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SLEPTON FLAVOUR VIOLATION AT COLLIDERSJan KalinowskiInstitute of Theoreti
al Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Re
eived July 5, 2002)Dedi
ated to Stefan Pokorski on his 60th birthdayIn supersymmetri
 extensions of the Standard Model (SM), the LeptonFlavour Violation (LFV) is 
losely related to the stru
ture of slepton massesand mixing. Allowing for the most general �avour stru
ture of the sleptonse
tor, 
onsistent with the experimental limits on rare lepton de
ays, largeand distin
t signals of LFV at future 
olliders 
an be expe
ted.A 
ase study of mixing of se
ond and third generation of sleptons at ane+e� 
ollider is presented and 
ompared to that of � ! �
 rare de
ay.PACS numbers: 12.60.Jv, 14.80.LyObservations of �avour 
hanging neutral 
urrent pro
esses provide im-portant tests of physi
s beyond the Standard Model. It is well known thatin the Standard Model the renormalizability, Lorentz and gauge invarian
efor
e the individual lepton �avour numbers Le, L� and L� to be 
onservedin addition to the 
onserved baryon B and total lepton L numbers. These
onservation laws are 
onsequen
es of global symmetries whi
h are �a

iden-tal� in the sense that they follow from the spin and gauge quantum numberassignments of the SM �elds.Experiments on solar and atmospheri
 neutrinos [1℄ provide a 
ompellingeviden
e for os
illations among three a
tive neutrinos with di�erent masses.This phenomenon is lepton �avour violating and it is a �rst dire
t eviden
efor physi
s beyond the Standard Model. The most favoured model to a

ountfor the neutrino masses and their os
illations is the seesaw me
hanism [2℄with heavy right-handed neutrinos N . The smallness of m�i is obtainedin a natural way if the masses of right-handed neutrinos are assumed inthe range MN � 1013�1015 GeV, and non-diagonal elements of the Yukawa
ouplings of N and � generate neutrino mixing. Radiative 
orre
tions dueto these 
ouplings also indu
e �avour mixing in the 
harged lepton se
tor.(2613)



2614 J. KalinowskiAn interesting question then arises whether pro
esses with 
harged-lepton�avour violation, like �! e
, � ! �
 et
., 
an be generated at observablerates [3℄.In the Standard Model with right-handed neutrinos the 
harged LFVde
ays are strongly suppressed [4℄ via the GIM me
hanism (� �m4�=M4W ).In the supersymmetri
 extension of this model, however, the situation ofLFV pro
esses may be quite di�erent. In addition to the seesaw me
hanism,new sour
es of �avour violation in the leptoni
 se
tor 
an be generated bysoft supersymmetry breaking terms, e.g.Lsoft 3m2L�� ~e��~e� +m2R��~e��~e� + (A�� ~e��h01~e� + h.
.) ; (1)where only s
alar mass and trilinear terms in the leptoni
 se
tor have beenwritten expli
itly using self-explanatory notation, �; � = e; �; � . The tri-linear term, after ele
troweak symmetry breaking, 
ouples left- and right-handed 
harged sleptons through the mass matrix m2LR�� whi
h re
eivesa 
ontribution from A��hh01i. In general the slepton mass matrix need notsimultaneously be diagonalised with leptons. If we now rotate sleptons tothe mass eigenstate basis, ~ei = Wi� ~e�, the slepton-mass diagonalisationmatrix Wi� enters the 
hargino and neutralino 
ouplings~eiW �i��e� ~�0 + ~�iW �i��e� ~�� + : : : (2)and mixes lepton �avour (Latin and Greek subs
ripts are slepton mass-eigenstate and �avour indi
es, respe
tively). Contributions form virtual slep-ton ex
hanges 
an, therefore, enhan
e the rates of rare de
ays, like �! e
.Although these 
ontributions are suppressed through the superGIM me
h-anism by �m~l= �m~l with the mass di�eren
e �m~l and the average mass �m~lof the sleptons, the present experimental upper limits on these pro
esses [5℄impose already strong bounds on LFV sour
es in the slepton se
tor, in par-ti
ular for the �rst two generations of sleptons.Even if the slepton mass matrix is assumed to be �avour 
onservingat tree level to avoid the supersymmetri
 �avour-
hanging problem, like inminimal supergravity or gauge mediated SUSY breaking models, the o�-diagonal terms 
an be indu
ed radiatively in the framework of the seesawme
hanism. The reason is that non-diagonal neutrino mass terms originatingfrom the lepton Yukawa 
oupling 
ontribute to the renormalisation-grouprunning of m2Lij , m2Rij and Aij matri
es [6℄, indu
ing �avour-mixing entries.In extended models, however, additional o�-diagonal entries are in gen-eral generated. For example, in models with quarks and leptons uni�ed inlarger multiplets the non-diagonal terms are generated radiatively by the topquark Yukawa 
ouplings [7℄. Also string-inspired models naturally lead tonon-universal soft-SUSY breaking terms [8℄. Flavour 
hanging slepton ex-
hanges originating from these additional terms 
an signi�
antly 
ontribute



Slepton Flavour Violation at Colliders 2615to neutrino masses and mixings linking, for example, substantial �� � ��mixing with large ~�L � ~�L and ~�� � ~�� mixings. It is an interesting andopen question whether these terms are required to a

ount for the observedpattern of neutrino masses and mixings [9℄.On
e super-partners are dis
overed, it will be possible to probe lepton�avour violation dire
tly in their produ
tion and de
ay at future 
olliders.A �avour-violating signal is obtained from the produ
tion of real sleptons(either dire
tly or from 
hain de
ays of other sparti
les), followed by theirsubsequent de
ays into di�erent �avour leptons, with missing energy and jetsin the �nal state. Sear
hes for these signals have a number of advantages.First, on
e kinemati
ally a

essible, super-partners are produ
ed with large
ross se
tions. Se
ond, �avour 
hanging de
ays of sleptons o

ur at treelevel while rare radiative de
ays of leptons at one-loop. Third, they aresuppressed only as �m~l=�~l [10℄ in 
ontrast to the �m~l=m~l suppression ofradiative de
ays � an important di�eren
e sin
e m~l=�~l is typi
ally of theorder of 102�103. As a result, allowing for the most general slepton massmatrix respe
ting present bounds on rare lepton de
ays, large LFV signalsare expe
ted both at the LHC [11℄ and e+e� 
olliders [10, 12�15℄. All theabove features suggest that future e+e� 
olliders (and also the LHC in somefavourable 
ases) may provide a more powerful tool to sear
h for and exploresupersymmetri
 lepton �avour violation than rare de
ay pro
esses.In this work we 
on
entrate on the question how well models of LFV
an be probed at future e+e� 
olliders. As a 
ase study we 
onsider a pure2�3 intergeneration mixing between ~�� and ~�� , generated by a near-maximalmixing angle �23, and ignore any mixings with ~�e. Our work is 
losely relatedto, and extension of, Ref. [14℄ by 
omparing the expe
ted rea
h at the e+e�
ollider to that from the rare de
ay pro
ess � ! �
.The s
alar neutrino mass matrix M2~� , restri
ted to the 2�3 generationsubspa
e, 
an be written in the �avour basis asM2~� = � 
os �23 � sin �23sin �23 
os �23 ��m~�2 00 m~�3 �� 
os �23 sin �23� sin �23 
os �23� ; (3)where m~�2 and m~�3 are the physi
al masses of ~�2 and ~�3, respe
tively. Itso�-diagonal element is related to physi
al masses and mixing angle by�M2~� ��� = 12 �m2~�2 �m2~�3� sin 2�23 : (4)In the following we take the mixing angle �23 and �m23 = jm~�2 �m~�3 j asfree, independent parameters. The same goes for the 
harged slepton se
tor,modulo standard LR mixing, where �23 and �m23 are then the 
orrespond-ing parameters for 
harged sleptons.



2616 J. KalinowskiIn dis
ussing supersymmetri
 LFV 
ollider signals one has to 
onsidertwo 
ases in whi
h os
illation of lepton �avour 
an o

ur in pro
esses withsingle (un
orrelated) or 
orrelated slepton pair produ
tion. The di�eren
e
omes from the quantum interferen
e between produ
tion and de
ay [10℄.Un
orrelated sleptons may be produ
ed in 
as
ade de
ays of heaviernon-leptoni
 super-parti
les. Su
h pro
esses are parti
ularly important forhadron 
olliders, where sleptons 
an be produ
ts of un
orrelated de
ays ofgluinos or squarks, but they may also be relevant for lepton 
olliders wheresingle slepton 
an be a de
ay produ
t of a 
hargino or neutralino. The 
rossse
tion for the pro
essf f 0 ! e+� X ~e�i ! e+� X e�� Y (5)assuming negligible generation dependen
e, nearly degenerate in mass andnarrow sleptons, �m2ij, m� � m2, and the 
ase of 2�3 intergenerationmixing, takes the simple form [16℄��� = �23 sin2 2�23 �(f f 0 ! e+� X ~e�� )� BR �~e�� ! e�� Y � ; (6)�23 = x2232 �1 + x223� ; x23 = �m23=� : (7)Correlated slepton pair produ
tion is the dominant slepton produ
tionme
hanism at lepton 
olliders, but it may also o

ur at hadron 
olliderswhen sleptons are produ
ed in the Drell�Yan pro
ess. Assuming only thes-
hannel produ
tion me
hanism and the same approximations as in theprevious 
ase, the 
ross se
tion for the pro
ess�f f ! ~e+i ~e�i ! e+� X e�� Y (8)
an be written as��� = �23(3� 4�23) sin2 2�23 �( �f f ! ~e+� ~e�� )�BR �~e+� ! e+� X�� BR �~e�� ! e�� Y � : (9)In the limit x23�1, �23 approa
hes 1/2, the interferen
e 
an be negle
tedand the 
ross se
tion behaves as � � sin2 2�23 . In the opposite 
ase, the in-terferen
e suppresses the �avour 
hanging pro
ess, � � (�m23 sin 2�23=� )2.The e�e
t of the fa
tor �23 determines the 
hara
teristi
 features of the 
on-tour lines of the 
onstant 
ross se
tions in the plane �m23� sin 2�23, whi
hare also visible in Fig. 1, where the results of our analysis are shown.
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Fig. 1. The 3� signi�
an
e 
ontours (for the SUSY point mentioned in the text)in �m23 � sin 2�23 plane for ps = 500GeV and for di�erent luminosity options,
ontours (A) and (B) being for 500 fb�1 and 1000 fb�1, respe
tively. The dashedline is for only ~�~�
 
ontribution with luminosity 500 fb�1. The dotted lines show
ontours for BR(� ! �
)=10�7, 10�8 and 10�9.Our analysis for the LFV signal and ba
kground at a 500GeV e+e�linear 
ollider has been performed for one of the MSSM representative points
hosen for detailed 
ase studies at the ECFA/DESY [17℄. This point is givenin terms of a mSUGRA s
enario de�ned by: m0=100GeV, M1=2=200GeV,A0 = 0GeV, tan� = 3 and sgn(�) = +. The 
orresponding masses of
hargino, neutralino and slepton states, along with some bran
hing ratios,relevant for the LFV pro
esses at ps = 500GeV are shown in Table I.TABLE IThe masses (in GeV) and the bran
hing ratios for de
ay modes of light supersym-metri
 parti
les whi
h are relevant to our study. No slepton mixing is assumed.` denotes e or �, and � unless the entry for � is expli
itly shown.Mass De
ay BR Mass De
ay BR~�+1 128 ~�01q�q0 0.56 ~�01 72~�+2 346 `+~�` 0.03 � 3 ~�02 130 ~�01`+`� 0.64~̀�L 176 ~��1 �` 0.53 ~�` 161 ~�+1 `� 0.48~��1 131 ~�01�� 1.00 ~��2 177 ~�0i �� 0.47



2618 J. KalinowskiThe LFV signal 
omes from the following pro
esses (i = 2; 3)e+e� ! ~̀�i ~̀+i ! �+�� ~�01 ~�01 ; (10)e+e� ! ~�i~�
i ! �+�� ~�+1 ~��1 ; (11)e+e� ! ~�+2 ~��1 ! �+�� ~�+1 ~��1 ; (12)e+e� ! ~�02 ~�01 ! �+�� ~�01 ~�01 ; (13)where ~��1 ! ~�01f �f 0, and ~�01 es
apes dete
tion. The signature, therefore,would be ���� + 4 jets + E=T , ���� + ` + 2 jets + E=T , or ���� + E=T ,depending on hadroni
 or leptoni
 ~��1 de
ay mode. If both 
harginos arerequired to de
ay hadroni
ally, the signal ����+4 jets+E=T 
omes from (11),(12) and (13) and is SM-ba
kground free. The �avour-
onserving pro
essesanalogous to (11�13), but with two � 's in the �nal state where one of the� 's de
ays leptoni
ally to �, 
ontribute to the ba
kground. On the otherhand, if jets are allowed to overlap, an important SM ba
kground to the�nal states with ����+ � 3jets+E=T 
omes from e+e� ! t�tg.The results of a simple parton level simulation with a number of kine-mati
 
uts listed in [14℄ is shown in Fig. 1. The signi�
an
e is given by�d = N=pN +B where N and B is the number of signal and ba
kgroundevents, respe
tively, for a given luminosity. Fig. 1 shows the region (tothe right of the 
urve) in the �m23 � sin 2�23 plane that 
an be exploredor ruled out at a 3� level by the linear 
ollider of energy 500GeV for thegiven integrated luminosity. The 
ontour (A) is for 500 fb�1 and (B) for1000 fb�1, whereas the dashed line (C) shows the rea
h of the pro
ess ~�i~�
ialone (whi
h were previously studied in [10,13℄) using our 
uts and assumingluminosity of 500 fb�1. Comparing the dashed line with line (A) it has been
on
luded in Ref. [14℄ that the 
hargino 
ontribution in
reases the sensitivityrange to sin2 �23 by 10�20% while the sensitivity to �m23 does not 
hangeappre
iably.In the same �gure the 
ontour lines for 
onstant bran
hing ratios of� ! �
 are shown for 
omparison. In the limit of small mass splitting,the BR(� ! �
) 
an be 
al
ulated in the �avour basis using the massinsertion te
hnique [18℄. The LFV 
harged lepton radiative de
ay takespla
e through one or more slepton mass insertions, ea
h bringing a fa
torof ÆMN�� = (M2~l )MN�� = �m2~l , where (M2~l )MN�� with M;N =L,R are o�-diagonalelements of the slepton mass matrix. In our 2�3 intergeneration mixing andusing (4), the radiative pro
ess � ! �
, therefore, 
onstrainsÆ�� = �m23�m� sin 2�23 : (14)
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ontours in Fig. 1 have been obtained from the approximate formula ofRef. [19℄, normalised to the 
urrent experimental limit,BR(� ! �
) � 1:1� 10�6 max24 ÆLL��1:4!2 ; ÆLR��8:3 � 10�3!235�100GeV�m� �4 ;(15)whi
h serves only as an order of magnitude estimate of an upper limit for thesupersymmetri
 
ontribution to the radiative lepton de
ay 
orresponding tothe point in the �m23 � sin 2�23 plane. The exa
t result, whi
h is sensitiveto the details of mass spe
tra and mixings, 
an in fa
t be mu
h smaller dueto 
an
ellations among di�erent 
ontributions. Nevertheless, even if 
an
el-lations do not o

ur, Fig. 1 demonstrates that information from the sleptonprodu
tion and de
ay is very 
ompetitive and, in parti
ular, 
an help toexplore small �m23 region.To 
on
lude: If super-partners are dis
overed, lepton �avour violatingpro
esses 
an be observed in slepton produ
tion and de
ay pro
esses atfuture 
olliders. We have demonstrated that their analysis at e+e� 
olli-sions provides an opportunity to look for ��� �avour violation and that itis largely 
omplementary to the sear
h for � ! �
. Although the dis
us-sion has been done in a spe
i�
 model, the analysis has been phrased in asmodel-independent way as possible, and 
an easily be applied to 
ases withdi�erent slepton mixing patterns. The observation (or non-observation) ofsu
h pro
esses would provide important 
lues about the �avour stru
ture.The work was supported by the Polish State Committee for S
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Resear
h (KBN) grant no. 5 P03B 119 20 (2001�2002).REFERENCES[1℄ R.J. Davis, D.S. Harmer, K.C. Ho�man, Phys. Rev. Lett. 20, 1205 (1968);S. Fukuda et al. [Super Kamiokande Collaboration℄, Phys. Rev. Lett. 86, 5656(2001); Phys. Rev. Lett. 85, 3999 (2000) and referen
es therein; Q.R. Ahmadet al. [SNO Collaboration℄, Phys. Rev. Lett. 87, 071301 (2001).[2℄ M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity, Eds. P. van Nieuwen-huizen and D.Z. Freedman, North Holland, 1979; T. Yanagida, in pro
eedingsof the Workshop on Uni�ed Theory and Baryon Number in the Universe,Eds. O. Sawata and A. Sugamoto, KEK, Tsukuba, Japan 1979.



2620 J. Kalinowski[3℄ For re
ent �bottom-up� analyses, see S. Lavigna
, I. Masina, C.A. Savoy, Nu
l.Phys. B633, 139 (2002) and referen
es therein.[4℄ S.M. Bilenkii, S.T. Pet
ov, B. Ponte
orvo, Phys. Lett. B67, 309 (1977);T.P. Cheng, L. Li, Phys. Rev. Lett. 45, 1908 (1980); W.J. Mar
iano,A.I. Sanda, Phys. Lett. B67, 303 (1977); B.W. Lee, S. Pakvasa, R.E. Shro
k,H. Sugawara, Phys. Rev. Lett. 38, 937 (1977) [Erratum Phys. Rev. Lett.. 38,937 (1977)℄.[5℄ D.E. Groom et al. [Parti
le Data Group Collaboration℄, Eur. Phys. J. C15, 1(2000).[6℄ F. Borzumati, A. Masiero, Phys. Rev. Lett. 57, 961 (1986); L.J. Hall,V.A. Kostele
ky, S. Raby, Nu
l. Phys. B267, 415 (1986); J. Hisano, T. Moroi,K. Tobe, M. Yamagu
hi, T. Yanagida, Phys. Lett. B357, 579 (1995).[7℄ R. Barbieri, L.J. Hall, Phys. Lett. B338, 212 (1994).[8℄ A. Brignole, L.E. Ibanez, C. Munoz, Nu
l. Phys. B422, 125 (1994) [ErratumNu
l. Phys.. B436, 747 (1995)℄; L.E. Ibanez, C. Munoz, S. Rigolin, Nu
l.Phys. B553, 43 (1999). M. Brhlik, L.L. Everett, G.L. Kane, J. Lykken, Phys.Rev. Lett. 83, 2124 (1999).[9℄ E.J. Chun, S. Pokorski, Phys. Rev. D62, 053001 (2000); E.J. Chun, Phys.Lett. B505, 155 (2001).[10℄ N. Arkani-Hamed, J.L. Feng, L.J. Hall, H. Cheng, Phys. Rev. Lett. 77, 1937(1996),[11℄ N.V. Krasnikov, JETP Lett. 65, 148 (1997); S.I. Bityukov, N.V. Krasnikov,hep-ph/9806504; K. Agashe, M. Graesser, Phys. Rev. D61, 075008 (2000);I. Hin
hli�e, F.E. Paige, Phys. Rev. D63, 115006 (2001); D.F. Carvalho,J.R. Ellis, M.E. Gomez, S. Lola, J.C. Romao, hep-ph/0206148.[12℄ N. Arkani-Hamed, J.L. Feng, L.J. Hall, H. Cheng, Nu
l. Phys. B505, 3 (1997).[13℄ J. Hisano, M.M. Nojiri, Y. Shimizu, M. Tanaka, Phys. Rev. D60, 055008(1999).[14℄ M. Gu
hait, J. Kalinowski, P. Roy, Eur. Phys. J. C21, 163 (2001); J. Kali-nowski, in Pro
. of the APS/DPF/DPB Summer Study on the Future of Parti-
le Physi
s (Snowmass 2001) Ed. R. Davidson and C. Quigg, hep-ph/0202043.[15℄ W. Porod, W. Majerotto, hep-ph/0201284.[16℄ J. Kalinowski, A
ta Phys. Polon. B32, 3755 (2001).[17℄ J.A. Aguilar-Saavedra et al. [ECFA/DESY LC Physi
s Working Group℄,hep-ph/0106315.[18℄ F. Gabbiani, E. Gabrielli, A. Masiero, L. Silvestrini, Nu
l. Phys. B477, 321(1996).[19℄ J.L. Feng, Y. Nir, Y. Shadmi, Phys. Rev. D61, 113005 (2000).


