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Abstract

Lepton flavor violating processes are highly suppressed in the Standard Model. There-
fore, if observed, lepton flavor violation would be a clear indication of new physics be-
yond the Standard Model. We study the process e*e~ — Tu at tree-level in the Standard
Model Effective Field Theory both on the Z-pole and at higher center-of-mass energies.
We show that the constraints derived from the future circular e*te™ colliders FCC-ee and
CEPC, are complementary to those obtained from low-energy tau decays at BaBar and
Belle, as well as projections from Belle-II.

Copyright P Munbodh. Received 2024-06-12 L)
This work is licensed under the Creative Commons Accepted 2024-12-04 check for
Attribution 4.0 International License. Published 2025-07-23 updates
Published by the SciPost Foundation. doi:10.21468/SciPostPhysProc.17.006

1 Introduction

Lepton Flavor Violation (LFV) in the Standard Model (SM) is very far beyond current experi-
mental sensitivities as it does not occur at tree-level and is, in addition, suppressed by ratios
of neutrino masses to the W-boson mass [1-4]. However, heavy new physics above the TeV
scale, which we parametrize by the Standard Model Effective Field Theory (SMEFT) [5], might
induce larger lepton flavor violating processes that could be searched for.

Here, we focus on those SMEFT operators that contribute to eTe™ — Tu at tree-level. Large
Electron-Positron Collider (LEP) analyses provide constraints on Z — tu both resonantly on
the Z-pole and non-resonantly at higher center-of-mass energies /s ~ 200 GeV [6-11]. Since
the Future Circular Collider [12,13] (FCC-ee) and Circular Electron Positron Collider [ 14-16]
(CEPC) will run at higher /s (in addition to the Z-pole) and with larger luminosities, they
will probe the LFV SMEFT operators much more sensitively than the LEP In Section 3, we will
discuss the sensitivity projections and compare them to those obtained from low-energy tau
decays.
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Figure 1: Adapted from [17]. The dependence of the cross-section o(ete™ — Tu)
on the center-of-mass energy (solid colored lines) for each class of operator set-
ting the Wilson coefficient to 1. The dashed coloured lines include the effects
of RGE running [18, 19] of the coefficients from a UV scale of A = 3 TeV on
o(ete” — tu). The red line shows the cross-section for the dominant source of
background o(ete” — tt77).

2 Observables

For detailed discussion and calculations, see Ref. [17]. There are three classes of operators
that contribute to e"e™ — Tu at tree-level namely dipole operators, Higgs current operators
and four-fermion contact interactions. The total cross-section is given by

2

o =0(ete" >t u )+o(ete s ut 1) = 24%%(2(10 +1Ig)+ 1+ Tz) , (D
where A is the UV scale of new physics, m, is the mass of the Z, and expressions for the
coefficients Iy,) + Io(o) are given in Appendix A.

The characteristic scaling of the cross-section o(e*e~ — 7u) for each class with the center-
of-mass energy can be determined from dimensional analysis. In particular, at large s, four-
fermion contact interactions give rise to a contribution that is proportional to s whereas the
contributions of dipole operators is constant while those of the Higgs current operators is pro-
portional to 1/s. Finally, operators which contribute to diagrams with an off-shell Z boson
experience resonant enhancement in their cross-section on the Z-pole. Hence, should new
LFV physics reside in the Tu sector, probing these operators at different 4/s could potentially
allow the contributions of each class of operators to be disentangled from one another. Addi-
tionally, observables sensitive to the angular distributions and CP asymmetries could allow us
to distinguish between the different chirality structures of these operators.
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3 Expected sensitivities at FCC-ee and CEPC

To curb background from e*e™ — u*u~ where a muon is misidentified as a tau, we require
that the tau decays to at least two pions i.e. Tp,g = PV — 2TV, Thaq — 3TV OF Thag — 47TV,
as outlined in Ref. [20]. All remaining backgrounds can be tamed by imposing a cut on
Py
Pbeam

= (2)
where p,, is the absolute value of the muon momentum and pye,p, is the beam momentum
[20]. Thus understanding the kinematics of the various background processes is essential. For
the background process (i) ete™ — WTW™ — 1},4vuv with two on-shell W,! kinematically
x < 1 whereas for (ii) ete™ = 777~ — 1,,4uvv, the endpoint of the muon momentum is at
x = 1. Finite beam energy spread and detector momentum resolution shifts this endpoint to
be slightly above 1. Therefore, selecting only events having x > 1 will substantially reduce
background in the second case whilst almost completely eliminating background in the first
case due to the massive W bosons. Furthermore, higher-order background processes such as
efe” > WYW™/ZZ — v+ v1™ v also become negligible after applying this cut. On the other
hand, the same cut of x > 1 preserves around half of the signal since the latter is a gaussian
centered on x = 1 (with width dictated by finite detector effects and collision energy spread).
The number of expected signal and background events is given by
XC
sig
Nyg = 0(e*e” — 7717) x 2 x BR(7 — pions + ) X BR(T — u»v) X Lip X eﬁf{g xe, (@

Ny, = o(ete™ — tu) x BR(7T — pions + v) X L X €.¢ X €, 3

ig

XC
sig/bkg
pendent on the cut x > x., and € ~ 25% is an estimate of the analysis efficiency included

following Ref. [20]. Although the momentum cut could be further optimized to gain small
increases in the sensitivity, we take x. = 1 to illustrate our results. We have further neglected
any systematic sources of uncertainty which could become relevant on the Z-pole where the
number of background events is larger. The effects of initial state radiation have been ne-
glected as well since it only leads to a slight shift in the momentum distribution near x.. The
center-of-mass energies, luminosities, beam energy spreads and detector momentum resolu-
tions can be found in Refs. [12,13,22,23] for the FCC-ee and in Refs. [14, 15,24, 25] for the
CEPC.

To estimate the sensitivity of these future machines to the LFV cross-section, we adopt the
following criterion

where £ is the integrated luminosity, € are the signal or background efficiencies de-

Nyig = 24/ Npjg + Nig - (5)

The results are shown in Figures 2 - 4. In Figure 2, it is clear that the four-fermion contact
interaction (Cj; )y is better constrained at higher +/s, but that on the Z-pole we are much
more sensitive to the Higgs current coefficient (CSZ))M than the four-fermion operator. In

Figure 3, we find that the constraints we obtain in the plane of (C;ll)) wz V8 (Ci1)eep cOmplement
the projected constraints of the low-energy tau decays T — uee and T — up from Belle-II [26].
Finally, in Figure 4, we observe that for Higgs current operators and four-fermion contact
operators, the FCC-ee and CEPC will be able to probe UV scales A 2 O(10) TeV rivaling the
sensitivity projections from Belle-II.

!We have verified using MadGraph5 aMC@NLO [21] that the background is still negligible if the W bosons are
off-shell.

006.3


https://scipost.org
https://scipost.org/SciPostPhysProc.17.006

SciPost Phys. Proc. 17, 006 (2025)

0.4

0.3

0.1

0.0

(Ci)eepr(N)

—0.14

—0.2

—0.3

A =3.0TeV

—0.4

/5 =912 GeV(Z — pole)
B /5 = 87.7/93.9 GeV'
5 = 125 GeVimp)

Vs = 160 GeV(IWT)

/s = 240 GeV(ZH)

/5 = 365 GeV/(tf)

Combination

—0.4

0.2

0.0 0.2 04
~(1)
(€ ()

ol

(Cieepr(1)

0.2

0.1

0.0

—0.17

—0.2

—0.31

—0.4

A= 3.0 TeV

/5 = 91.2 GeV(Z — pole)
/5 = 87.7/93.9 GeV
V3 = 160 GeV(WW)
Vs =240 GeV(ZH)
V/s = 360 GeV(tt)

Combination

—0.4 —0.2

0.0

02 0.4

(€M)

ol

Figure 2: Adapted from [17]. 20 sensitivity constraints in the plane of the SMEFT
Wilson coefficients (Cj;)eepyr VS. (C(l)),” (left/right: FCC-ee/CEPC) with a UV scale

pl

of A = 3 TeV. The red region represents the combined constraints using a y 2 statistic.
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Figure 3: Adapted from [17]. Constraints in the plane of the SMEFT Wilson coeffi-
cients (Cyy)eeyr VS- (Cgl))m. The red region shows the combined constraint at FCC-ee
(left) and CEPC (right) from figure 2. The yellow (blue) region is the current 1o and
20 constraints from 7 — uee (T — up). The black dashed lines show the expected
tau decay constraints at 20 from Belle II.

4 Conclusion

We showed that LFV in the process ete™ — 7y would allow us to probe lepton flavor violating
dipole operators, Higgs-current operators and four-fermion operators. In particular, FCC-ee
and CEPC will have sensitivities that are competitive with future t-decay constraints from

Belle-II.

Linear colliders such as the ILC [27] and CLIC [28,29] are expected to provide much more
stringent bounds on the four fermion operators due to their cross-section linearly scaling with
s. Furthermore, since these linear colliders typically employ polarized e~ /e* beams, they will
be able to probe the chirality structure of the operators. A detailed study of LFV at future linear
e* /e~ colliders will appear soon [30].
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Figure 4: Adapted from [17]. Sensitivity to the new physics scale A from LFV tau
decays, Z decays, and the e*e~ — Tu cross-section when each SMEFT coefficient
is individually set to 1 at the scale A, i.e. C;(A) = 1.0. Current constraints from
Babar [31], Belle [32-34], LEP and the LHC [35,36] are shown as colored bars while
future projections from Belle-II, FCC-ee and the HL-LHC [37,38] are shown as gray
bars.
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A Coefficients

The Wilson coefficients appearing in the expressions below are linear combinations of the
SMEFT coefficients defined in [5], see [17].

o 1 1
o+lo= 5 (|C‘§L|2 +|CRR12 4 |CLR2 4 |CREI2 + EICSLRI2 + §|C§LI2)
Z
2

d m—%(|c“|2+|cRR|2)(1—4s2 sty (1=
(s—m2R2+12m2| 2s V7 z womw $

x (Re(CLECLY + CLRCRR)(1—252,) — Re( CRL CLL* + CRRCER )as2, ) ] , AD

N
I+, =8 (|CIR + |CR ) 252, + —— (ICER[2 + |CEL2)
4m;
52

+
(s—m2)2+TIzm3

[(|cg‘*|2 +|CRE2)(1— 452, + 8siy)

m2
+ (1 = TZ) Re( CLRCLR* + CRLCE Ydcyy s (1 — 4s§v)] : (A.2)
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