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We consider theories where lepton flavor is violated, in particular concentrating on the four
fermion operator consisting of three electrons and a tau. Strong constraints are available from
existing searches for 7 — eee, requiring the scale of the contact interaction to be < 1/(9 TeV)?2.
We reexamine this type of physics, assuming that the particles responsible are heavy (with masses
2 TeV) such that a contact interaction description continues to be applicable at the energies for
a future eTe™ collider. We find that the process ete™ — er can be a very sensitive probe of this
kind of physics (even for very conservative assumptions about the detector performance), already
improving upon the tau decay bounds to < 1/(11 TeV)2 at collider energy /s = 500 GeV, or
reaching < 1/(35 TeV)? for /s = 3 TeV. Even stronger bounds are possible at e~ e~ colliders in the

same energy range.

PACS numbers:
I. INTRODUCTION

With the discovery of the Higgs boson [1, 2] at the
Large Hadron Collider, the Standard Model (SM) of par-
ticle physics is complete and self-consistent. Nonethe-
less, it still misses important ingredients necessary to de-
scribe Nature, and there is much about it that is mys-
terious. Among its chief mysteries is the explanation for
the tiny neutrino masses inferred from their propagation
over large distances. The SM itself contains accidental
flavor symmetries for the leptons which would prevent
such masses from occurring. Their presence is sugges-
tive of physics beyond the Standard Model which violates
these symmetries, inspiring a rich experimental program
of searches for lepton flavor violating (LFV) processes [3].

Sources of LFV physics can be classified according to
the masses of the particles mediating the flavor violation.
If these particles are light, they must be very weakly in-
teracting (or more precisely, the flavor-violating part of
the interaction must be very small) in order to remain
consistent with null results for experimental searches for
LFV. This is typically the case considered when flavor vi-
olation is included in the minimal supersymmetric stan-
dard model via a mismatch between the mass bases of
the charged leptons and their superpartners [4-22]. In
such a situation, the most promising probes of LFV are
typically through a combination of low energy searches
for rare processes and collider searches aimed at directly
observing the particles mediating the interaction them-
selves. Collider searches for this case, modulo the need
for enough energy to produce the mediators on-shell, do
not typically benefit from extremely high energies. In-
stead, the reach typically depends on the rate of produc-
tion and how distinctive the resulting signals are com-
pared to the relevant backgrounds.

If the mediating particles are much heavier, the flavor
violating couplings can be much larger. If the masses are
large compared to the energies accessible to the collider,
the underlying details become less important and their
effects can be described by local operators in an effective
field theory. In this regime, high energy reactions have
the advantage that the rate for the LF'V processes grow
with energy, and thus the highest energy colliders have
the largest lever arm to probe lepton flavor violation.

In this article, we examine LFV in this high mass
regime, focusing on operators that take the form of eeer
contact interactions. While this is but one choice of many
combinations, it serves to illustrate the capabilities of a
future high energy ee™ or e~e™ collider to tell us some-
thing about the nature of flavor in the lepton sector. The
choice of an interaction which combines electrons with
taus (as opposed e.g. to a choice like eeepu) is motivated
by the fact that bounds on this particular type of in-
teraction are among the weakest in the charged lepton
sector, with the current bounds provided by searches for
the decay 7 — eee by BELLE [23]. We study the four
fermion operators (instead of the flavor-changing mag-
netic/electric dipole moments) because the four fermion
operators are dimension six and thus grow with energy,
resulting in a relatively improved lever arm compared to
the search for rare decay processes.

As we will see below, our choice also illustrates how a
future high energy lepton collider can fill in the gaps that
are more difficult for low energy searches, and allows us
to explore the requirements for detectors given the chal-
lenge of a final state containing a tau lepton. There is
some overlap in our work with Ref. [24]; we devise a dif-
ferent search strategy which leads to improved prospects
for an observation. It is already well understood that a
future high energy lepton collider can probe the couplings



of the Higgs boson [25-27] and electroweak interactions
of the top quark [25, 28] to exquisite precision. As we
demonstrate below, it can also dramatically improve our
understanding of LE'V processes.

II. eecer OPERATORS

The lepton flavor violating interactions of interest con-
sist of four fermion operators of the form el' e ® el'y7,
where Ty, are elements of the set {1, 75,7V, Y. 75, 0w}
and any free Lorentz indices are contracted to form an in-
variant. There ten Lorentz invariant combinations. Un-
der a Fierz transformation [29], each operator in the set
transforms into a linear combination of the same opera-
tors, implying that six of them may be re-expressed in
terms of the remaining four. We choose the remaining
operators in linear combinations such that each bilinear
consists of a vector operator with a specific chirality. As
a result, the fully general set of eéeer LFV interactions is
contained in the Lagrangian density [30-32],

Vi [ev" Pre] Ty, Pre]l + Vrr [ey" Pre] [Ty, Pre]
+ Vig [y Pre] [Ty Pre] + Ve [ev" Pre] [TyuPre]
+ H. c. (1)

where the V;; (i,j = L,R) parameterize the strength
of each interaction, and are complex coefficients of mass
dimension -2 representing the heavy fields that have been
integrated out, leaving behind these interactions as the
least suppressed (by the energy of the reaction) remnant
of their existence. These operators are consistent with
the full SU(3)xSU(2)xU(1) gauge symmetry of the SM.

A. Constraints from 7 — ece

There are important constraints on the magnitude of
the V;; coming from null searches for the decay 7 —
eee. The current best limit is provided by BELLE, which
places an upper limit on the branching ratio of [23],

B (1 — eee) <2.7x 1078 . (2)

In terms of the V’s (and neglecting m. < m.), the par-
tial width for the flavor violating decay is given by,

md

r = 153(;r3 (IVerl® + Veo)* + 2 (IVoil® + [Ver[?)) -
(3)

Combined with the BELLE limit, this restricts the mag-
nitude of the Vs to:

(IVerlP + Veo|® + 2|Var|* + 2|VLL|?)

1
<163x107 0 GevV i ——— 4
=40 ¢ (8845 GeV)1 )

Future b factory experiments [33, 34] could potentially
improve on these bounds by as much as one to two or-
ders of magnitude [35], resulting in bounds on (|VLg|* +
[Ver|? + 2[Var|? + 2|VL|?) "1/ of 20.1 to 35.8 TeV.

OPAL [36] and BABAR [37] have also searched for the
process ete™ — Te. Null results from those experiments
can also be used to bound a combination of the Vs, but
these bounds are weaker than the decay bounds from
BELLE.

III. SIGNAL RATES

We are interested in the reactions ete™ — er and
e~ e~ — e 7. In the limit where the center of mass en-
ergy /s is much larger than the tau mass, the differential
cross section for eTe™ — et is given by,

do 1
@ _ 4 2 2\ .2
dt 167‘1’82{ (|VLL| + Vil )u
+ (Verl + Vac ) (2 +5%) | (5)
where t = (p; —p?)? and u = —s—t are the usual Mandel-

stam invariants. Integrating this expression over ¢ results
in the total cross section for eTe™ — er,

s
o(s) = E{|VLL|2 +|Var* + [Ver|* + |VRL|2}. (6)

The expressions for the process e”e™ — e~ 77 is easily
obtained from the previous one by crossing the initial
state e™ with a final state e™. The resulting cross section
is,

s
o(s) = Tor {4 (|VLL|2 + |VRR|2) +

[SVRN )

IV. SEARCH STRATEGY AND PROJECTED
LIMITS

The ete™ — 7e signal events are characterized by
an electron and a tau lepton, produced back-to-back in
the center of mass frame and with energies very close
to v/s/2. Our selection strategy attempts to reconstruct
both electron and tau, and require that they are close to
back-to-back and with the correct energies. While the
tau decay will necessarily produce missing momentum,
the ability to uniquely reconstruct the center of mass
frame provides a very powerful discriminant allowing the
signal to be filtered from the (otherwise) overwhelming
background processes. Our cuts are not very dependent
on the specifics of the detector design, and we comment
on the assumptions concerning the detector performance
below.

A tau decay in the SM will produce at least one charged
particle (typically e*, u*, or 7%), one or more neutrinos,
and in some cases some neutral hadrons. We assume that
the visible tau decay products can be identified as likely

(IVerl* + |VRL|2)} - (7



resulting from a tau decay, but as explained in more de-
tail below, our reconstruction strategy is not very depen-
dent on a specific decay mode or the detailed detector
performance with regard to tau identification. We will
see that even very loose tau selection cuts can be compen-
sated by reductions in the backgrounds based on other
properties of the signal events.

For a hadronically decaying tau, there is a fake back-
ground arising from eTe™ — g, where one of the result-
ing hadronic jets produces only a few pions (and thus
fakes a tau candidate) and the other fakes an electron;
this background will be negligible compared to other pro-
cesses provided the probability for a jet of hadrons to fake
an electron (Pj_,.) multiplied by the rate to fake a tau
(Pjsr) is

Pjex Py, S 1072, (8)

Given the excellent performance anticipated for the de-
tectors proposed at future high energy ete™ facilities
[38, 39], it is likely that performance will exceed this re-
quirement by at least an order of magnitude based on the
electron identification alone, and this fake background
can be safely discarded.

There are two reducible backgrounds involving real
taus and electrons. The electroweak process ete™ —
TUrev, produces a real tau and a real electron and is
the dominant background for /s 2 500 GeV. This back-
ground arises dominantly from intermediate weak bosons
produced approximately on-shell, and for energies in the
range of 100 GeV to TeV, it grows with energy as the
phase space for the resonant particles increases. In addi-
tion, the process eTe™ — 777~ produces electrons from
the decay 7 — ever,, which will rarely produce an elec-
tron whose energy is ~ 1/s/2. We simulate both of these
backgrounds using the MadGraph 5 package [40].

A. Event Selection

Uncut, these backgrounds are about a thousand times
larger than the largest signal consistent with the con-
straints from tau decays. We reduce them to a manage-
able level by reconstructing the events as follows. First,
we identify the highest energy electron in the event, and
require that it have energy

E. > (1-r) —. 9)

Since the signal typically produces electrons with F, =
V/8/2, it is desirable to choose r to be as small as is
feasible. We find that even a rather modest choice of r =
0.1 is sufficient, which is well below the expected energy
resolution for isolated electrons [38, 39]. This cut is very
effective, reducing both backgrounds by O(10?) for /s <
1 TeV. At higher energies, it becomes less effective in
dealing with the eTe™ — Tv,ev, background, but is still
modestly helpful.

We can further reduce the ee™ — 7v;,ev, background
by exploiting the fact that it rarely results in back-to-
back events. After removing the primary electron, the
remaining visible particles would correspond to the visi-
ble tau decay products in a signal event. The sum of their
momenta is denoted pyis. We can also construct the net
missing momentum of the event (using the knowledge of
the center-of-mass frame, the measured primary electron
momentum, and pyis). In a signal event, this missing mo-
mentum () is entirely from the neutrino(s) produced in
the tau decay, and so under the signal hypothesis we can
reconstruct the tau momentum as

ﬁT = ﬁvis“" ﬁ (10)

From here, we reconstruct the center of mass frame as
3 = (pe + pr)? and require,

V> (1-1) x5 (11)

where for simplicity, we choose the same r = 0.1 as be-
fore. It should be noted that reconstructing s typically
involves reconstructing hadrons from the tau decay; an
energy resolution on the order of 10% remains a conser-
vative choice [38, 39]. This cut on § can be understood
to be equivalent to requirement that the reconstructed
tau and electron are approximately back-to-back, and is
defined to be robust under the presence of visible final
state radiation photons.

We note in passing that this reconstruction strategy,
which takes advantage of the knowledge of the center-
of-mass frame available in an eTe™ collider environment,
and the fact that an event consisting of a single tau plus
visible particles can be completely reconstructed, could
also be useful in dealing with t# events where one top
decays into a tau lepton, or lepton-flavor violating Higgs
decays into 7e or Tu. Essentially the same analysis (with
the final state e replaced by a muon) should also work to
bound the process ete™ — ur; but this process receives
contributions from a wider set of dimension six operators,
and we leave quantifying such bounds for future work.

B. Initial State Radiation

At leading order and given the conservative choices
of r, the signal events are expected to pass these cuts
with near-perfect efficiency. However, radiation of pho-
tons which are lost along the beam axis will lead to a
slight degradation of the signal, as such photons cannot
be accounted for in 5. The fraction of events contain-
ing a photon approximately collinear with the beam and
carrying a momentum fraction z = E,,/E of the original
beam electron (or positron) energy E can be approxi-
mated [41, 42],

o E?
f’Yee(IaE) = % 1Og< 7)

1+ (1—x)2
m2)

- . (12)



TABLE I: Expected number of events for the er signal (as-
suming Vrr = 1/(10 TeV)2 and Vrr = Vrr = Vor = 0) and
background processes, assuming 1 ab™! of data collected at
an ete™ collider running at /s = 250, 500, 1000, and 3000
GeV, before and after the cuts described in the text. Also
indicated is the expected 95% C.L. on VE;/Z assuming no
signal is observed.

Process 250 GeV 500 GeV 1 TeV 3 TeV
Before Cuts
er Signal 112 450 1800 1.6 x 10*
ETVelyr 4.6 x 10° 5 x 10° 6.6 x 10° 1.2 x 10°
T 6.3 x 10° 1.5 x 10° 3.7 x10* 4200
After Cuts
et Signal 101 405 1620 1.5 x 10*
eTVels 9300 10* 5900 2480
T 6590 1600 390 44
Vs 8.0 TeV 11.7 TeV  18.0 TeV 34.9 TeV

Based on this expression, we estimate that about 10%
of the signal events will contain a beam-collinear photon
carrying sufficient energy to result in the event failing
to pass either the E. or the V3 cut. At a future linear
collider, beamstrahlung is expected to be similar in size
to initial state radiation; for a more detailed discussion
see [43].

C. Projected Limits

Assuming a collected data set of 1 ab™', we esti-
mate the potential 95% C.L. limits on the couplings
Vir,Vrr, Vrr, and Vi for future eTe~ colliders with
energies /s = 250, 500, 1000, and 3000 GeV. As a ref-
erence value consistent with the limits from tau decays,
we set VLL = 1/(10 TeV)2 and VRR = VRL = VLR =0.
From Eq. (7), it is obvious how to translate these bounds
onto theories where different combinations of the cou-
plings Vj; are non-zero.

In Table I, we show the events predicted for the signal
process (under these assumptions) as well as the back-
grounds, both before and after the cuts described above
are applied. After cuts, the signal to background ratio
is 1:10 at the lowest considered energies, and more like
100:1 at the highest. It would be worthwhile to explore
tightening the cut parameter r at lower energies to take
advantage of the very precise detectors proposed for fu-
ture eTe™ colliders, but we leave this kind of optimization
for future work once the detector design parameters have
been more firmly established. Also shown in Table I are
the projected 95% C.L. limits on VL_L1 /2 for each collider
energy, assuming statistical errors dominate the back-
ground estimation and that no excess is observed. At
Vs = 250 GeV, the projected limits are comparable but
slightly worse than those currently available from tau de-
cays. These limits steadily improve with collider energy,
reaching ~ 35 TeV for /s = 3 TeV.

If it were to prove feasible to tighten the cut pa-
rameter to r = 0.05, greater background rejection
is possible, though at the cost of larger signal losses
(~ 30%) due to initial state radiation. The net re-
sult would nonetheless be a modest gain in sensitiv-
ity up to V; /% > {9.3,14.2,20.3,39.5} TeV for /5 =
{250, 500, 1000, 3000} GeV. Further improvements could
be obtained by polarizing the incoming beams, which
could reduce the erv v, background, though the cost to
the signal would depend on which of the V;; are domi-
nant. This feature might be best exploited to disentangle
the chiralities involved once a signal is observed and we
leave detailed exploration of such refinements to future
work.

D. e e Collider

At a high energy e~ e~ collider, the signal consists of
e~e” — e 7. The dominant background is e"e™ —
e VT VUr;, and there is no analogue to the 77 back-
ground. The same strategy employed above for eTe™ col-
lisions should be effective at extracting the signal from
this background. Given the smaller backgrounds, and
assuming 1 ab™! of collected data and r = 0.1, we
find projected limits V; "/ > {18.6,21.9,27.0,42.2} TeV
for /s = {250,500,1000,3000} GeV. Even at /s =
250 GeV, this is a substantial improvement over the ex-
isting constraints from tau decays.

V. CONCLUSIONS

We have examined the constraints on models of éeer
LFV in which the particles mediating the interaction are
heavier than a few TeV. In this regime, the physics is
captured by four contact operators, with four complex
coefficients that parameterize the details of the underly-
ing model. We find that a future ete™ or e~e™ collider
with /s 2 250 GeV is able to expand our knowledge of
such interactions well beyond the already strong current
constraints coming from tau decays, and at the high-
est energies we consider are comparable to the potential
reach of a future super B-factory.

There are many ways in which a high energy lepton
collider would expand our knowledge of particle physics;
lepton flavor violation is one of them.
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