PHYSICAL REVIEW D, VOLUME 58, 032004

Lepton flavor violation at linear collider experiments in supersymmetric grand unified theories
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Lepton flavor violation at linear collider experiments is discussed. We show that detectable lepton flavor
violation could occur in scalar lepton pair production and decay in the supersymmefi¢ @idnd unified
theory in spite of the stringent present experimental constraints by searches for rare processes. Possible cross
sections of~40 fb for ane™ e~ collider and~280 fb for ane” e~ collider are illustrated.
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PACS numbeps): 12.60.Jv, 14.80.Ly

[. INTRODUCTION and the real processes can be seen in behaviors of their am-
plitudes as the sleptons are getting degenerate. The virtual

most important ways to explore physics beyond the StandardsAmzl(mF) 6], WhereAm is a slepton mass squared
model, because lepton flavors are conserved individually in

the standard model. In the standard model with supersymmélifference,m is the average mass of the sleptons, &nts
try (SUSY), which is one of the most attractive extensions ofthe average slepton width. Because-T', we expect that
the standard model, LFV is allowed. The soft SUSY break-there is a good chance to observe LFV even for relatively
ing masses of the scalar lepto(septon$ do not have to degenerate sleptons once their real production at collider ex-
conserve the lepton flavors in general. However, the resultperiments becomes possible. The advantage of real produc-
ing LFV exceeds much the present experimental boundgon is maximized ifAm?/m?<1<Am?/(mI') is realized. In
such as the one from a—ey search if an arbitrary, but the following, we show that this happens in the minimal
consistent with the naturalness argument, set of slepton seUSY SU5) model.
masses is allowed. The universal soft mass scenario lead Another important point needed in order to have a realis-
from supergravity[1] is often assumed to avoid this large tic LFV cross section of the real production and decay is the
LFV (and the same problem in the scalar quark sgctor  necessity of relatively large flavor mixing in the lepton-
this scenario, all the sleptons degenerate and we have Rffepton sector. In the minimal SUSY $&) model, the lep-
flavor mixing in the lepton and slepton sectors. tons and down-type quarks have the same Yukawa couplings
However, this is not the whole story when a grand unifiedat the GUT scale. This means that LFV is essentially con-
theory (GUT) is considered at the same tifi2]. In SUSY  trolled by the Cabibbo-Kobayashi-Maskaw@KM) matrix
GUTs with universal soft breaking at the Planck scale, thavhich describes the quark mixing. Since the CKM matrix is
large top quark Yukawa coupling affects the third generatiomaimost diagonal10], LFV cross sections are suppressed by
slepton mass through renomalization group evolution fronthe small off-diagonal elements of the CKM matrix. It will
the Planck scale to GUT scale, since quark and lepton supepe shown later that LFV cross sections at linear collider ex-
multiplets are unified into larger GUT multiplets. As a result, periments are hopelessly small in the minimal SUSY(BU
the sleptons degenerate no longer and LFV is expected t@odel.
take place. However, the minimal SUSY S8 model is nothing
Along this line, rates ofu—ey decay,u—3e decay,r  more than a calculable example. In fact, it cannot describe
— uy decay, andu— e conversion in nuclei have been es- the whole known fermion masses and mixiffl]. The
timated in the literatur¢3,4]. In the minimal SU5) model,  above-mentioned equality of the down-type quark Yukawa
the u— ey branching ratio has been found to be typically couplings and the leptonic ones leads to an inconsistent mass
one or two orders below the present experimental upperelation for the first and second generations, although it gives
bound (4.9<10 **[5]). The other modes tend to give two or the celebrated bottom quark to tau mass ratio. Once we ex-
more orders smaller values than experimental bounds. In thend the model to overcome this insufficiency, the leptonic
SQO(10) model, theu— ey amplitude is enhanced by a factor Yukawa couplings do not have to be the same as the down-
m./m, due to its chiral structure different from the Y type quark Yukawa couplings. Thus, the leptonic mixing is
model, and thus the decay rate could be the same order asiotlependent of the CKM matrix in general.
even larger than the experimental bousd In this paper, we show that LFV cross sections of charged
In addition to these rare processes caused by virtual slemlepton pair production and decay at linear collider experi-
ton exchange, it is possible to search for LFV in the realments are sizable if the lepton mixing has some appropriate
production of a slepton and its successive dd&y9]. The  structures. In Sec. Il, we describe our framework based on
most prominent qualitative difference between the virtualSUSY SU5) GUT more explicitly. Our numerical results on
present experimental constraints and LFV cross sections are
presented in Sec. lll. Section IV is devoted to concluding
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Il. FRAMEWORK

1
m2g=—De| Acl— = VII'Ve+ u tan 1],

Apart from the Yukawa sector, our working model is the 3

minimal SUSY SUW5) GUT with the universal soft SUSY

breaking terms at the Planck scale, discussed in detail in Ref. | =diag(0,0J),I’ =diag(0,0} "),

[3] in the context of LFV. The quarks and leptons are unified

into three pairs of Stb) chiral supermultiplets, 10TG) and |, 1hare1 is the 3% 3 unit matrix,ﬁf(R) denotes the degener-

5 (Fj), with their superpartners, where=1,2,3 is a genera-  ate |effright)-handed charged slepton mass squared coming
tion index. As for the Higgs sector, we assume the minimakrom the soft and electroweak breakingds, is the universal
one, i.e., 24 %), 5 (H), and 5(H). soft breaking trilinear coupling for the sleptdndenotes the
In the minimal model, the Yukawa superpotential is shift of the soft breaking mass of the third generation
charged slepton coming from the renormalization group evo-
lution from Mppnec 10 Mgyt due to the large top quark
Yukawa coupling, and’ is the similar shift of the soft
breaking trilinear coupling. The renomalization group equa-
wheref T is the Yukawa coupling matrix which gives up-type tions necessary to evaluate these quantities can be found in
quark masses, arfdf is the one giving down-type quark and Ref.[3].
charged lepton masses. We can tékeo be diagonal with- Because of the degeneracy of the left-handed slepton soft
out loss of generality. Thus, the flavor mixing in the leptonmassesU, does not appear in E¢3). Thus, LFV is con-
sector as well as the quark sector is governedoyn the  trolled by a 3x3 unitary matrixVe. It turns out thatV,
minimal model. As will be shown later, LFV cross sections contains only two parameters since, as seen in(By.the
of charged slepton pair production and decay are too small tbrst and second generation right-handed slepton soft break-
be measured in this case. ing parameters are the same. In addition, apparentlZ Ro
However, as mentioned in Sec. |, the above minimalviolating complex phase exists ¥y,. In the following analy-
model is known to give an incorrect mass relation for thesis, we take absolute values(@f1) and(3,2) elements o/,
first and the second generations. To be realistic, it is naturas the independent parametersMp. We denote them as
to extend Eq.1). As a result, we expect that the leptonic |V3i| and|Vsy.
Yukawa matrix is different from the down-type one. This is
realized, for instance, by introducing the following higher IIl. NUMERICAL RESULTS ON LFV
dimensional term that might be induced by graVit?]:

Wo=Tif I TH+ T fF;H, (1)

By diagonalizing Eq(3) numerically, we calculate rates
) of several LFV processes as functions |of,| and V3.
W = fij FesBT. . AY @) Masses and couplings of SUSY particles at the weak scale
Y Mppane | @AY are determined through the renomalization group equations
by giving the universal scalar mass\), the GUT gaugino
mass M), and the universah parameter A;) at the Planck
scale, in addition to the sign of the supersymmetric Higgsino

where the Greek indices are 8) ones. Note that the effec-
tive Yukawa coupling f'{Z)}/Mppancc= ' Maut/M planck

: mass ), tanB, |Vg|, and|Vs, at the weak scale. For
coulidI have the fstarl]mebot;der of ml?gnlttju:iefﬁsdugdtodt;]het illustrative  purposes, we takemo=100 GeV, M,
small masses ot the bottom quark and tau, providediinat - _ 454 GeVA,=0, and sgnf)=+1. As for tang, results

Nolrflt)kls'}gllflvrc/ﬁ]5<l\jv>e:/<g|c? Lsop?itist&?s?rsgp?écific extensionsfor tan g=3 and 10 are shown. The top quark mass is_as—
' . ~ > Psumed to be 175 GeV. These input parameters are consistent

.SUCh as Eq(2). Instead, we simply rega_rd the leptonic mix- with the present experimenf43], other than the LFV ex-
ing as independent from_the quark mixing. - periments discussed below, for all possible values\Gf|

The Iipton mass matrix at the weak schlgis diagonal- |V3,|. The lightest SUSY particléLSP) is the lightest
ized ase Mger=/" | D¢/ by unitary transformation®z  neutralino, which is almosB-ino, with a mass of around 63
=V/r and e =Uy/, where Me=UeDeVZ, D. GeV depending on tag. The mass spectrum of the six
=diag (me,m,,m,), eg, denote the gauge eigenstates,charged sleptons is given k50,163,163,182,182,18&eV
/rL are the mass eigenstates, and generation indices afer tan 3=3 and(149,164,164,183,183,19GeV for tans
suppressed. Making the same unitary transformations fox10. The precise values of the charged slepton masses de-
corresponding sleptons, we obtain the following<®  pend onV, and the above values are obtained\gr=1. The

charged slepton mass matrix: lightest charged slepton, whose production and decay with
LFV is discussed below, decays mostly into a LSP and a

2 o\ [~ charged lepton. A typical decay width of the charged slep-

@ ,EJFQ)( ”2]'- mLZR)(f'-)’ &) tons is ~0.5 GeV for the above parameters. Note that

mir" Mgz /g Am?/m?<1<Am?/(mI’) is realized as mentioned in Sec. I.

Before discussing cross sections at linear collider

- - ; experiments, let us examine constraints |o,| and_|V32|
mp=mil, mp=mgl—VelVe, from present LFV experiments. The constraint from
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FIG. 1. Present experimental constraint pfy,| and |V3) from a u—ey search:(a) for tan =3 and (b) for tan8=10. B 7
— u(e)vy] is also shown.

B(u—ey)<4.9x10 ! [5] is shown in Fig. 1. We also
show lines for X 10712 and 1x 10 3. Figure 1a) is the
case of tan3=3 and Fig. 1b) is the case of ta@=10. For
larger tangB, the constraint is stronger because jhe>ey
rate increases as tahincrease$3,4]. We can see from Fig.
1 that u— ey mainly gives a constraint ofV/5;V3,|. In Fig.
1, we also show branching ratios of> uy andr—ey. The
present experimental upper bound for(7B-u(€)y) is
3.0(2.7)<10 © [14], and no constraint on thg/z|—| V3
plane is obtainedr— u(€)y constrains|ViaVsl (|VaaVail)
as is expected.

pu— e conversion angk— 3e decay also give similar con-
strains on théVs;|—|V34 plane asu—ey. Since they tend
to be weaker than th@—ey constraint[3,4], we do not
discuss them for simplicity.

In Fig. 2, we show cross sections of LFV processes in pair
production of the lightest charged sleptons at linear collider
experiments in the case of tg#w 3. Figure Za) shows the
total cross section of"eg—/; /] —ru+2 LSPs, where
/7 denotes the lightest charged slepton. We assufsie
=500 GeV and 100% right-handed polarization of the elec-
tron beam. The.— ey constraint is also shown for compari-
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FIG. 2. LFV cross sections afs=500 GeV for tang=3. The u— ey constraint is also shown for comparison.
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son. We expect 40 fb as the maximal cross section in spite dhat these processes are complimentary.te ey which is
the strong constraint because of the different dependence @mhanced for larger tag.

V. from u—ey. This process depends & mainly through The reduction of the LFV cross sections for larger fan
combinations of Va3V3,) and|VaaVa, V3| corresponding to  is due to large left-right mixing of scalar tau leptons. To see
the s- and t-channel diagrams, respectively. The allowedthis, it is enough to consider the following<3 submatrix of
maximal LFV cross section is obtained in the case wherd=q. (3):

|V31]<|V3)|=|V3q. Note that the LFV cross section is

0(0.1) fb if V,, has a structure similar to the CKM matrix as (MY)zs (MiR)sz (MPR)ss
in the minimal SWY5) model. 2 * 2 2
. . = m m
Figures 2b)—2(d) show the total cross cross sections M (MR)zz 5)23
~  ~ ~ o~ * *
of e"eq—/ {7 —1e+2 LSPseqeq—/1 7 —1r+2 (M) a3
LSPs, andeg eF;—>71_?[—>Te+2 LSPs, respectively. The HE 0 —m,u tan B
same\/s and beam polarization as in Fig(a@ are assumed. J— 5
The maximal values of cross sections are about 150, 80, and = mr—1V3,  —1VgVss |, 4
280 fb, respectively. These values are realized in the case * * 2 — V2
where |V3)| <|Vgi|~|V3g. Other lepton flavor violating R 733
combinations in the final state charged lepton pair give less
interesting cross sections for bo#e; and eze colli-  where we neglect terms other than the one proportional to
sions. m,tan B in m?g. Since we are considering a large tan
7 LR g g

Figure 3 shows the same quantities as Fig. 2, but focase, the left-right mixing angle of the scalar tau leptons is
tan 8=10. Comparing Fig. 3 with Fig. 2, we find that the almost 45°. By making the 45° rotation in the 1-3 plane of
LFV cross sections are smaller for larger {8nThis means M?2, we obtain a matrix closer to a diagonal form:

2. 2
m;+mg—1V3; M m— — 2
———F—+m Jultan ——IVgV —— (M —mg+1V
2 |:“| B \/§|M| 32V33 2|M| L R 33)
OgM20,= * m3—I1V2, IV 3Vas/ V2 : (5)
2 2
m; + mg— 1V
* * L R 33—m,|,u|tan,8
2
|
whereQy is the 45° rotation matrix IV. CONCLUDING REMARKS
Before concluding we discuss some background issues.
1 0 2’ Possible extensions of our calculation are also discussed
V2 |ulV2 here. . e |
Our LFV signals arer/* + missing where/ denotese
Oo= 0 1 0 : (6) or u for the e"e™ collision, and 7=/~ + missing with /
u 1 =e or 7 for thee e™ collision. The tau leptons are identi-
-— 0 — fied by their hadronic decays. The pure leptonic decay modes
N2 V2

can also be useful in principle if impact parameter analysis is
available. A CCD pixel vertex detector proposed for linear
It is legitimate to diagonalize Ed5) perturbatively in order collider experiments has a typical resolution better than 10
to see the qualitative behavior of the slepton flavor mixing..m [15], while c7 of the tau lepton is about 9am [10].
As a result, we find that LFV related off-diagonal elements  The most serious standard model background irethe"
of the slepton mixing matrix are approximately proportional collision is the one coming fromiV boson pair production.
to The leptonicW pair decayWVW— 7/ vv (/' =e,u) is a back-
ground eventWW— rrvv followed by a pure leptonic de-
| cay of one of ther's can also be a background although
~— (7) appropriate kinematical cuts and the above mentioned impact
m.| u|tan 8 parameter analysis can reduce it significantly. These/
backgrounds are reduced by employing a right-handed elec-
in the large tangd case. Thus, the LFV cross sections aretron beam as we did in the above calculation. Eventually, the
suppressed as tgh becomes large. WW background cross section is reduced to less théh)
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FIG. 3. The same as Fig. 2 except for t@r 10.

fb with a reasonable efficienc{30-50 % for the signal

[16,17. evW and eeWW could also be backgrounds of
O(1) fb[16]. ZZ, Zh, andeerr could also be backgrounds.

model. In this model, the left-handed sleptons, as well as the
right-handed ones, cause LFV since the left-handed lepton
supermultiplet of the third generation is unified into the same
They can be reduced 1©(1) fb or less by appropriate se- GUT multiplet as the top quark. Then, as mentioned in Sec.
lection cuts[16,17). l, the u—ey rate is enhanced by a facterm,/m,, because
Assuming 3 fb background in total and 30% efficiency for of the chirality-flip nature of this process, white— u(€) y is
the signal, the required signal cross section at thidevel is  not enhanced. Although the details depend on the model,
~4 fb for the integrated luminosity of 50 id [6]. We see, especially its Yukawa superpotential, we expect a stronger
e.g., from Fig. 2a) that|V3;~0(0.1) can be detected. constraint from u—ey and similar constraints fromr
As for thee™e™ collision, our LFV signals are essentially —, ;,(e) y compared with the S(3) model. As can be seen in

free from backgrounds. In particular, the right-handed beamgigs. 2 and 3, a stronggr—ey constraint alone does not

selection cut$18]. _ We also expect sizable LFV cross sections from a muon
Production of other superparticles could also be backygjiger experiment19]. The s-channel amplitude in the
grounds. In particular, _heawer sleptgn producnon makes ™ collision is the same as in the" e~ case, while the
LFV signals more comp!lcated. T.O avoid this, we can choo§ -channel one has a different dependencé/gn The lower
such ay's that only a pair of the lightest charged sleptons Sinitial state radiation of the muon collider would make the

ggi?:ﬁ)%tﬁléhi%u%gﬁif r(?(fl?i;?)(r:]tl?jr:asérgzggcﬂgfﬁzatnhﬁih- threshold operation mentioned above more effective.
’ In conclusion, we have shown that LFV phenomena in

old, we S'ﬂ” pave .s!zable cross sections for both d;fqe slepton pair production and decay could be detectable at lin-
and thee e collisions. I-n the case of taf=3, for in- ear collider experiments in the SUSY 8) GUT. Treating
stance, atys=my, +my,, i.e. just at the threshold for the e lepton mixing matrix as a set of parameters independent
second lightest charged slepton, we expe@ 3b for the  of the CKM matrix, we have discussed the constraints on it
Tu(re) mode in thee* ey collision, and 78250) fb for the  from the present experiments and calculated LFV cross sec-
77(7€) mode in theegp ey collision. tions. In spite of the stringent constraint frgm— ey, some

Our observations in the present work can also be appliedf the LFV processes which have tau leg®nn the final
to other SUSY GUTs qualitatively. For instance, the LFV state could have sizable cross sections in future linear col-
cross sections are expected to be sizable in th€é1QO lider experiments.
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