄ 4.At low energies a maximum of 9 neutrino parameters an be �xed by measuring leptonproperties: 3 neutrino masses, 3 mixing angles and 3 CP phases. Thus from neutrino dataonly, neither type-I nor type-II seesaw shemes an be ompletely reonstruted, even intheir simplest realizations. However, espeially important in the following is the fat thatlow-energy neutrino angles are diretly related to the high-energy Yukawa matrix in thetype-II seesaw, whereas no suh simple onnetion exists in the seesaw type-I (see also thedisussion in [41℄).As already ommented, to a good approximation the lepton mixing matrix may be takenin unitary form, with three mixing angles θij , and three physial CP phases φij [6℄. Ofthese only the leptoni analogue of the Kobayashi-Maskawa phase δ, taken as the invariantombination δ ≡ φ12 − φ13 + φ23 would enter the lass of LFV proesses disussed in thispaper, so that we get the standard form,
U =




c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13



 (10)where sij ≡ sin θij , cij = cos θij . Sine no urrent experiment is sensitive enough to probeleptoni CP violation we take, for simpliity, δ = 0. Neutrino osillation experiments anbe �tted with either a normal hierarhial spetrum (NH), or with an inverted hierarhy(IH) one. If one does not insist in ordering the neutrino mass eigenstates mνi
, i = 1, 2, 3with respet to inreasing mass, the matrix U an desribe both possibilities without re-ordering of angles. In this onvention, whih we will use in the following, mν1

≃ 0 (mν3
≃ 0)orresponds to normal (inverse) hierarhy and s12, s13 and s23 are the angles in both typesof spetra. Basially s12 is measured in solar + reator experiments, s23 in atmospheri +aelerator experiments and s13 is onstrained by reator neutrino osillation data.In the general MSSM, LFV o�-diagonal entries in the slepton mass matries involveadditional free parameters whih arise from the mehanism of supersymmetry breaking. Inorder to relate LFV in the slepton setor with the LFV enoded in Yν or YT one mustassume some partiular sheme for supersymmetry breaking. For simpliity and de�nitenesswe will adopt mSUGRA boundary onditions, haraterized by four ontinuous real and onedisrete free parameter, usually denoted as

m0, M1/2, A0, tanβ, Sgn(µ) . (11)4 We are treating the three harged lepton masses as experimentally determined parameters.6



Here, m0 is the ommon salar mass, M1/2 the gaugino mass and A0 the ommon trilinearparameter, all de�ned at the grand uni�ation sale, MG ≃ 2 · 1016 GeV. The remaining twoparameters are tanβ = vu/vd and the sign of the Higgs mixing parameter µ.In order to have a qualitative understanding of the magnitudes of the LFV rates we �rstpresent approximate leading-log analytial solutions for the renormalization group equa-tions 5. For the ase of type-I seesaw, the LFV elements indued in the harged left-sleptonmass matrix by renormalization group evolution an be approximated as [22℄
(∆M2

L̃
)ij = − 1

8π2
(3m2

0
+ A2

0
)(Y †

ν LYν)ij , (12)where Yν is given in terms of the neutrino parameters by eq. (5) and the fator L is de�nedas
Lkl = log

(MG

Mk

)
δkl . (13)Similarly, one an get an analogous approximate expression for the o�-diagonal elementsof the harged left-slepton mass matrix haraterizing LFV in type-II seesaw shemes [39℄.III. NUMERICAL RESULTSDue to the non-trivial struture of the neutrino Yukawa matrix Yν in eq. (5) and of

YT in eq. (9) for type-I and type-II seesaw, respetively, the slepton mass matries ontainalulable LFV entries [17, 19℄. In order to determine their magnitude we solve the ompleteset of renormalization group equations, given in [22, 36, 39℄. All results presented below havebeen obtained with the lepton �avour violating version of the program pakage SPheno [43℄,where the RGEs for the MSSM part are implemented at the 2-loop level. For de�niteness weset neutrino mass squared di�erenes to their urrent best �t values [20℄ and �x the anglesto the Tri-Bi-Maximal (TBM) values [45℄.Fixing the values of other mSUGRA parameters, we used SPheno to perform a numerialsan over the m0-M1/2 plane. For eah point in this plane, we adjust the value of MR (MT )in order to keep the low energy LFV observable BR(µ → eγ) within its present experimentalupper bound or within the expeted sensitivity of the upoming experiments [44℄.For type-I seesaw our numerial proedure to �t these masses is as follows. As we havealready ommented, the large number of free parameters haraterizing even the simplesttype-I seesaw shemes fores us to make simplifying assumptions in inverting the seesawequation, eq. (5). As a �rst step we assume degenerate �right-handed� neutrinos and thesimplest possible, �avour-blind, struture for the matrix R, i.e.
R = 1, M̂R ij = MR δij . (14)5 Note that in the numerial ode that leads to the results presented in our plots we have numerially solvedthe full set of RGEs. 7



Moreover, we �x the values of the light neutrino masses and Yukawa ouplings to reproduethe TBM angle values. In order to determine the resulting LFV observables we numeriallyintegrate the renormalization group equations taking into aount the �avour struture ofthe Yν matrix. We integrate out every �right-handed� neutrino and its superpartner at thesale assoiated to its mass, and alulate the orresponding ontribution to the dimension-�ve operator whih is evolved to the eletroweak sale. This way we obtain the exatneutrino masses and mixing angles for this �rst guess. The di�erene between the resultsnumerially obtained and the input numbers is then minimized in an iterative proedureuntil onvergene is ahieved.For the type-II seesaw the alulations are performed for the 15-plet ase, under theassumption YZ = YT = YS at MG, as disussed above, and inluding the one-loop RGEsfor the new parameters in SPheno. For onsisteny, we have also inluded 1-loop thresholdorretions for gauge ouplings and gaugino mass parameters at the sale orresponding tothe mass of the triplet, MT . The MSSM part is implemented at the 2-loop level and, thus,in priniple one should also onsistently inlude the e�et of the 15-plets for all parametersat this level. However, as disussed in [35℄, the orret �t of the neutrino data requiresthat either the triplet (15-plet) Yukawa ouplings are small and/or that MT is lose to MG,implying that the ratio MT /MG is signi�antly smaller than MG/mZ and thus one expetsonly small e�ets. Inverting the seesaw equation for any �xed value of λ2 in eq. (9), one anget a �rst guess of the Yukawa ouplings for any �xed values of the light neutrino massesas a funtion of the orresponding triplet mass. This �rst guess will not give the orretYukawa ouplings, sine the neutrino masses and mixing angles are measured at low energy,whereas for the alulation of mν we need to insert the parameters at the high-energy sale.However, we an use this �rst guess to numerially run the RGEs to obtain the exat neutrinoparameters (at low energies) for these input values. The di�erene between the resultsobtained numerially and the input an then be minimized in a simple iterative proedureuntil onvergene is ahieved. As long as neutrino Yukawas are not large, onvergene isreahed in a few steps. However, in type-II seesaw shemes, the Yukawa ouplings runstronger than in the type-I seesaw, thus our initial guess an sizeable deviate from the exatYukawa oupling values. Sine neutrino osillation data requires at least one neutrino massto be larger than about 0.05 eV, we do not �nd any solutions for MT > 1015 GeV.Finally, the alulation of ross setions for the prodution of supersymmetri partileswas done using Prospino [46℄. The input data was taken from SPheno using the SUSY LesHouhes Aord standard format [47℄.A. Br(µ → e + γ) for type-I and type-IIIn Fig. 1 and Fig. 2 we show the ontours for Br(µ → e+γ) in the m0, M1/2 plane for puretype-I and type-II seesaw shemes, respetively. On the left panel of Fig. 1 we hose a lowvalue for MR = 1013, while on the right panel a value of 1014 GeV was hosen. In Fig. 2 thesame dependene is shown for the type-II seesaw mass sale MT . This shows the dependene8
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FIG. 1: Contours of Br(µ → e + γ) in the m0,M1/2 plane for our standard hoie of parameters:
µ > 0, tan β = 10 and A0 = 0 GeV, for type-I with degenerate RH neutrinos. On the left panel
MR = 1013 GeV, on the right panel MR = 1014 GeV.
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FIG. 2: Contours of Br(µ → e + γ) in the m0,M1/2 plane for λ1 = 0.02 and λ2 = 0.5 and for ourstandard hoie of parameters: µ > 0, tan β = 10 and A0 = 0 GeV, for type-II seesaw. On the leftpanel MT = 1013 GeV, on the right panel MT = 1014 GeV.of LFV rates on the hoie of sale MR (MT ). The ompliated features displayed on theseplots are due to anellations between the hargino and neutralino amplitudes ontributingto µ → e + γ, as is well known [23, 34℄. First we note that large parts of parameter spaefall within the regions of sensitivity of upoming experiments like MEG [44℄. The ontours9



for BR(µ → e γ) are deformed in type-II as ompared with respet to those for type-Iseesaw. The reason for this is that the addition of gauge non-singlet states in type-II seesawinreases the dependene on the renormalization sale of the neutrino Yukawa oupling andalso a�ets the supersymmetri spetrum, whih alters the region where BR(µ → e γ) isstrongly suppressed. For our subsequent disussion, the most important point is that foreah point in the m0, M1/2 plane there will be a maximum value of MR (MT ) that willgive the maximum possible rates of LFV ompatible with urrent experimental bounds,BR(µ → e γ) < 1.2 × 10−11 [42℄, or with expeted sensitivities to be reahed at upomingexperiments like MEG, BR(µ → e γ) < 10−13 [44℄.B. LFV stau deaysThe eagerly awaited prodution of supersymmetri partiles at the LHC would open newopportunities for the study of �avour violation in the supersymmetri setor [15℄. Here westudy how the LFV deays of staus may provide valuable ross-heks of neutrino propertiesdetermined at low energies as well as omplementary information on the origin of neutrinomass.
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FIG. 3: Br(τ̃2 → µ + χ0
1
) (left panel) and Br(τ̃2 → e + χ0

1
) (right panel), in the m0,M1/2 plane forour standard hoie of parameters: µ > 0, tan β = 10 and A0 = 0 GeV, for type-I seesaw, imposingBr(µ → e + γ) ≤ 1.2 · 10−11.The expeted LFV branhing ratios for τ̃2 → µ + χ0

1
and τ̃2 → e + χ0

1
depend on thehoie of the mSUGRA parameters. After a full san over the mSUGRA parameter spaewe found that the dependene on A0 and on the sign of µ is weaker, but that the ratesdereased with inreasing values of tan β. Therefore, we hose our standard point with arelatively low value of tan β = 10, and for de�niteness took µ > 0, and A0 = 0. In Fig. 310
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FIG. 4: Br(τ̃2 → µ + χ0
1
) (left panel) and Br(τ̃2 → e + χ0

1
) (right panel), in the m0,M1/2 plane forour standard hoie of parameters: µ > 0, tan β = 10 and A0 = 0 GeV, for type-I seesaw, imposingBr(µ → e + γ) ≤ 10−13.we show the ontour plots for the LFV deays τ̃2 → µ + χ0

1
(left panel) and τ̃2 → e + χ0

1(right panel) in the m0, M1/2 plane for our standard hoie of mSUGRA parameters forthe simplest pure type-I seesaw sheme. One sees that there are regions in parameterspae where the LFV deays of the τ̃2 an be as large as of order 10−1. In these plots thevalues of MR were hosen as to obtain the maximum LFV ompatible with the presentexperimental limit of Br(µ → e + γ) ≤ 1.2 · 10−11 [42℄. Also shown in these plots are theexlusion regions oming from the LEP onstraints on SUSY masses and also the exlusionobtained when the neutralino is not the LSP 6. In Fig. 4 we show the same ontour plotsfor Br(µ → e + γ) ≤ 10−13, whih will be ahievable in the oming experiments [44℄. Alsoin this ase one observes in Fig. 4 that the LFV stau deay rates may exeed the 10% level.Notie also that the nontrivial features present in in Figs. 3 and Fig. 4 re�et the well-knownanellations between hargino and neutralino ontributions to µ → e + γ already disussedabove.In Fig. 5 and Fig. 6 the same type of plots are shown for type-II seesaw. A omparisonof these �gures shows that, qualitatively, the behavior is very similar for the two types ofseesaw. In both ases, the larger rates for τ̃2 → e + χ0

1
are more onstrained in parameterspae than those for τ̃2 → µ + χ0

1
. Notie however that there is an important di�erenebetween type-I and type-II seesaw, oming from the presene of the Higgs triplets thatontribute sizeably to the running of the type-II beta funtions. This gets re�eted in thesupersymmetri partile spetra and hene in the shapes of the red (shaded) regions in6 Note that we did not display the onstraints oming from Dark Matter (DM) reli abundane.11



Fig. 5 and Fig. 6. One an observe, indeed, that the regions where the stau is the lightestsupersymmetri partile, as well as the regions already exluded by LEP2 are substantiallydi�erent for type-II seesaw, as ompared to the orresponding ones for type-I. This followsfrom the modi�ation in the beta funtions introdued by the addition of the Higgs triplets,making M1 and M2 smaller in type-II than in type-I seesaw for the same value of M1/2. Thevariation with the mSUGRA parameters is illustrated in Fig. 7 (type-I) and Fig. 8 (type-II)for the parameter A0 and in Fig. 9 (type-I) and Fig. 10 (type-II) for tan β. We an see thatthere is not muh variation with A0, while the rates derease rapidly with inreasing valuesof tanβ. The reason for this is that BR(µ → e + γ) inreases as tan4 β, thus onstrainingmore strongly the maximum attainable stau LFV rates. This e�et is stronger for type-Ias an be seen by noting the di�erent values for the ontour levels in Fig. 9 and Fig. 10.The variation with the sign of µ is weak and we do not show it here. So, in summary, largeLFV rates prefer moderate values of tan β and this explains a posteriori the hoie of ourstandard parameters.
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FIG. 5: Br(τ̃2 → µ + χ0
1
) (left panel) and Br(τ̃2 → e + χ0

1
) (right panel), in the m0,M1/2 plane for

λ1 = 0.02 and λ2 = 0.5 and our standard hoie of parameters: µ > 0, tan β = 10 and A0 = 0 GeV,for type-II seesaw, imposing Br(µ → e + γ) ≤ 1.2 · 10−11.C. Total prodution ross setion of χ0
2As important as having a large branhing ratio into a LFV �nal state, is to be ableto produe a large enough event sample. In order to estimate the number of LFV eventsexpeted at the LHC, one notes that, from Figs. 3 - 10, in the regions where the LFV issizeable, the diret prodution of staus at the LHC is negligible ompared to that whih arisesfrom asade deays of heavier neutralinos, mainly χ0

2
. We fous on the χ0

2
, beause deays12
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FIG. 6: Br(τ̃2 → µ + χ0
1
) (left panel) and Br(τ̃2 → e + χ0

1
) (right panel), in the m0,M1/2 plane, for

λ1 = 0.02 and λ2 = 0.5 and our standard hoie of parameters: µ > 0, tan β = 10 and A0 = 0 GeV,for type-II seesaw, imposing Br(µ → e + γ) ≤ 10−13.
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FIG. 7: Br(τ̃2 → µ + χ0
1
) (left panel) and Br(τ̃2 → e + χ0

1
) (right panel), in the m0,M1/2 plane forstandard hoie of parameters: µ > 0, tan β = 10 but di�erent A0 = −300 GeV, for type-I seesaw,imposing Br(µ → e + γ) ≤ 1.2 · 10−11.suh as χ0

2
→ µτχ0

1
are sensitive to �avour violation, whereas in the orresponding harginodeays the �avour information is lost. Hene we �rst ompute the total χ0

2
prodution rosssetion. In the left panel of Fig. 11 we show the results for the ross setion for χ0

2
prodution13
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FIG. 8: Br(τ̃2 → µ + χ0
1
) (left panel) and Br(τ̃2 → e + χ0

1
) (right panel), in the m0,M1/2 planefor λ1 = 0.02 and λ2 = 0.5 and standard hoie of parameters: µ > 0, tan β = 10 but di�erent

A0 = −300 GeV, for type-II seesaw, imposing Br(µ → e + γ) ≤ 1.2 · 10−11.
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FIG. 9: Br(τ̃2 → µ + χ0
1
) (left panel) and Br(τ̃2 → e + χ0

1
) (right panel), in the m0,M1/2 plane forstandard hoie of parameters: µ > 0, A0 = 0 but di�erent tan β = 30, for type-I seesaw, imposingBr(µ → e + γ) ≤ 1.2 · 10−11.as a funtion of M1/2, for di�erent hoies of m0 and for our standard hoie of mSUGRAparameters: µ > 0, tanβ = 10 and A0 = 0 GeV, for the pure type-I mSUGRA seesawsheme. This hoie of mSUGRA parameters orresponds, as will be disussed below, to14
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FIG. 10: Br(τ̃2 → µ+χ0
1
) (left panel) and Br(τ̃2 → e+χ0

1
) (right panel), for λ1 = 0.02 and λ2 = 0.5,in the m0,M1/2 plane for standard hoie of parameters: µ > 0, A0 = 0, but di�erent tan β = 30,for type-II seesaw, imposing Br(µ → e + γ) ≤ 1.2 · 10−11.
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FIG. 11: Prodution ross setion (at leading order) of χ0
2
versus M1/2 for varying m0, and for ourstandard hoie of parameters: µ > 0, tan β = 10 and A0 = 0 GeV, in type-I seesaw (left panel)and type-II seesaw (right panel) for λ1 = 0.02 and λ2 = 0.5.the ase where the branhing ratios of the LFV stau deays are the largest. This resultwas obtained using the Prospino ode [46℄ at Leading Order (LO) approximation. We haveheked that the Next to Leading Order (NLO) alulation only hanges the results slightly,due to an appropriate hoie of the renormalization sale [46℄. So, in all ross setionspresented here, we only used the LO approximation. The orresponding results for type-IIseesaw are shown in the right panel of Fig. 11, for the same hoie of mSUGRA parametersand for λ1 = 0.02 and λ2 = 0.5. 15



D. Total prodution of χ0
2
times BR to µ-τ lepton pairIn order to get an estimate of the expeted number of LFV events at the LHC we nowuse a ombination of the Prospino and SPheno odes to evaluate the produt of the χ0

2prodution ross setion times the branhing ratios into LFV proesses. One we know theluminosity at LHC we an multiply it with the above produt to get the number of events.In Fig. 12, we have plotted, for type-I seesaw (left panel) and type-II (right panel), theprodution ross setion at leading order of the seond lightest neutralino σ(χ0

2
) times theBR of χ0

2
going to the opposite-sign dilepton signal χ0

1
µ τ as a funtion of M1/2, for di�erentvalues of m0. We have �xed the rest of the mSUGRA parameters to our standard mSUGRApoint and imposed an upper limit on Br(µ → e + γ) ≤ 1.2 · 10−11. In type-I seesaw, thenumber of events of the opposite-sign dilepton signal χ0

2
→ χ0

1
µ τ an be of the order of 103for m0 ∼ 100 GeV and M1/2 ∼ [450, 600] GeV, assuming a luminosity L = 100 fb−1. Intype-II seesaw, there an be a maximum number of events of the order of 103 for m0 ∼ 100GeV and M1/2 ∼ [600, 800] GeV.
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FIG. 12: Prodution ross setion (at leading order) of χ0
2
times BR of χ0

2
going to µ-τ lepton pairversus M1/2 for m0 = 100 GeV (red), 200 GeV (green), 300 GeV (blue) and 500 GeV (magenta), andfor our standard hoie of parameters: µ > 0, tan β = 10 and A0 = 0 GeV, for type-I (left panel) andfor type-II seesaw (right panel) with λ1 = 0.02 and λ2 = 0.5, imposing Br(µ → e+ γ) ≤ 1.2 · 10−11 .For type-II seesaw where we have less parameters, we an look at variations of the re-sult with the values of the triplet Higgs boson oupling λ2, a parameter that an not bedetermined from neutrino data alone as it appears only in the ratio λ2/MT , see eq. (9). InFig. 13 we show the dependene of the produt of ross setion times LFV branhing ratiosas funtion of λ2 for our standard point. We should mention that the other Higgs bosontriplet oupling λ1, does not ontribute to LFV deays, and hene is left undetermined bythis analysis.As has been disussed in [48℄, the dominant standard model bakgrounds for the proessonsidered are expeted to be WW and tt̄ prodution. The uts neessary to redue thisbakground will depend on the details of the SUSY spetrum and a detailed investigation isbeyond the sope of this paper. The results of [48℄ suggest that the signal should be visible16
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FIG. 13: Prodution ross setion (at leading order) of χ0
2
times BR of χ0

2
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2
)×BR of order O(10) fb.IV. CONCLUSIONS AND OUTLOOKLow energy neutrino experiments, inluding osillation studies and neutrinoless double-beta deay searhes may, optimistially, determine at most 9 neutrino parameters: the3 neutrino masses, the 3 mixing angles and potentially the 3 CP violating phases. Thisis insu�ient to fully reonstrut the underlying mehanism of neutrino mass generation.Under the assumption that neutrino masses arise a la seesaw, we have onsidered the simplestpure type-I or pure type-II seesaw shemes in mSUGRA.We have performed a full san over the mSUGRA parameter spae in order to identifyregions where LFV deays of χ0

2
an be maximal, while still respeting low-energy onstraintsthat follow from the upper bounds on Br(µ → eγ). We have also estimated the expetednumber of events for χ0

2
→ χ0

1
+τ +µ, for a sample luminosity of L = 100 fb−1. The expetednumber of events for the other hannel χ0

2
→ χ0

1
+τ +e is always smaller, as an be seen fromthe LVF branhing ratios presented in setion III B. We have found that the pure seesaw-II sheme is substantially simpler and omes loser to be fully reonstrutable, providedadditional LFV deays are deteted and some supersymmetri partiles are disovered atthe Large Hadron Collider.Note that in what onerns the expeted maximum number of events both type-I andtype-II shemes give similar results. However, as we have seen, given their smaller num-ber of parameters, type-II seesaw shemes are more likely to be reonstrutable through aombination of low energy neutrino measurements, with the possible detetion of supersym-metri states and lepton �avour violation at the LHC. This should enourage one to performfull-�edged dediated simulations, in order to asertain their feasibility within realisti ex-17
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