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Slepton Flavor Physics at Linear Colliders

Michael Dine®
Sonde COrez Mnstitute for Particle Physies, Umversity of Califormia, Santa Ores, COA #5064

Yuval Grossman'
Department of Physics, Techmwon, Techmon Cily, 32000 Haifa, lsvosl

Scott ‘Thomast
Department of Physies, Starford Universtly, Stanford, ©A 34503

Il luw cocegy supersyimnetry s realived in nature it s possible that o (st genecoalion lindae
collider will only have access to some of the superpartners with electrowsak quantum numbers.
Among there, slaptons can provide sensitive probes for lepton flavor vielation through potontially
dramatic lepton viclating signals, Theoretical proposals to understand the absence of low energy
guuele and leplon Ouvor chunging seutrad currents are sueveyved ond wany we found Lo peedict
abservable slepton fwver viclating signals st linesr colliders, The observation or absence of such
pllaver vialntion will thus provide important indireet clues to vory bigh eoarey physios,  'ravious
annlyees of slepton Haver oscillations are alen extended to include the etfects of Hnike width ane
irnns dalere e,

I INTRODUCTION

LI supersyuunetry is discovered al the Tevatron or LHC, much of the focus of particle physics reacarch will
lurn to messuring ond understonding the 105 {or more) soft breaking parametors, While this problem may
secm, ol lirsl, more daunting than understanding the pattern of quark and lepton masses and mixlngs, we know,
o priovl, that these parmmeters must show strildng regularities. Otherwlse, supersymmetey would lead to large,
unobserved favor viclation among ordinary quarks and leprons,

V'rom the perspective of string theory, for example, the prospect of discovering supersymmetry and measuring
the soft breaking parameters ig extremely exciting. Indeed, in most pletures of supersvmmetry hreaklng, squark
and slepton masses arise from non-renormalizable aperators associated with same new scale of physios. This
could wall be, for example, the seale of string or M-theary, Thus, callider measurementa of the soft hreaking
parameters are potentially indirect prabes of extremely high energy physics, physies wa might hope to eventoally
unravell

Ta date, there are only a few theoretical proposals for the origin of the mouisite regalaeitisg of the sofl
paramerars which lead oo seceprably small low energy flavor violstion among the quarcks and leptons, Fach has
important implications for the physics discoveries of future colliders, In this aote, we will survey these proposals,
wit] diseuss some of heir inplications for collider pheaonenology, One particularly exciling possibilily, 18 Lhe
existence ol dramalic Qovor vielatiog phesomens o slepton predection, This can ocewr even given the ateong
bounds Irom the non-cbservation to date of favor violation in low cocrey lepton docoys.

We plso call attention to previous work on slepton flavor violating collider pheoomenology [1, 2] and extend
it to include the effects of finite width and mass differences. Our motivation is the realization that, in o first
phase, & lincar collider is likely to have a center of mass epergy of 300 GeV. As a resuls, one can well imagine
that supersviunetry will bave been discovered at the LIC, but that we will have only limited information about
the spectrum, and o frst generation linear collider will have access to only a few of the lizhtest superpartner
states. In many theories these include sleprons, Tven with this limired set of states, the observation — or not -
of slepton Havor viclation will provide important clues to the underlving supersymmerry breaking structure,

1'he reason that observable sHavor viclation at a linear collider is possible is easy wo understand. In many
proposals to solve the supersymunetric avor problem, a high degres of degeneracy among sleptons (and squarks)
ig predicted. As a4 result, there iz the potential for substantial mixing of fiavor sigenstates. This can lead to
snbstantial and abservable =flavor viclation. To be readily observable, it i necessary that mass splittings
between the states not be tono moch smaller than the decay widths, and thar the mixing dneles not be ferribly

YFloctronic address: dine@ecippacsc.edu
tRlectronia addrass: yivalgfiphysics technion. ac.1]
Hilectronis addeess: sthomasi@stanford.edu



smull. In some of these proposals, and in particular gauge mediation. the predicted degree of degeneracy is
extremely higl, and the mixing probably unobservable. However, in mast other proposals, the splittings can be
comparable or even lorger than the widths, and the mixding angles may be of order the Cabbibo angle or larger:
In this case; dramatic collider signatures are possible.

II. MEDIATION MECHANISME

Tt is instructive to review the varions proposed mechanizms for nnderstanding the suppeession of Qavor chianp-
inE processes in enpersymmatric theories, We should start by noting that most aaalyses of collider expecinents
wark in the framework of wlhst Las Become to koown es Gravity Mediation. In such models, one simply pssumes
sract depeneraey of squarks wnd sleptons wl some very high coergy seale. This assumption is not natural since
it. 16 violated by quantum corrections (and s in et seale dependent ). aod so surely Deeaks down ol some level.
Without some thesry, or more detailed asomptions, oue cannol assess Lhe degeee o which this sssumption is
vinhle, Tnoother words, degeneraey o Uhis case is o puzzle to be explained rather than o mechanism in itself.

There aee s rember of more serious proposads of whichh we are swore Jor onderstonding the suppreasion of
spersynmetre conteibutions to quark aod Teplon Davor violoting processes. These foll into three broad elosacs.
The fivst are mechanisims which seek o ensure o high degree of degeneracy g the result of dynamles without
apecilie assumplions nhout Qover, The sccond ore Haver symmetties which enforee elther a high degree of
degeneraey or aligmoent of the squork ond slepton mass maetrices with those of the quarks and leptons, The
LLied dovokes leavy superpactoer mnsses o kinemaotically suppress low energy processes.

o Guope Modintion: In ita siimplest form, any Havor viclation in gauge mediation occurs at a hlgh arvder
in Lo loop ecxpausion, or due to non-renormalizable operators. In the former case, the suppressions ara
Lypically by powers of smoll Yukowa couplings and extra loop factors. These effects are antomatically
aligned with laver vielation in the Yukswa sector and are therefors not dangerous and do not give viee to
interesting processes. [n the latter case, the suppression is by powers of AR/ whera A represants saman
Lypical senle associated with the supersymmetry breaking interactions, and M some large seals associated
with new physics such as a flavor scale at which flavor iz spontaneously broken or the Planck or sleing
seale. For A <€ A the distinctive fearure is the absence of sflavor violating processes.

s Dhlaton Domiootion: At weak coupling in the heterotic string there Is a regime in which a gravity-madiated
apectrum with a high degree of degeneracy is obtained. If the weak coupling pieture s valid, one might
hope that generic Havor violating corrections to squark and slepton mass matrices are of aeder e/
Numerically this is just enough to understand the suppression of flavor changing neutral currents ]3.'%], Tu
suggests that mass splittings among the lighteer sleptons will be arn least of order a few pacts in 1079, We
will sec that this is within the range (albeit at the low end) of what one might hope to measores directly a
a Hnear collider, Without further assumprions about flavar, one expects mixings of sipueks aml sleplons
to be of order one, Such a mass splitting is comparable to the expeetad decay widtlis of these states, so
this sflaver vielating mixing might well he ohsarvable. In the strongly conpled limit, it seans likely that
the vialations of degeneracy are larger 4.

s Anomaly Mediation: The anomalyv-mediated hyporhesis snperficially has some fentnres in common wilk
gauge mediation. However, the mediation scale is now eomparahle to the Planck seals, and oos has o
ask about the magnitude of favor violating corrections to squark and slepton mass makeices, I has been
argued that hrane world realizations of supemsyuunestery breaking might palurelly provide o context for
anomaly mediation with small corrections to degenersey (3. However. anomaly medistion turns out not
a robust feamire of hrane world supersymmetry breaking, aod violations of degencracy atc generally large
[4]. Still, the degensracy might be small encugh to suppress low encrgy Havor violafing processes in very
special circnmsnances.

« (augino Domination (and the closely related idea of gangino mediation): With no-suale boundary con-
ditions one assumes that scalar masses vanish ar are very small compared to gauging weasses al the high
messenger scale. Without a detailed underlying model, it is hard to know how large the violations of
degeneracy might he at this scale, but it seems ressonsble Lo suppose that at the high scale, the magni-
tude of the squark and slepton mass matrices are suppressed velative o gaugino masses by an amount
aof order ngur/w. Al lower scales, renormalization group evolution gives a Havor independent gauging
mass cortribulion o sleplon maesses which leads to o high degree of degeneracy. As in the case of dilaton
domination, without lurther assumptions about Havor, the violations of degeneracy are expected to be
maximnally favor violating, and to lead to large mixings in the high scale squark and slepton masses which
in turn leads to Jarge mixings ot the electrowsalk ccale.



s Conformal Sequestering: Another possibility for obraining & hish degree of dezeneracy is to postulate
that the frst two gencration squarks and sleptons are coupled to an approxdmately conformal sector over
o few orders of magnitude in renormalization group evolution [6]. This has the effect of exponentinlly
suppressing sguark ond slepton masses as well os formion Yukawa couplings. Helow this approxdmately
conformal range of scales further renormalization group evolution gives a flavar independent zaugine mass
contribution to slepton masses which leads to & high degree of degeneracy much as with no-scale houndary
conditions. Vielations of conformal invariance by standard model gauge interactions limic the degree of
slepton degencracy to roughly cow /7 ~ 1074 Without further assumptions about flaver in the high seale
theory above the approximately conformal scale, slepton mixings are related to rating of lepton masses by

roughly sin gy & /™y, foig, -

o Mop-Abelinn Flavor Symmetrics: I the explanation of squark and slepton degeneracy lies in non-abelian
Hover gymmetties, it is reasonable to expect that violations of degeneracy are correlated with the values
of guark and lepton mosses and the KM angles. In this case, one might hope to obtain tighter pradictions
in o given model for the pattern of Baver violation in the slepton sector. The level of degeneracy is model
dependent, but again o few parts times 107 Is a reasonable expectation for the violations of degeneracy,
with values for the mixings of order Cabbibo angles sin @y ~ /my, fmg [7].

o Abeling Fluvor Syminetrics: As an alternative to degeneracy among squacks and sleptons, 1t has been
suggested that the squark and slepton mass matrices might be approximasely aligned with the quock
and lepton maotrices 8], This can come about in theories with Abelian (discrete] favor gymmetries. In
this case, one does not expect any approximate degeneracy among sleptons, In order to suppress favar
changing lepton decays the mixings need to be somewhat small. Still, che mixing can be largs enough, in
particular for mixing involving taus, such thar sflavar violation can be observable at calliders,

o Firal Two Generations Heavy: Another possibility to suppress dangerous levels of supersyvinmetic con-
Leilsubions to low cocrgy quark and lepton flaver violation s to postulate that the superpartners ave very
henvy, 'The first two generntion squarks and sleptons can have masses up to of order 20 'TeV wichout
mtroducing significont tuning of electroweak symmetry breaking (4. In this case only the (mostly) stau
alepton(s) would be kinemotically sccessible at future colliders, Without additional assumptions about
tlavor, naturalness of the full slepton mass matrix implies thar mixing of this light atate(s) among the
tlover cigenstates would be of order m/M where m and M are the lighe and heavy sleptan masses.

In sum, of the various proposals to understand the absence of favar violation ar law energies, several pradiet
dromatic violations of Haver at colliders, Among those which don't, there tend to be distinetive pradictions for
the spectrum. Models of gauge mediation, for example, tend to be highly predictive. While there is oo one
compelling model of this type, many models exisr, and one can imagine detailed measurements distingnizhing
between them. In the case of aliznment mechanisms, while there shoold Aavor mixing it will oot be so dreeea ki,
one should observe correlations between the squark and slepron and the ardinary gquark and leplon mmsses,

Tn the case of non-Abelian flavor symmetries, not only does one expect siguificnnt micing, but one can hope
to abtain, given saome assumptions ahout the form of flavor symunetry breaking, precise predictions for sowe of
the violations of flavor symometry, Moreover, thess are likely to be correlated with quark, leplon and neuleing
mags matrices, Tnosuch a case, precision messurements might oltimately permit disiioguishing belween different
windels, Clearly, all of these are direcltions for further theoretical work, but the discovery of supersymmetry
andd unraveling the pattern of synunetry breaking would provide important lnsights into she nature of physics
at very hiph enerpy sesles. The obssrvation of Quvor violatlon - or its absence — ot linear colliders will provide
important clues to the pature of the underlving mechenisms of supersymmetry breaking and mediation,

T — III. SFLAVOR OSCILLATIONS OF UNSTARLE SLEPTONS

Slepton flavor oscﬂlatic:hﬁ's"hiﬁe,j:f__the sleptons mass sigenstates are not favar E‘i enstates. Consider for
simplicity the case in which leptons stéproduced initially in flavor eigenstatas: r mass aipenstates have

distinet mass, then the flavor eigenstate cscillates - +ime: and imfﬁmrﬂﬁluﬂl( v 511. en by the nss Aplivhings,

If the slepton decay rate is much smaller than the mass sﬁl’rﬁ?mg_ oscillations averags ookt and the probability of
decay from a given Havor elgenstate is given 5_1111131'{"]'}1.* mixing ang‘f‘;ﬂlhas,:mphﬂ’rh assumed previously |1]. If the
slepton decay is rapid compared with-the osrillation fl'Hlllf‘lI{ ¥ then Li.i;i':‘mhﬂ_hihh of devsy Lo another avor
eipenstate ls suppreseed [ybfTﬁFr'P are additional effects which can affect the HHH“I:"H.Q__MLL:A decay probalilily,

First, different ﬁaj.or*mgpns’ra.rrm need not have the same decay width, This is particular[$4eue for the 7 slepton
which can_have a non-trivial decay amplitude to the Higesioo componeot of o oeatralino at o Q%tu large
tar & Tn addition, the probubility amplitude or cross section for production of different mase eigens &wﬁf



IV. CONCLUSIONS

I superpartners are discovered, there is good reason to expect that sleptons will have a high degres of
degeneracy which enhances sensitivity to slavor violating effects. Tt is quite possible then that sipnificant slavor
violation could be observed at a lnear collider, The ohzervation — or non-ahservation — of such slavor breaking
would provide important indireet clues about flavor and supersymmetry plivsics al potenlially extremely high
chncigy aoalos.
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