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Impact of lepton-flavor violating Z’ bosons on muong—2 and other muon observables
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A lepton-flavor violating(LFV) Z’ boson may mimic some of the phenomena usually attributed to super-
symmetric theories. Using a conservative model of LF\bosons, the recent BNL E821 mugr-2 deviation
allows for a LFVZ' interpretation with a boson mass up to 4.8 TeV while staying within limits set by muon
conversion;u— ey and u—eee This model is immediately testable as one to twestg ™ — w7 events are
predicted for an analysis of the CERN LEP Il data. Future muon conversion experiments, MECO and PRIME,
are demonstrated to have the potential to probe very high boson masses with very small charges, such as a
10-TeV boson with are-u charge of 10°. Furthermore, the next linear collider is shown to be highly
complementary with muon conversion experiments, which are shown to provide the strictest and most relevant
bounds on LFV phenomena.
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I. MOTIVATION for scalar fieldgconsidered unnatural by sojeand stabilize
the weak scale from renormalizing to the Planck nd<3.

When surveying the possibilities for a fundamental theoryThrough the extended gauge structure at the heart of strongly
of nature, extra (ll) gauge symmetries and their quanta, coupled theories, extrd’ gauge bosons may emerge.
generically dubbed@’ bosons, are often found to exist natu-  Historically, flavor-conservingZ’ bosons have been ex-
rally in the best of the current extensions of the standardensively studied, while less attention has been given to the
model(SM). A renewed interest is urged by recent and futuremore general case @' bosons as a primal source of flavor-
experiments, including the BNL E821 muon anomalouschanging neutral current$&CNC). With proper respect for
magnetic moment 2ddeviation[1], the forthcoming muon the discovery potential of the forthcoming muon conversion
conversion experiments MECO and PRINIE3]; the Fermi-  experiments, we focus this paper only on #ieboson with
lab Tevatron and CERN Large Hadron Collid&HC), and  lepton-flavor violation(LFV) at its primitive vertices. It is
an anticipated future linear collider. Theoretically, we knowfeasible that any of the above higher theories will yield a
of the following sources foZ' bosons: LFV Z’ through sufficient model building and interest. In

(i) The implied crossing of the three standard modelsome cases, they already exist in the string models of Refs.
gauge couplings strongly hints at gauge coupling unificatiof11—13, technicolor models of Ref§14,15, and the top-
at some high-energy scale. Theories including such unificaflavor model[16]. Because there is no general reason why
tion [grand unified theorie€GUT9)] will, in general, include the grander theories above should supply flavor-conserving
non-SMZ' gauge bosons. Z' bosons, the plausibility of LF\Z' bosons is inherited

(i) Theories with compactified extra spatial dimensionsfrom the motivations of such models.

[4,5] provide many theoretical tools: a new interpretation of ~ Further motivation stems from the strong possibility of
the gauge hierarchy problem, electroweak symmetrydetection of weak-scale supersymmetric particles at near-
breaking alternative mechanisni6], and supersymmetry- future collider experiments. A supersymmetric analysis of
breaking alternative mechanisifig. The photon, SMZ bo-  collider signals may be drastically altered by low-scale
son, or other neutral vector bosons may form standing wavesosons by providing additional process channels. We demon-
in the compactified extra dimension. While these excitedstrate examples of this by showing how a LEYboson may
states may or may not be derived from new gauge symmeully account for any deviations found in lepton anomalous
tries, they will qualitatively mimicZ’ phenomenology. magnetic moments, muon conversiog—ey, and w

(iif) Supersymmetry is a highly motivated extension of the—eee
SM[8,9]. Among a long list, a supersymmetric SM stabilizes
the hierarchy problem, explains electroweak symmetry
breaking, naturally provides a cold dark matter candidate, Il. CHOICE OF MODEL
and provides a structure that permits baron asymmetry solu- :
tions. Particle multiplets in supersymmetric SM theories with The mosj general '.“Ode' of an elle.ctncglly .neutzal_b_(_)—
N>1 will include additional vector bosons. son would include in its Lagralgha(m) |tsl//k|net|c¢term,(||)

(iv) String theory is a candidate for a quantum theory offermion interactionsgz. /sin &l 4 v*“(PLQ;"+PrQ;N¥j1Z,,,
gravity. Supersymmetry and compactified extra dimensiongiii) a Higgs sector as a source for tZé mass,(iv) a
may arise naturally in some string models. If the SM is im-non-SM fermion sector necessary to cancel the chiral anoma-
bedded within a string model, large gauge groups, such dies of theZ’, (v) vector boson interactions, including mass
EgX Eg or SQO32), are often required. mixing with the Z and other W1) bosons, andvi) kinetic

(v) Strongly coupled theories provide a dynamical elec-mixing terms with other vector bosoise., (y/2)Z**Z),,].

troweak symmetry-breaking mechanism, eliminate the nee@he coupling constant is chosen to have&jrseparated out
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to make comparisons to the SE/lboson easiersandy’ are  not the eigenvalues of a gauge group generator, but rather a
labels for leptons, up-type quarks, and down-type quarkssimple renaming of the quanti[;UTqU]ij.
yefl,u,d}. The subscript ony; refers to flavor. These The charges for the Ieptor@!j contain the LFV content.
charges must form symmetric matrices if the Lagrangian ior the lepton chargeq,' is chosen to be the diagonal matrix
to be Hermitian. q'=diag(q};,911,959) with the first two generations sharing
We choose a conservative model, meaning as few paranthe same charge but different from the third generation. This
eters as possible while maintaining generic features thgs chosen for two reasons. From the fermion masses, one
should be inherent in any LF¥’ boson. We dub our choice suspects there to be something special about the third gen-
of parameters “modeX,” and theZ’ boson shares the same eration and allowing the first two generations to have unique
name,X*. To be minimal, effects from the new Higgs and charges does not affect generic behavior in any qualitative
fermion sectors are considered negligible, though their pheway.
nomena may be very rich in general. Tleparameter of All Yukawa unitary rotation matrices are set to the iden-
gauge kinetic mixing is shown to be on the orders|gff tity matrix except the following twolU't =V is neces-
=101 for gauge-mediated supersymmetry breaking andary to meet the definition of the Cabibbo-Kobayashi-
10" for gravity-mediated supersymmetry breakifigi7l. = Maskawa(CKM) matrix. For the lepton charges, a nontrivial
Relative to the dominant diagrams for any process considy' will create off-diagonal elements from the diagomgl
ered here, inclusion of kinetic mixing would suppress thematrix providedq' is not proportional to the identity matrix.
contribution by| x|*. There is no kinetic mixing in mode; ~ U' is chosen to borrow the parametrized form of the CKM
we sety=0. Another source of mixing would exist if the SM matrix,
Z boson andX boson shared a common Higgs mechanism.

The physical states observed would then be a quantum ad- C1oC13 S1,C13 Si3

mixture, parametrized by a mixing angée The physicalz |

boson would then inherit some LFV couplings. No mixing is U =| ~S120237 C12525513  C12C237 125238513 S23C13

used in modek; 6=0. S125237 C12023813  €125237 51223513 C23C13
We choose purely vectorial interactions for all fermions 2

with the X boson and drop the helicity subscripts on the
charges while settin@?.=QYr. Separate charges for left- The notations;; andc;; means sines and cosines of param-
and right-handed vector interactions offer no potential toetersf,,, 6,3,613 Which need not be the CKM values. We
change phenomenology since spin-averaged observables whlave ignored the allowed complex phase for simplicity. In
contain |Q;?L|2+|Qi“j’R|2, which is better off mapped to a summary, modeK is defined by parametexs;,qs;, three
single vectorial coupling. A similar mapping can be made forangles for the unitary transformatids', the coupling con-
other choices, i.e., purely axial, purely left-handed, etc. How-Stantgy, and the boson masay .
ever, in purely left- or right-handed interactions, processes
that require a helicity flidi.e., mass insertionswill result in IIl. EXPERIMENTAL CONSTRAINTS ON LEV
zero for an observable and may be useful for restricting the
classes of experiments that may constrain a model, as in Ref. Although it is known that LFV may occur in other models
[18]. For non-spin-averaged observables, such as ngion such as slepton loops in a supersymmetric SM, loops with
—2, more general coupling choices may slightly alter phe-neutrino mixing, and other exotic mode]20], it assumed
nomenology; Ref[19] found muong— 2 compatibility at 2= that theX boson is the dominant component of LFV effects
for the case of purely vectorial couplings, but no compatibil-in the following analysis. With neutrino mixing recently veri-
ity at 20 for the case of purely axial couplings. fied to 3o for active and sterile neutrino modg¢’1,22, LFV

As our focus is LFV, we remove FCNC quark interactionsis a reality. But to what extent? It can be shown that LFV
by setting the quark charge matrices to identi®!= Q¢ through neutrino mixing cannot account for any LFV signals
=1. It assumed that the higher theories that provide ur found with the sensitivity levels of the future muon conver-
boson present all fermions in the gauge basiX,ah general ~ Sion experiments. However, a supersymmetric SM enhances
different from the basis of the Skbrdinary quarks and lep- LFV effects of neutrino mixing in seesaw mechanisms
tong with the Yukawa couplings in a nondiagonal basis. Thethrough Yukawa vertices of the typé™ —1"— v [23].

higher theory supplies thé charges in diagonal matrice¢ Table | lists the experimen.ts considered and the charges
(helicity label omittedl. Through unitary matricet)?, the  they probe at lowest perturbative order. Note that, in general,
original fermionsy’ are rotated to the SM basig=U"y’. they all probe different charges. Since all measurements have

As a result, theX charges are transformed frogf to Q¥  null results except for the muon anomalous magnetic mo-
= UL/’TqU‘// The notation for fermion-vector boson interac- ment, we may consider two cases, namely the case in which

tions is the X boson contributes to the muon anomalous magnetic
moment, but does not dominate, and the case in which it

OX o O =, does d(_)minate. The reason for this division is due to the

£> sin gw[‘ﬂi i ¥ ‘pj]xn_mwi(?ii?’ $ilX. great difference in available parameter space between the

(1)  two cases, the latter case being highly constrained.
In general, for modek, a single experiment from Table |
We will refer to theQ;; as “charges” even though they are has its charges constrained by any other experiment listed in
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TABLE I. The charges listed are only those involved at lowest 5
order. Those in parentheses are involved in diagrams of the same
order, but suppressed by either a mass insertion or the charge ex- ,5|
pected to be small. The quantitR is defined aso(uN
—eN)/o(uN—w»,N) for muon conversion and as the branching

)

o

ratios for the rare muon decays. e
=3
S
Experiment type Charges probed Best measurement © 35 T
muong -2 Qu(Q. Q) 42, =(43+16)x 1071 Al 1
uN—eN Ql, R<6.1x10 *
u—eee Q!,,Q% R<1.0x10 *?
u—ey Ql3.Q% (and all others ~ R<1.2x10™ % s 5
ele—opr  QuQuQuli) n/a
+A— +,,-
e'e —uu Q11,Q2:(Q12) n/a FIG. 2. A scatter plot of the LFV boson mass (TeV) vs the

muon anomalous magnetic moment deviatéia), . Each point is a

. point in the parameter space of a LFA/ boson theory that fully
Table I. For example,.—eeeshares at least one charge in accounts for the BNL E821 muog—2 observed deviation. All

+a— ; +a—
common ase”e” — 7 and Muon CONVersiorg™ e — ur oints are within limits set by the LFV experiments of Table I, with

sha_res at Ieasdt one char%;e I:n _comhmon with a f?"é Oéhﬁ_rhe%uon conversion as the strictest lini;,e— v e elastic scattering
pe”ments’,an SO O_n until all six charges are 'nc_u e_ - I N€fmits are not applied.The coupling constant is set to the maximal
are exceptions to this general feature of modeThis arises value that retains the perturbative calculation’s validity/sin 6,

when a parameter ghoice sets one or more cha@psﬁo =\/47. This is to demonstrate the highest allowed boson mass.
zero, such as the universal or generation-deperdenases

of model X. For example, settindd},=0 unconstrains a and is measured to be (436)x 10~ 1° by BNL experiment
model X interpretation of muorg—2 from the strict muon E821 (2000. Parameter space for modxlto account for

conversion angk— ey limits. da, exists but is small when enforcing limits from the LFV
experiments listed in Table I. This is accomplished by large
A. The muon anomalous magnetic moment Mm-T ChargeQ'23, smalle-u chargeQ'lZ, and relatively small

my . The boson masey must be balanced between being

The X boson participates in théant)muon anomalous | .
b P @nt) light enough to account fofa,, and heavy enough to avoid

magnetic moment via a loop involving all charged leptons 2" . .
(Fig. 1). The X boson contribution is dominated by the dia- 2€INg ruled out at muon conversion apd-—eee experi-
gram that includes an internal tau line. This can be seen bfents. The smalQ;, criterion |s|reqU|red to keep under the
noting the two internal tau propagators provide a term proSame limits. To create a larg@;, the special case o
portional tom? in the numerator. This dependence is not=diag(~1,~1,1) is used since all off-diagonal charges are
canceled by then? in the denominator since a heaxybo- ~ Proportional to the difference ig;; andqg; in modelX,

son mass will dominate the denominator. Therefore, we ig- L N _

nore all other contributions by thé boson and only the-7 ’ Qij=(dgs=d1)UisUs;  (1#]). )

I . . . . .
chargeQy; is probed. In the limimy>m_, the deviation of Parameter space compatible with the BNL E821 deviation

the muon anomalous magnetic moment=(g—2)/2 from s tightly bunched around a particular charge assignment,
the SM value is

-1 0O(10°% 0(107)
gk(Q)? m,m,

= I~ 0ltol 04 to 1,
0= TG Oy m% @ Q 01 to 1 ©
A1 to
X All entries above are magnitudes only. However, a quirk of

modelX requires theQ!; entry to be fixed at-1 at its muon
g—2 optimal compatible value, despite whether or not the
caseq'=diag(—1,— 1,1) is used. This parameter space yields

+ +
/fL lz lz’ N+ an upper limit on the boson mass ofy~1 TeV for gy
- - - - =gy and 2.8smy=4.8 TeV forgy/sin =47, as seen in
v Fig. 2. V4 is chosen to be the highest value of the coupling

constant chosen such that next leading order in the perturba-
tive expansion remains smaller than the leading-order contri-
FIG. 1. The leading contributions of a LF¥’ boson to the bution. If the constraint'=diag(~1,- 1,1) is relaxed, the
muon anomalous magnetic moment. The diagram with an interng#ffect is to widen the range of allowed boson masses.
tau propagator is dominant due to?> enhancement in thg—2 Q'llfixed at—1 has the potential to conflict with measure-
observable. ments of elastic scattering of muon neutrinos and electrons,
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v, e—wv,e. While not a charge involved in the lowest-order B.ete —ur

X contribution to muorg— 2, Q!; is nonetheless constrained With the LFV X boson interpretation of the muag—2

dge to the parametrization_choice qf model To gxamine deviation requiring a large off-diagonal char@ég, one im-
this constraint, the four-point effective Lagrangian is CON-mediately wonders if modeX predictse’e™ — w7 events
structed from thex exchange in thé channel, observed at LEP Il. This cross section is

21A! 12/ i
9x/Qui/ /s’ Oy __ _ 4
o e Polenel. © rlete —pr= X

1277 sin’* Oy

(Q},059%————. (9)
112

['effectiv (S— mx)2 .
whereP, =(1-y°)/2. This is done for the sake of compari- Using a center-of-mass energy of 210 GeV and a total lumi-
son with the convention of the Particle Data GralyDG)  nosity of 230 pb?, all parameter space points in the plots of
[Eq. (10.12 of Ref.[24]], Fig. 2 predict one to about twenty events at LEP II, regard-
less of the coupling constamy. This is fascinating and
e SF_— 5 i ve e 5 suggests that an analysis of the LEP Il data would be eluci-
L=y A=y)vllen(av —gav)el () gating. If no events are found at LEP II, modélis still a
plausible interpretation for the mua-2 deviation since an
This constrains|Q'11| to g°. Using a typical momentum ample fraction of the parameter space points yields only a
transfer valudt|<m3 and the PDG quoted value gff=  handful of events. o _
(—0.041+0.015), it is seen that there is no modeparam- Consideringe™e” —eu is pointless in the foreseeable fu-
eter space(namely Q},) that simultaneously satisfies the turé due to the strict muon conversion limits.e” —er is
muon g—2 deviation, muon LFV experiments, and,e unmo'uvatedlln_thls study as there,|s_ no reason to b_elleve the
—v,e scattering measurements. Therefore, in order for &7 ChargeQy; is large. If a LEFVZ" is not involved in tlhe
LFV Z’ model to have compatibility with all such data, a dominant contribution to the muog—2 discrepancyQ;s
modified modelX would require either one more additional may be large but still unmotivated.
parameter to unconstrai@), or arbitrarily small couplings
to the muon neutrino. C. Muon conversion
Compatibility without» ,e— v, e constraints is in agree-
ment with Ref.[25], which uses a submodel of mod¢lto
demonstrate a LF\Z' interpretation of the muog—2 de-
viation. However, the model of R€i25] has the limitation of

Muon conversion is the procegs N—e N. Slow nega-
tive muons are aimed at a nuclear sample where ground-state
muonic atoms are allowed to form. The muon eventually

undergoes SM decay in whichvd boson is emitted from the

not being able to be tested at a linear collider since it doe§nuon towards the nuclei or outside the atom. The ratio of
not include electron couplings.e., Q},=0). Another recent muon conversion to weak decays is defined RN

study[26] also utilized submodels of modil (honcommut- —eN)=of ,
: : . . = 7(uN—eN)/o(uN—»,N"). SINDRUM Il at the
ing extended technicolor and top assisted technigolmut o ‘seherrer InstitutPS) holds the current best limit of

such models found only small LF¥’ contributions to the 6.1x 10~ 13 (1998 [27]. MECO (muon electron conversion
muong—2 deV|at|9n. at BrookhavenE940 may collect data in 2006 with a sen-
_In the case of dlagpnal charges@h, modelX becomes a sitivity of 2 1076 [28]. PRIME (prism mue conversion

universal or generation-dependent study. Such models i e the PRISM high-intensity muon source at the Japan
still may account for the muog—2 deviation simply by  a4r0n Facility (to be renamedat KEK and may collect
having a Iarge coupling to the muon. The .mt.ernz_il ferm|ondata in 2007 with a sensitivity of T0® [29]. This great
propagator is a muon, and the mugs 2 deviation is then  gcpnoogical leap of more than four orders of magnitude

2, 1 2 9 warrants LFV as a larger part of our community’s conscious-

Sa — 9x(Q22)” M, (8  ness for the next decade.
~ 1272 sirf Oy mg” The muon conversion ratio [80]

in the limit my>m,. Using gy/sir? =47 and |Q}, R(uN—eN)

=1, a 660 GeV boson is allowed. With a more familiar value ) a5 -4

for the coupling constangy=gy, the boson mass would B Gra my, éf 2102 ORI
have to be under 140 GeV to explain the deviation. Neither 2W2rcapture 7 [Fel (|Q12| |Q12 )

constraints from CERNe"e” collider LEP Il and v, e
—v,e (both probes oQ'll) may rule out these mass limits
due to the possible parameter space in which the electron
charge Q}, can be set arbitrarily small while the muon

2
Ox . w 1
X |== 1- 3(Z—N
sin acosa( —2—X . 9w>[2( )

Y

2 2
charge Q) is arbitrary. For example, this is seen by the . Ox [ . My
: ) . . . —2Zsir? O]+ — | sif 6+ ————co<g ¢
choice thatq':dlag(0,0q'?,a) while the unitary rotations are w] g\z( m>2< co Oy
constrained t®,,= 0,3= /2 with 6,4 left arbitrary. This re- 02 Un2 a2
sults inQ!,=0 and arbitraryQ),. X[(2Z+N)(|Qyz*+|QyF) +(Z+2N)(|Qy]
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FIG. 3. LFV boson massy (GeV) vs the muon conversion rate FIG. 4. LFV boson massny (GeV) vs the branching ratio
R(u~N—e"N). This plot demonstrates the discovery potential of R(,,—eed. The value of this plot is understood if compared to
future muon conversion experiments. The diagonal lines represemtig. 3. It is obvious that the current limits of muon conversion and
different values of theueX vertex coupling. Note the surprisingly ,,—,eeeare competitive in their parameter space coverage. More
large boson mass and small couplings accessible by future expelyptle is noting that muon conversion has probed more parameter
ments MECO and PRIME. This plot does not assume the LFVspace than. —eee For example, usin@);= — 1 andQ\,=10"5
should account for all of the BNL E821 muan-2 observed de-  (the muong—2 optimal parameteysmuon conversion has probed
viation. the LFV boson mass to 2 TeV while—eeeprobed to 800 GeV.

Therefore, in the near future, muon conversion warrants more at-
2 tention as the MECO and PRIME experiments are coming online in
(10) 2006 and 2007, respectively. This plot does not assume the LFV
should account for all of the BNL E821 muan-2 observed de-
viation.

+1Q1A)]

Using “®Ti as the sample, the nuclear form facteg=0.54 D. u—eee
[31], Zey=17.6 [32], and the muon capture rat€c,pure

=2.6x10°® 571 [33]. In modelX, this simplifies to This process has been historically performed using anti-

muons at resty " —e"e*e . A negative muon will tend to
be captured by a nucleus in the target used to stop the muon,
QI12 )2( 1 TeV\* and is therefore not useg.—eeeis similar to muon con-

105 version in that they both stringently probed teg. charge
Q!,. n—eeediffers in that it also probes-echargeQ), at
tree level.

The partial width foru—eeeis

Note thatR« 1/m§‘< means for every four orders of magnitude 2 5 L Mo 4
i i ists’ i R F X z

ggmed through,the experimentalists effortsl, it becomes pos F(M—>699=4—rﬂ _) (QlllQllz)z(_> . (12

sible to probeZ’ bosons exactly one magnitude more mas- T \ Qv My

sive. All processes that involve only oiZ€ internal propa- . . .

gator will share this feature in its observable, suchzas The branching ratio for mode{ at tree level results in

.4/ 9x 4
R(uN—eN)=3.1x 10 11(—) (
(m ) Oy P~

(11)

—eeeandu—ey. 4/l AL 2 4
The vast discovery potential of future muon conversion _ 1o/ 9x| 7 QuQ12|“( 1 TeV
. : Ao . R(pu—eed=3.4x10"13 = — .
experiments is demonstrated in Fig. 3. This plot and all plots Oy 10 My

to follow do not assume that the modglboson fully ac-

counts for the muorg—2 observed deviation. Figure 3 is

best appreciated by noting the large boson masses and smalie current sensitivity level iR(u—eeg<1.0x10 12

e-u chargesQ), accessible. For example, a LFV signal at from SINDRUM at PSI(1988 [34]. There are no major

PRIME may imply a modelX boson with a mass about —eee projects announced as forthcoming. However, with

O(10 TeV) and couplings as small & 10 °). Even with-  the future high-intensity muon sources in the works, a near-

out a LFV signal, MECO and PRIME will provide strict future experiment is still plausible.

bounds on theoretical models that include LFV. Figure 4 shows us that—eeeis a competitive experi-
Due to the stringent current muon conversion lifif,is ~ ment with muon conversion for probing teeu chargeQ,.

constrained to be very small for light bosons. Because of Closer inspection reveals muon conversion has probed more

the relationships between all charges of modeinuon con-  parameter space than—eee For example, if the muog

version constrains the parameter space of mddeiore so —2 parameters 0Q'11= —1 and Q'lzz 10°° are used,u
than any other experiment, as will be shown in the following— eeehas probe bosons to 800 GeV while muon conver-
subsections. sion has probed to 2 TeV. Furthermore, muon conversion has
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provided stricter bounds than linear and hadronic collider

searches for generation-depend&ntbosons that originate
from SU(2),XSU(2) and U(1)XU(1), extended elec-
troweak gauge structuréspecial cases of mod¥), as stud-

ied in Refs[37,38 in which a lower boson mass limit of 375

GeV is claimed.

There are similar processes for the tau lepton:
—upupm, T—eew, T—uue, and r—eee However, the
branching ratios for all of these are on the ordegfL0 )

and place too weak constraints to be of relevance in this

study[24].

E. u—ey

nt—e"y has historically been probed by allowing an

PHYSICAL REVIEW D

65 055003
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FIG. 5. LFV boson massny (GeV) vs the branching ratio

antimuon at rest to decay and waiting for back-to-back decaﬁ(“_’ew' It is important to eliminate the possible confusion over

products. For the same reasonguas eeg a negative muon
is not used. The dominant diagrams for ey are identical

to the muorg— 2 with the outgoing antimuon exchanged for
a positron. This provides a new probe by changing th
charges probed at the vertices involving the positron. In prin

ciple, u— ey probes all charges of mod&l However, a tau

internal propagator dominates for the same reasons it shou

e

which experiments are most constraining for a given model. The
value of this plot is in revealing that the—ey MEGA limit is of

little value to constrain modeX bosons beyond or complementary
to muon conversion when BNL E821 mu@t2 constraints are
applied. The muom—2 optimal charges ar! Q% =105, and

therefore MEGA has probed modeélbosons to about 200 GeV for
=gy. If muon g—2 constraints are relaxed, with larger
argeQ'13, the MEGA limit has probed to very large LFY¥’

dominate lepton anomalous magnetic moments. This effeq5oson masses, i.e., 10 TeV fag(/gy)2/Q.Qbd = 10-2. This plot

tively reduces the charges probed to oy, and Q).
The partial width foru—ey is

aGE [ gy | mymiMi,
F(p—ey)= 72 (a) mgf( : (14)
where
M 1= MeQ},Q1,+ m,LQllelzz"‘ M, Q}5Qbs. )

For modelX, the branching ratio results in

4
R(u—ey)=1.3x10" 13( %) (
Ov

QI13Q|23)2 1T9V)4
10°° my | -
(16)

The current limit is held by MEGA at LANL(1999 to be
R(u—ey)<1.2x10 ! [35]. A recently approved experi-
ment MEG at PSI may reach a sensitivity of 10[36] in

does not assume the LFV should account for all of the mgon
—2 observed deviation.

F.ete —utu~

e"e"—I1%17 is included in our analysis to provide a
simple way of constraining the mass of ady model at
future linear colliders. Because the cross sectice’ e
—1%17) is insensitive to what outgoing charged lepton is
used, we arbitrarily choose muons as outgoing. At tree level,
this process is dominated by theehannel exchange involv-
ing only chargeQ!i . t-channel exchange suﬁer@kz)“ sup-
pression, rendering it relevant only frbosons with masses
somewhere over 1000 TeV, where theu coupling
(gX/gY)ZQ'12 may be 1 or largetFig. 3). This would come at
the expense of losing a LF¥' interpretation of the muon
g— 2 observed discrepancy.

The next linear colliders have the potential to show a 1%
deviation in the cross section feif e —1"1". It is assumed
that a 1% observed difference inAc(ete”
—utu)logy(ete —ut u) is entirely due to thé& bo-

2003. From Fig. 5, it is seen that the muon conversion limitson. We include interference with photon ad@xchange in
overrides theu— ey limit when considering the parameter Ao. Figure 6 has the parameter space limits set forth by

space covered in mod&. For example, using the muan
—2 optimal charges againQ),QbJ =1, u—ey has only

probed the modeX boson up to about 200 GeV. An earlier
effort confirmed this ranking of LFV experiments for top-

color assisted technicolor, a specific case of motgl4].

future linear colliders superimposed with the limits set by
muon conversion. Parametegg=gy, Q};=—1, andQ},
=—1 are used.

It is seen that the future muon conversion and linear col-
lider experiments are highly complementary in their search

Because of the relatively weak branching ratio limits forfor a model X boson. Signals implying parameters in the

7— 7y and r7— ey (both on the order of 17f), those analy-
ses are rendered irrelevant for mod€l[24]. However, a

upper left “quadrant” ofmy andQ'12 parameter space can be
seen at both types of experiments. The larger masses in the

stronger limit on7— w7y could prove interesting since the upper left quadrant can be seen only by muon conversion
charges involvedQ); andQL;, may have magnitudes near 1 experiments. Due to the insensitivity ta¢hannel exchange,

for the muong—2 optimal charges.

future linear colliders may probe the region of arbitrarily
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e
=

phenomenological behavior. Through this “modg! we es-
tablished the following.

(i) The BNL E821 muong—2 deviation may fully be
attributed to anX boson with a mass as large as roughly 6
TeV, or less as the coupling constamyt is lowered. This
LFV boson will also maintain compatibility with muon con-
version,u—eee andu— ey experimental null searches.

(ii) Even without LFV, aZ’ with only lepton-flavor con-
serving interactions may still account for the mugmn-2

deviation with masses as large as 660 GeV. No linear collider
T may place a limit on this mass due to the parameter space

e
and LG

1
12

—e charge |Q
5 oo o
L te¢

1e-06

1e-07

LFV Z p

1e-08

le-09

le-10 L—ref s ST MY R P FE that allows for arbitrarily smaleeXcouplings.
100 1000 10000 100000 le+06 . .
my GeV) (iii) Model X |s.|mmed'|ately '_[estable. Ngarly all param-
eter space points in the first claim above will have produced
FIG. 6. LFV Z' boson massny (GeV) vs the electron-muon one to twentyete™ — w7 events at LEP Il. An analysis of
chargeQ},. This plot demonstrates future muon conversion andthe LEP Il data is therefore urged.
linear collider experiments to be highly complementary. The verti- (iv) The technological advances incorporated in future
cal lines show the maximum’ mass that would show a 1% devia- muon conversion experiments, MECQ006 and PRIME
tionin Ao(e"e” —u"u Yosy(e e —p"u") with parameters (2007, will improve probes of LFVZ' masses by more than

9x=0v, Qu= — 1, andQy,= — 1. The diagonal lines are limits that o order of magnitude. For example, 10 TeV bosons with
would be set by future muon conversion experiments. The uppe&)up”ngs of 10° will be accessible.

left “quadrant” contains parameter space that would be implied at (v) Furthermore, muon conversion places the strictest

both types of experiments. _The upper right quadrant contains pge, o hounds on LF\Z' masses over all other experiments,
rameters that could only be implied at future muon conversion ex-

periments. The lower left quadrant contains parameters that coullndUdmg’u—)eee p—ey, and all collider searches. MEG,

d . -
only be implied by future linear colliders. Neither type of experi- a future u— ey experiment, will not probe moded bosons
ment could see the parameters of the lower right quadrant.

beyond what muon conversion already has. With no forth-
coming u— eeeexperiments announced, the importance of
) ) MECO and PRIME for the next decade is emphasized.
small e charge in the lower left corner. Neither type of (i) Fyture linear colliders will be complementary in their
experiments will see the lower right corner. search forZ’ bosons. As they are insensitive to LFV primal

vertices, linear colliders provide different limits, as explained
IV. SUMMARY in Fig. 6.

Theoretical and experimental motivations for a lepton-
flavor violating Z’ boson are explored. A LF\Z' boson
interpretation is applied to recent and near-future experi- We thank S. Mrenna, K. Tobe, and J. Wells for helpful
ments. A conservative model was chosen by balancing thdiscussions. This work was funded in part by the U.S. De-
least number of free parameters while not sacrificing generipartment of Energy.

ACKNOWLEDGMENTS

[1] Muong—2 Collaboration, H. N. Browt al, Phys. Rev. Lett.  [14] T. Rador, Phys. Rev. 39, 095012(1999.

86, 2227(2002. [15] C. Yue, G. Liu, and J. Li, Phys. Lett. B96, 89 (2000.
[2] http://meco.ps.uci.edu/ [16] D. J. Muller and S. Nandi, Phys. Lett. 883 345 (1996.
[3] http:/iwww-prism.kek.jp/ [17] K. R. Dienes, C. Kolda, and J. March-Russell, Nucl. Phys.
[4] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B B492 104 (1997).
429 263(1998. [18] B. Murakami and J. D. Wells, in the proceedings of the 2001
[5] L. J. Randall and R. Sundrum, Phys. Rev. L& 3370 APS Snowmass Summer Study.
(1999. [19] D. Choudhury, B. Mukhopadhyaya, and S. Rakshit, Phys. Lett.
[6] B. A. Dobrescu, Phys. Lett. B61, 99 (1999. B 507, 219(2002.
[7] A. Delgado, A. Pomarol, and M. Quiros, Phys. Rev.6D, [20] Y. Kuno and Y. Okada, Rev. Mod. Phyg3, 151 (2002.
095008(1999. [21] 3. N. Bahcall, M. C. Gonzalez-Garcia, and C. Pena-Garay, J.
[8] H. E. Haber and G. L. Kane, Phys. Ref.7, 75 (1985. High Energy Phys108 014 (2001J).
[9] S. P. Martin, “A supersymmetry primer,” hep-ph/9709356. [22] V. Barger, D. Marfatia, and K. Whisnant, Phys. Rev. L&8,
[10] K. D. Lane, “Technicolor 2000,” hep-ph/0007304. 011302(2002.
[11] E. Nardi, Phys. Rev. 18, 1240(1993. [23] J. Hisano and D. Nomura, “Neutrino oscillation and charged
[12] G. B. Cleaver, A. E. Faraggi, D. V. Nanopoulos, and T. ter lepton flavor violation in the supersymmetric standard mod-
Veldhuis, Int. J. Mod. Phys. A6, 3565(2001). els,” hep-ph/0004061.
[13] S. Chaudhuri, S. Chung, G. Hockney, and J. Lykken, Nucl.[24] Particle Data Group, D. E. Groost al, Eur. Phys. J. d5, 1
Phys.B456, 89 (1995. (2000.

055003-7



BRANDON MURAKAMI PHYSICAL REVIEW D 65 055003

[25] T. Huang, Z. H. Lin, L. Y. Shan, and X. Zhang, Phys. Rev. D [32] J. C. Sens, Phys. Re¥13 679(1959.

64, 071301R) (200)). [33] T. Suzuki, D. F. Measday, and J. P. Roalsvig, Phys. Re®85,C
[26] K. R. Lynch, Phys. Rev. Bto be publishel hep-ph/0108080. 2212(1987).
[27] P. Wintz, inProceedings of the First International Symposium [34] SINDRUM Collaboration, U. Bellgardiet al, Nucl. Phys.

on Lepton and Baryon Number Violatioedited by A. Astbury, B299, 1 (1988.

D. Axen, and J. RobinsofWorld Scientific, Singapore, 1999  [35] MEGA Collaboration, M. L. Brookst al., Phys. Rev. Lett83,

p. 534. 1521(1999.
[28] W. Molzon (private communication [36] http://meg.icepp.s.u-tokyo.ac.jp/
[29] Y. Kuno (private communication [37] K. R. Lynch, E. H. Simmons, M. Narain, and S. Mrenna, Phys.
[30] Fz.ol(_)zngacker and M. Plumacher, Phys. Rev6P) 013006 Rev. D63, 035006(2001.

: 38] R. S. Chivukula, E. H. Simmons, and J. Terning, Phys. Lett. B

[31] J. Bernabeu, E. Nardi, and D. Tommasini, Nucl. PH§409, [38] uu ! ng, Fhy

69 (1093, 331, 383(19949.

055003-8



