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While charged lepton-flavor-violating tau decays to strange mesons provide powerful probes of the
underlying τ → lds̄ transition, the corresponding decay modes involving hyperons are kinematically
forbidden. To address this gap, we propose the quasielastic scattering processes e−N → τ−Y. Within a
general low-energy effective Lagrangian, we perform a comprehensive analysis of the final-state
polarizations of both the τ lepton and the hyperon Y, systematically addressing the theoretical uncertainty
driven by the model dependence of form factors. Our analysis demonstrates that while this uncertainty
leads to large variations in predicted rates, the polarization observables can potentially distinguish between
the form factor models, and help to determine the chiral nature of the vectorial new physics interaction.
Finally, we forecast the event rates for future facilities, revealing a strong dependence on the form factor
models, with predicted yields ranging from potentially observable levels to rates far below current detection
thresholds.
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I. INTRODUCTION

The Standard Model (SM) of particle physics, despite its
tremendous success, is known to be incomplete. Searches
for new physics (NP) beyond the SM therefore constitute a
major research thrust in particle physics. A particularly
compelling avenue is the search for charged lepton flavor
violation (cLFV) [1–4]. Since the rates for cLFV processes
induced by neutrino mixing are suppressed to unobservable
levels within the SM [1,2], any observation of a cLFV
process would constitute a clear signal of NP.
In this work, we focus on the cLFV processes mediated

by an e − τ transition coupled to a flavor-changing neutral
current in the quark sector, specifically e−d → τ−s tran-
sition. The effective interactions governing these process
have been investigated through a variety of experimental
probes. At high energies, these include the analyses of
high-pT dilepton final states at the LHC [5,6], and potential
future searches at the upcoming Electron-Ion Collider [7].

In the low-energy regime, the primary probes are searches
for cLFV tau decays, such as τ− → e−KS, τ− → e−K�0, and
τ− → e−π−Kþ [8–11]. However, all these low-energy
decay probes are exclusively mesonic. The baryonic
decays, which arise from the same underlying interaction,
are kinematically inaccessible. To address this gap, we
propose the quasielastic (QE) scattering process e−N →
τ−Y to probe the baryonic sector of these LFV interactions.
A complete determination of the underlying NP requires

not only establishing its existence but also pinpointing the
specific Dirac structures and Wilson coefficients (WCs) of
the effective operators involved. However, the existing set
of observables—including the cross sections of the new
proposed scattering processes—is insufficient to fully
determine all the parameters in the general effective
Lagrangian as introduced in Eq. (1). To provide the
necessary new information, we investigate the final-state
polarization of the produced τ lepton and hyperon Y.
Though experimentally more demanding, these polariza-
tion observables are sensitive to different combinations of
the effective operators and can therefore provide the new,
independent constraints needed to fill the observatio-
nal gap.
Connecting the observables considered in this work to

the underlying NP—that is, determining the Dirac struc-
tures and their associated WCs—relies on a precise
calculation of the hadronic matrix element for the N →
Y transition. In the absence of direct calculations for these
form factors, we consider the parametrizations derived
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from two distinct approaches. The first employs the SU(3)
flavor symmetry to relate the N → Y transition form factors
to the better-known N → N ones [12,13], neglecting the
SU(3) breaking effects. The second utilizes theoretical
calculations of the Y → N decay form factors, which must
then be analytically continued from the timelike (q2 > 0) to
the spacelike (q2 < 0) region required for scattering [13–
17]. As we will demonstrate, this choice of model induces a
strong dependence in all observables, altering the predicted
scattering cross section by orders of magnitude and
dramatically affecting the magnitudes and kinematic
dependencies of the polarization observables.
This strong model dependence, while a challenge, also

presents an opportunity for its resolution. In this work, we
systematically investigate the final-state averaged polari-
zation observables, examining their behavior across a range
of NP scenarios and form factor parametrizations. We show
that, under a specific NP assumption such as a purely vector
interaction, certain combinations of hyperon polarization
observables, e.g., hPΣ

L;Ti and hPΛ
Li, exhibit qualitatively

different behaviors for the form factor models, separating
them into distinct classes. Furthermore, we outline a
strategy where the measurement of other polarization
combinations, such as the tau polarization hPτ

Li and the
hyperon polarization hPΣ

Ti, can uniquely identify the chiral
nature of the underlying vector operator, provided that the
contributions from tensor operators are negligible.
The QE scattering processes we propose can be ex-

plored through a fixed-target experiment, thanks to the
advanced capabilities of modern facilities such as the
12 GeV Continuous Electron Beam Accelerator Facility
(CEBAF) at Jefferson Lab (JLab) and its potential upgrades
[18]. Using the current stringent constraints on the WCs
from the cLFV tau decays as an input, we forecast the
expected annual event rates for the QE scattering processes.
Our results reveal a large spread in the predicted annual
event rates, ranging from fewer than one to several hundred,
with the variation driven mainly by the choice of form
factor model.
The remainder of this paper is organized as follows. In

Sec. II, we lay out our theoretical framework, detailing the
effective Lagrangian, the construction of spin density
matrices, and the various form factor parametrizations.
In Sec. III, we present a comprehensive phenomeno-
logical analysis of the cross sections and polarization
observables. We then assess the experimental prospects
in Sec. IV, using current constraints to project event rates.
Finally, we summarize our results and offer our conclusions
in Sec. V.

II. THEORETICAL FRAMEWORK

A. The low-energy effective Lagrangian

The general low-energy effective Lagrangian involving
e−d → τ−s transitions can be written as

Leff ¼ −
4GFffiffiffi

2
p

X
α

gαOα þ H:c:; ð1Þ

where GF is the Fermi constant, Oα is the semileptonic
operator listed in Table I, and gα is the corresponding
effective WC. Often, the tensor operators ORR

T and OLL
T are

recast in the following form

OLL;RR
T ¼ ðτ̄σμνPL;ReÞðs̄σμνdÞ; ð2Þ

making use of the identity σμνγ5 ¼ i
2
ϵμνρσσ

ρσ. In contrast,
the tensor operators OLR;RL

T vanish identically as a conse-
quence of Lorentz invariance.

B. τ- and Y-production density matrix

Within the framework of the effective Lagrangian Leff ,
the scattering amplitude M for the QE processes
e− þ N → τ− þ Y, with nucleons N ¼ n, p and hyperons
Y ¼ Λ;Σ0;Σþ, takes the general form

M ¼ −
4GFffiffiffi

2
p

X
a¼S;V;T

ðHL
aLL

a þHR
aLR

a Þ: ð3Þ

Here, the index a runs over the scalar (S), vector (V), and
tensor (T) interactions. The corresponding matrix elements
of left- and right-chiral hadronic currents (HL;R

a ) and
leptonic currents (LL;R

a ) are detailed in Appendix A.
From this amplitude, we construct the spin density

matrix for the produced τ lepton. By summing over the
unobserved helicities of the initial electron (r), initial
nucleon (s), and final hyperon (t), it is given by [17,19]

ρτλ;λ0 ¼
X
r;s;t

MðλÞM�ðλ0Þ

¼ 8G2
F

X
r;s;t

X
a;a0

fHL
aHL�

a0 L
L
a ðλÞLL�

a0 ðλ0Þ

þHR
aHR�

a0 L
R
a ðλÞLR�

a0 ðλ0Þg; ð4Þ
where λ and λ0 are the helicities of the outgoing τ. The
second equation is obtained by noting that interference
terms between the left- and right-chiral leptonic currents

TABLE I. Operator Oα of Leff in Eq. (1), where PR;L ¼
ð1� γ5Þ=2 denote the right- and left-handed projectors, and
σμν ¼ i½γμ; γν�=2 is the antisymmetric tensor. Note that coeff is
short for coefficient.

Coeff Operator Coeff Operator

gLLV ðτ̄γμPLeÞðs̄γμPLdÞ gRRV ðτ̄γμPReÞðs̄γμPRdÞ
gLRV ðτ̄γμPLeÞðs̄γμPRdÞ gRLV ðτ̄γμPReÞðs̄γμPLdÞ
gLLS ðτ̄PLeÞðs̄PLdÞ gRRS ðτ̄PReÞðs̄PRdÞ
gLRS ðτ̄PLeÞðs̄PRdÞ gRLS ðτ̄PReÞðs̄PLdÞ
gLLT ðτ̄σμνPLeÞðs̄σμνPLdÞ gRRT ðτ̄σμνPReÞðs̄σμνPRdÞ

YAN, HU, CHANG, and YANG PHYS. REV. D 112, 055026 (2025)

055026-2



vanish (i.e., LL
aLR�

a0 ¼ 0) in the limit of a massless initial-
state electron.
To explicit evaluate the LL;R

a ðλÞLL;R�
a0 ðλ0Þ, we employ the

Bouchiat-Michel formula [19–21], which projects the spin-
dependent terms onto a spin-vector basis

uλ0 ðk0Þūλðk0Þ ¼
1

2

�
δλλ0 þ

X3
i¼1

γ5=siσiλλ0

�
ð=k0 þmτÞ: ð5Þ

In this expression, k0 is the four-momentum of the τ lepton,
σi are the Pauli matrices, and sμi are three orthogonal
spacelike four-vectors that describe the τ spin orientation.
Analogously, the spin density matrix for the produced

hyperon Y is defined by fixing its helicities t, t0 and
summing over the remaining ones

ρYt;t0 ¼
X
r;s;λ

MðtÞM�ðt0Þ

¼ 8G2
F

X
r;s;λ

X
a;a0

fHL
a ðtÞHL�

a0 ðt0ÞLL
aLL�

a0

þHR
a ðtÞHR�

a0 ðt0ÞLR
aLR�

a0 g: ð6Þ

After parametrizing the hadronic currents in terms of form
factors, HL;R

a ðtÞHL;R�
a0 ðt0Þ can be expressed using a set of

spin vectors nμi for the outgoing hyperon Y, analogous to
the leptonic case.

C. Polarization vectors of the final lepton and hyperon

The production density matrix ρ can be expanded in
terms of the Pauli matrices σi as

ρλλ0 ¼ δλλ0Cþ
X
i

σiλλ0Σi

¼ C

�
δλλ0 þ

X
i

σiλλ0Pi

�
; ð7Þ

where Pi ¼ Σi=C denote the three components of the
polarization vector Pμ ≡P

i Pis
μ
i [16]. The explicit expres-

sions for C and Σi can be obtained by matching the density
matrix ρ in Eq. (7) to that in Eq. (4) for the lepton τ case,
and to that in Eq. (6) for the hyperon Y case.
The differential cross section of the QE scattering with

one polarized final-state particle is directly related to the
density matrix ρλλ0 , and takes the form [17,19]

dσλλ0 ¼
1

4F
ρλλ0dΦðk; p; k0; p0Þ; ð8Þ

where F ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp · kÞ2 −m2

em2
N

p
is the flux factor, dΦ is the

phase space element, and the prefactor 1=4 accounts for the
spin average over the initial electron and nucleon.
In the laboratory (lab) frame, the polarized differential

cross section can be expressed as

dσλ;λ0 ¼
Cðq2Þ

64πFEmN

�
δλλ0 þ

X
i

σiλλ0Piðq2Þ
�
dq2

¼ 1

2

dσ
dq2

�
δλλ0 þ

X
i

σiλλ0Piðq2Þ
�
dq2; ð9Þ

where q ¼ k − k0 is the momentum transfer, E is the
incident electron beam energy, and

dσ
dq2

¼ Cðq2Þ
32πFEmN

ð10Þ

is the unpolarized differential cross section for the QE
scattering in the lab frame.
To explicitly evaluate the polarization components Pi for

the lepton τ and hyperon Y in the lab frame, we introduce
the following two spin vectors si and ni. For the lepton τ, its
spin vectors are defined as

sμL ¼
�jk0j
mτ

;
k00k0

mτjk0j
�
;

sμP ¼
�
0;

k0 × k
jk0 × kj

�
;

sμT ¼
�
0;

k0 × ðk × k0Þ
jk0 × ðk × k0Þj

�
; ð11Þ

and similarly, for the hyperon Y, we define

nμL ¼
�jp0j
mY

;
p00p0

mY jp0j
�
;

nμP ¼
�
0;

p0 × k
jp0 × kj

�
;

nμT ¼
�
0;

p0 × ðk × p0Þ
jp0 × ðk × p0Þj

�
; ð12Þ

indicating the longitudinal (L), perpendicular (P), and
transverse (T) directions, respectively, defined with respect
to their reaction planes.
Finally, to investigate the dependence of the polarization

on the beam energy, we introduce the averaged polarization
component along direction i as [22,23]

hPτ;Y
i i ¼

R q2max

q2min
Pτ;Y
i ðq2Þ dσ

dq2 dq
2

R q2max

q2min

dσ
dq2 dq

2
: ð13Þ

D. Form factors

The hadronic matrix elements HL;R
a for the N → Y

(d → s at quark level) transitions can be parametrized in
terms of form factors. For the vector and axial-vector
currents, their matrix elements are given by
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hYðp0Þjs̄γμdjNðpÞi

¼ ūðp0Þ
�
γμf1ðq2Þ þ iσμν

qν

2mY
f2ðq2Þ þ

qμ
mY

f3ðq2Þ
�
uðpÞ;

ð14Þ

hYðp0Þjs̄γμγ5djNðpÞi

¼ ūðp0Þ
�
γμg1ðq2Þ þ iσμν

qν

mY
g2ðq2Þ þ

qμ
mY

g3ðq2Þ
�
γ5uðpÞ;

ð15Þ

where fi and gi (i ¼ 1; 2; 3) denote the vector and axial-
vector transition form factors, respectively. An alternative
definition of these matrix elements, employed in Ref. [24],
introduces a different set of form factors, denoted by f̃i and
g̃i. The two conventions are related by

f1 ¼ f̃1; f2 ¼
2mY

mN þmY
f̃2;

f3 ¼
2mY

mN þmY
f̃3; g1 ¼ g̃1 þ 2

mY −mN

mN þmY
g̃2;

g2 ¼ −
2mY

mN þmY
g̃2; g3 ¼

2mY

mN þmY
g̃3: ð16Þ

From Eqs. (14) and (15), the hadronic matrix elements of
the scalar and pseudoscalar currents can be obtained via the
equations of motion. As the form factors associated with
the tensor current have, to the best of our knowledge, not
yet been computed, we do not consider the corresponding
hadronic matrix elements in this work.
Prior to parametrizing the form factors, we note that in

charged-current N → Y (u → s) transitions the imposition
of time-reversal invariance renders all form factors fi and gi
real, while G-parity, SU(3) flavor symmetry and the
conserved vector current hypothesis require f3 ¼ g2 ¼ 0
[25]. In what follows, we adopt the identical set of
symmetry assumptions for the neutral-current N → Y
(d → s) transitions.
Under the assumption that the vector and axial-vector

currents transform as members of the SU(3) flavor octet
and that the baryon states jNi and jYi likewise reside in the
octet, each form factor can be decomposed into two
functions, Dðq2Þ and Fðq2Þ, weighted by the appropriate
Clebsch-Gordan coefficients (see, e.g., Refs. [24,26] for
details). In particular, one may write

fiðq2Þ ¼ aFV
i ðq2Þ þ bDV

i ðq2Þ; ð17Þ

giðq2Þ ¼ aFA
i ðq2Þ þ bDA

i ðq2Þ; i ¼ 1; 2; 3 ð18Þ

where the coefficients a and b for each N → Y transition
are listed in Table II.

In the vector channel, the functions DV
1;2ðq2Þ and

FV
1;2ðq2Þ are given by

FV
1;2ðq2Þ ¼ fp1;2ðq2Þ þ

1

2
fn1;2ðq2Þ; ð19Þ

DV
1;2ðq2Þ ¼ −

3

2
fn1;2ðq2Þ: ð20Þ

Here, fp;n1;2 ðq2Þ represent the Dirac (i ¼ 1) and Pauli (i ¼ 2)
form factors for the proton and neutron. Each fp;n1;2 ðq2Þ is, in
turn, composed of the standard electromagnetic form
factors, Fp;n

1;2 ðq2Þ, and a contribution from the strange-
quark vector current, Fs

1;2ðq2Þ [24,27]

fn;p1;2 ¼
�
1

2
− 2 sin2 θW

�
Fn;p
1;2 −

1

2
Fp;n
1;2 −

1

2
Fs
1;2; ð21Þ

where θW is the weak mixing angle.
The electromagnetic pieces are then related to the Sachs’

electric and magnetic form factors via

Fp;n
1 ðq2Þ ¼ Gp;n

E ðq2Þ þ τGp;n
M ðq2Þ

1þ τ
; ð22Þ

Fp;n
2 ðq2Þ ¼ Gp;n

M ðq2Þ −Gp;n
E ðq2Þ

1þ τ
; ð23Þ

where τ ¼ −q2=ð4m2
NÞ and mN denotes the nucleon mass.

For the form factors Gp;n
E;M, we compare three widely used

parametrizations: those of Galster et al. [28], the Bradford-
Bodek-Budd-Arrington (BBBA) by Bradford et al. [29],
and the Borah-Hill-Lee-Tomalak (BHLT) by Borah et al.
[30]. Details about these parametrizations are collected in
Appendix B.
The strange vector form factors Fs

1;2 can be written
as [31]

Fs
1ðq2Þ ¼

1

6
hr2siq2Fðq2Þ; ð24Þ

Fs
2ðq2Þ ¼ μsFðq2Þ; ð25Þ

where hr2si is the mean-squared strange radius and μs the
strange magnetic moment. The radius hr2si is related to the
strange electric charge radius hr2Eis via

TABLE II. Values of the coefficients a and b.

Transitions a b

n → Λ − 3ffiffi
6

p − 1ffiffi
6

p

n → Σ0 1ffiffi
2

p − 1ffiffi
2

p

p → Σþ −1 1
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hr2si ¼ hr2Eis −
3μs
2m2

N
; ð26Þ

and Fðq2Þ is taken to be a modified dipole,

Fðq2Þ ¼
�
1 −

q2

4m2
N

�−1�
1 −

q2

m2
v

�−2
; ð27Þ

with the dipole mass mv fixed through

m2
v ¼ 12μsðhr2Mis − hr2EisÞ−1: ð28Þ

Here, hr2Mis denotes the strange magnetic radius. Following
the prescription of Ref. [27], we employ the lattice QCD
results [32] for these parameters, namely μs ¼ −0.017,
hr2Mis ¼ −0.015 fm2, and hr2Eis ¼ 0.0048 fm2.
In the axial-vector sector, the SU(3) functions FA

1 andD
A
1

are similarly constructed from the nucleon axial-vector
form factors, gp1 and gn1

DA
1 ðq2Þ ¼ −

3

2
gn1ðq2Þ; ð29Þ

FA
1 ðq2Þ ¼ gp1 ðq2Þ þ

1

2
gn1ðq2Þ: ð30Þ

The nucleon axial form factors, in turn, admit a decom-
position into isovector and strange components [27],

gp;n1 ¼ � 1

2
Fiv
A −

1

2
Fs
A; ð31Þ

with

Fiv
A ðq2Þ ¼ Fu

Aðq2Þ − Fd
Aðq2Þ; ð32Þ

Fq
Aðq2Þ ¼ gqA

�
1 −

q2

m2
Aq

�−2
; q ¼ u; d; s. ð33Þ

The axial charges gqA and axial masses mAq are taken from
the lattice QCD results of Ref. [33], as summarized in
Table III. Although Ref. [33] also provides a z-expansion fit
for Fq

Aðq2Þ, for simplicity in the present analysis we retain
only the dipole one.
For the form factor g3, we adopt the relation given by

Nambu [34],

g3ðq2Þ ¼
ðmN þmYÞ2
2ðm2

K − q2Þ g1ðq
2Þ; ð34Þ

where mK is the kaon mass. This relation was originally
formulated for charged-current N → Y transitions; we
extend its application to the neutral-current channel by
invoking isospin symmetry. While other models exist, such
as that of Marshak et al. [35], we focus on the Nambu
relation for simplicity. A detailed comparison of the phe-
nomenological impact of different g3models on the charged-
current N → Y transitions can be found in Ref. [25].
Besides the approach outlined above, one may alter-

natively extract the hadronic matrix elements HL;R
a from

their complex conjugates [13,14], which are themselves
expressed in terms of the Y → N transition form factors.
Because the kinematic domain probed in scattering proc-
esses (q2 < 0) differs from that of semileptonic decays
(q2 > 0), a reliable theoretical treatment of scattering
requires an analytic continuation of these form factors into
the spacelike region. Accordingly, any parametrization
employed must exhibit the requisite analyticity across both
timelike and spacelike q2 regions.
Guided by this requirement, we compare two para-

metrization schemes for the form factors in the Y → N
transition. The first is based on leading-order chiral
perturbation theory (χPT) [36], and the second follows
the most recent QCD sum-rule (QCDSR) analysis [37].
While both approaches furnish complete results for the
vector and axial-vector form factors, neither addresses the
tensor-current contributions. Adopting our conventions for
parametrizing the corresponding matrix elements, we find
in the χPT scheme f02 ¼ f03 ¼ g02 ¼ 0, whereas in the
QCDSR framework f03 ¼ g02 ¼ g03 ¼ 0. Here, f0iðq2Þ and
g0iðq2Þ (i ¼ 1; 2; 3) denote the vector and axial-vector form
factors in the Y → N transitions. For explicit expressions
and further details of each model’s form factors, the reader
is referred to Appendix C.

III. PHENOMENOLOGY ANALYSES

A. Generic features of polarization observables

The factors C and Σi, which determine the polarization
components Pi [cf. Eq. (7)], can be expressed compactly as

C ¼ 8G2
F

X
gαg�βAα−β; ð35Þ

Σi ¼ 8G2
F

X
gαg�βA

τ;Y
α−β: ð36Þ

Here, Aα−β denotes the reduced amplitude squared arising
from the interference of operators Oα and Oβ, while A

τ;Y
α−β

encodes the corresponding polarization information of the
outgoing τ or Y. Since the explicit expressions forAα−β and
Aτ;Y

α−β are lengthy and can be readily obtained using pack-
ages such as FeynCalc [38] or Package-X [39], they are not

TABLE III. Axial charges gqA and axial masses mAq used in the
dipole parametrization of Fq

A [Eq. (33)], from Ref. [33].

q gqA mAq [GeV]

u 0.859 1.187
d −0.423 1.168
s −0.044 0.992
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detailed in this work. The sums over α, β span all the WCs
in Table I, since each operator may contribute to the
scattering amplitude. However, as these WCs have not
yet been determined, a fully general study of the kinematic
dependence of Pi on q2 and the beam energy E is
infeasible. Consequently, throughout this study, we adopt
the simplifying assumption that only one operatorOα in the
effective Lagrangian of Eq. (1) is active at a time, and refer
each such choice as a distinct NP scenario.
An examination ofAα−β andA

τ;Y
α−β reveals several generic

features of the polarizationPi. These features hold for all the
QE scattering processes considered herein and are indepen-
dent of the specific parametrization schemes employed for
the hadronic form factors. First, within the NP scenarios, the
perpendicular polarization componentPτ;Y

P vanishes. This is
due to the absence of terms involving the Levi-Civita tensor,
εfkgfk0gfsigfpg, a necessary condition for generating a non-
zero PP in the lab frame [17]. Second, the reduced
amplitudes Aαα (where α ¼ β due to the single operator
assumption) are identical for NP scenarios corresponding to
gLLV and gRRV . In contrast, the associated polarization terms
Aτ;Y

αα differ by an overall sign.Consequently, the longitudinal
(Pτ;Y

L ) and transverse (Pτ;Y
T ) polarization components also

differ by a sign. An analogous relationship is also observed
when comparing NP scenarios within the pairs (gLRV , gRLV ),
(gLLS , gRRS ), and (gLRS , gRLS ). In essence, simultaneously
flipping the chiralities of both the lepton and quark currents
of an operatorOα results in an opposite sign for the induced
PL;T . These sign relationships are dictated by the distinct
chiral structures of the lepton and quark currents associated
with these operators.
To illustrate the second feature concretely, we consider

the QE scattering process e−p → τ−Σþ, with the relevant
hadronic form factors parametrized using the BBBA
scheme for demonstration. Adopting a benchmark beam
energy of E ¼ 12 GeV, we examine the Q2 (Q2 ¼ −q2)
dependence of the Pτ;Σ

L and Pτ;Σ
T for different NP scenarios.

The results, depicted in Fig. 1, explicitly demonstrate the
sign-flip behavior discussed above. As illustrated by
comparing the solid and dashed curves of the same color
within the figure, the signs of PL;T indeed reverse when the
chiralities of both the lepton and quark currents are
simultaneously flipped.
One may notice that the Pτ;Σ

L and Pτ;Σ
T induced by the

scalar operatorsOLR
S andORL

S are not explicitly depicted in
Fig. 1. This absence is due to a third generic feature
observed in these NP scenarios. Specifically, the Pτ

L;T

induced by OLR
S are identical to those induced by OLL

S .
Conversely, and interestingly, the PY

L;T induced by OLR
S are

equal to the negative of those induced by OLL
S . The

polarization effects of ORL
S can then be readily deduced

from its established sign-flipped relationship with OLR
S

(cf. the second feature discussed above). Consequently, in
light of the three established features, it is sufficient to

restrict our explicit consideration to the NP scenarios
corresponding to gLLV , gLRV , and gLLS .
A fourth, and final, feature pertains to the transverse

polarization (PY
T) of the hyperon Y. This component is

identically zero for all the NP scenarios involving the scalar
operators. This null result arises because PY

T is directly
proportional to the kinematic factor p · nT, which vanishes
in the lab frame [cf. Eq. (12)].

B. Differential cross section and Q2-dependent
polarization observables

We now analyze theQ2 evolution of the differential cross
section and the polarization observables Pτ;Y

i , extending
beyond their generic behaviors discussed above. In par-
ticular, we analyze the sensitivity of these observables to
various NP scenarios and to the chosen parametrization of
the form factors. Given the direct relationship between the
n → Σ0 and p → Σþ form factors under the SU(3) sym-
metry (see Table II), we restrict our subsequent analysis to
the p → Σþ and n → Λ transitions.
We begin our analysis with the differential cross section,

shown in Fig. 2, from which several key trends emerge. The
BBBA and Galster parametrizations show remarkable
consistency with each other across all NP scenarios and
transition processes. In comparison, the BHLT scheme
aligns with them at low Q2 (≲5 GeV2) but deviates at
higherQ2, with the disparity becoming most significant for
the gLLS scenario. By far, the largest cross sections are
predicted by the QCDSR and χPT schemes; it must be
emphasized that this visual dominance understates their
true scale, as the values shown have already been sup-
pressed by the scaling factors κ listed in Table IV. Finally,
assuming a universal coupling strength (e.g., gα ¼ 1), the

FIG. 1. Variations of the polarization Pτ;Σ
L and Pτ;Σ

T with respect
to Q2 for various NP scenarios, assuming the electron beam
energy of E ¼ 12 GeV. For an illustration, we consider the
process e−p → τ−Σþ with the relevant electric and magnetic
form factors taken from the BBBA parametrization [29].
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contribution from the scalar gLLS operator is dominant for
the QCDSR, χPT, and BHLT models, whereas the BBBA
and Galster predictions show little variation between the
different NP scenarios.
The Q2 dependence of the final-state τ and hyperon

polarizations is presented in Fig. 3 for the e−p → τ−Σþ
process and in Fig. 4 for e−n → τ−Λ. Focusing on the Pτ

L;T

for the p → Σþ transition (top two rows of Fig. 3), we find
the behavior is highly dependent on the NP scenario. In the
gLLV case, all form factor models yield qualitatively similar
predictions. For the gLLS scenario, the predictions are
entirely independent of the form factors, resulting in
identical curves for Pτ

L;T. In contrast, in the gLRV scenario,
the choice of form factors leads to qualitatively different

predictions. For the longitudinal polarization Pτ
L, the

QCDSR model yields a nearly constant Pτ
L ≈ −1 across

the entire Q2 range, whereas all other models predict a rise
toward positive values. For the transverse polarization Pτ

T ,
the χPT and BHLT models provide similar results that are
systematically larger than the predictions from the other
three models.
Turning to the hyperon polarizations, PΣ

L;T , shown in the
bottom two rows of Fig. 3, we find a particularly strong
sensitivity to the form factor models. Take the longitudinal
polarization, PΣ

L. In the low-Q2 region (Q2 ≲ 1 GeV2), for
instance, the predictions from the QCDSR and χPT models
are qualitatively different from those of the BHLT, BBBA,
and Galster models. This feature holds across all NP
scenarios, with the QCDSR prediction, in particular,
exhibiting multiple zero-crossings near Q2 ¼ 0. The trans-
verse polarization, PΣ

T , exhibits a similarly strong depend-
ence on the form factor models. At very low Q2 and in the
presence of vector operators (left and middle columns), the
χPT prediction for PΣ

T has an opposite sign compared to the
other models. AsQ2 increases toward 1 GeV2, the QCDSR
prediction then becomes the distinct one, separating from
the cluster of BHLT, BBBA, and Galster models. At still
higher Q2, these latter three models yield distinguishable
predictions for PΣ

T, too. Interestingly, this distinction
between the BBBA and Galster predictions is absent in
the corresponding cross sections, where their results are
nearly identical (see Fig. 2).
The Pτ

L;T for the n → Λ transition (top two rows of
Fig. 4) share general features with the p → Σþ case but also
exhibit distinct model dependencies. A distinguishing
feature of the BHLT model, for instance, is the presence
of localized structures near Q2 ≈ 4.5 GeV2. In the gLLV
scenario, this model predicts a prominent dip in Pτ

T and a
smaller one in Pτ

L, while a corresponding bump appears for
both observables in the gLRV scenario. Moreover, in the gLRV
scenario, the predictions for Pτ

T from the χPT and QCDSR
models are nearly degenerate and lie systematically below
those of the BHLT, BBBA, and Galster models.
The PΛ

L;T for the n → Λ transition (bottom two rows of
Fig. 4) also exhibit a complex sensitivity to the form factor
models. As an example, the QCDSR prediction for the PΛ

T
features three zero-crossings in the NP scenario involving
the vector operators. Another notable feature is the appear-
ance of localized structures, particularly in the BHLT
model. For the PΛ

L , these manifest as sharp structures near
Q2 ≈ 2 GeV2 and Q2 ≈ 4.5 GeV2. For the PΛ

T , correspond-
ing features appear near Q2 ≈ 0 GeV2 and Q2 ≈ 4.5 GeV2.
Finally, in contrast to the p → Σþ transition, the distinction
between the BBBA and Galster predictions is less pro-
nounced here. This distinction is most apparent for PΛ

L only,
where a small separation between the BBBA and Galster
predictions is visible at larger Q2 in the gLRV and gLLS
scenarios.

FIG. 2. The reduced differential cross section σ̃ as a function of
Q2 for various NP scenarios and form factor parametriza-
tions. The reduced cross section is defined by the relation
σ ¼ κG2

Fjgαj2σ̃=ð16πm2
NÞ, where σ is the full cross section and

κ is a dimensionless scaling factor.

TABLE IV. Chosen values of the dimensionless scaling factor κ
for the p → Σþ and n → Λ transitions, tabulated according to the
NP scenario and the form factor parametrization (QCDSR and
χPT); for the other three parametrizations used in our analysis, we
set κ ¼ 1.

p → Σþ n → Λ

NP QCDSR χPT NP QCDSR χPT

gLLV 10 2 gLLV 20 5

gLRV 10 2 gLRV 15 5

gLLS 1000 10 gLLS 2000 10

POLARIZATION PROBES OF NEW PHYSICS IN LEPTON- … PHYS. REV. D 112, 055026 (2025)

055026-7



C. Total cross section and average polarizations

Having established the results at the benchmark energy
in the previous subsection, we now investigate the depend-
ence of the total cross section σ and the average final-state
polarizations hPii on the beam energy E.
We begin with the total cross section, whose energy

dependence is presented in Fig. 5 for the processes
e−p → Σþτ− (left column) and e−n → Λτ− (right column).
The results reveal two distinct behaviors depending on the

form factor parametrization. The QCDSR, χPT, and BHLT
models all predict a cross section that grows steeply with
energy E for all operators and processes considered. In
contrast, the BBBA and Galster models yield only a mild
rise for vector operators (OLL;LR

V ) and a negligible, nearly
flat cross section for the scalar operator (OLL

S ). It should be
noted that, similar to the differential cross section, the
values shown for the total cross section have been scaled by
the factors κ0 listed in Table V.

FIG. 3. The Q2 dependence of the PL;T polarization observables for the final-state τ− and Σþ in the scattering process e−p → τ−Σþ,
assuming a beam energy of E ¼ 12 GeV. The plots compare predictions from different NP scenarios (columns) and form factor
parametrizations (line styles).
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Besides the energy dependence, a comparison between
the two processes reveals further model-dependent features.
For the QCDSR, χPT, and BHLT models, the cross section
for e−n → Λτ− is generally larger than or comparable to
that for e−p → Σþτ−. In addition, the BBBA and Galster
parametrizations are simpler in this regard, consistently
yielding comparable cross sections for both processes in all
NP scenarios.
We now turn to the averaged polarizations hPL;Ti, whose

energy dependence is presented in Fig. 6 for the process

e−p → Σþτ− and in Fig. 7 for e−n → Λτ−. Beyond the
strong overall model dependence, a combined analysis of
the polarizations, hPΣ

L;Ti and hPΛ
L;Ti, offers probable strat-

egies for form factor model discrimination.
For the vectorial operator OLR

V , a measurement of the Σþ
polarizations alone separates the models into three distinct
classes. Specifically, QCDSR predicts positive values for
both hPΣ

Li and hPΣ
Ti, whereas χPT predicts a negative hPΣ

Li
and a positive hPΣ

Ti. In contrast, the remaining models
(BBBA, Galster, and BHLT) predict both polarizations to

FIG. 4. The Q2 dependence of the PL;T polarization observables for the final-state τ− and Λ in the scattering process e−n → τ−Λ,
assuming a beam energy of E ¼ 12 GeV. The plots compare predictions from different NP scenarios (columns) and form factor
parametrizations (line styles).
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be negative. This third group of models can then be
resolved by a measurement of hPΛ

Li, as the BHLT model
predicts a negative value, whereas the BBBA and Galster
models predict positive values. For the scalar operatorOLL

S ,
the models also separate into three classes based on the
behavior of hPΣ

Li. The QCDSR and χPT models predict
negligible polarizations, hPΣ

L;Ti ≈ −0.1. The BBBA and
Galster models predict a large and nearly constant longi-
tudinal polarization, hPΣ

Li ≈ 1. The BHLT model is
uniquely identified by predicting a large but energy-
dependent hPΣ

Li that decreases as E increases. Finally,
for the vector operator OLL

V , the sign of the transverse
polarization hPΣ

Ti provides a clean separation: it is negative

for QCDSR and χPT, but positive for the other three
models.
Beyond discriminating between form factor models, a

multistep procedure can be used to identify the specific NP
operator. The first step distinguishes scalar from vector
operators. As established in the analysis of Fig. 6, the scalar
OLL

S operator yields hPΣ
Ti ¼ 0, whereas all vector scenarios

in Table VI produce a nonzero transverse polarization.
Thus, a measurement of a nonzero hPΣ

Ti would strongly
indicate a vector interaction. Once an interaction has been
identified as vectorial, a second step can be taken to
determine its specific type. As detailed in Table VI, this
is achieved by measuring the sign of an additional
observable, hPτ

Li. The method relies on the one-to-one
mapping between the sign combination of ðhPτ

Li; hPΣ
TiÞ and

the four vector operators within each form factor model’s
framework. For instance, assuming the χPT model, a
measurement of these signs would uniquely determine
whether the interaction is of the type OLL

V , OLR
V , ORR

V , or
ORL

V . Therefore, if a specific model is taken as a baseline, a
sequence of polarization measurements allows for an
unambiguous determination of the underlying vector NP
interaction, provided that contributions from the tensor
operators are also negligible.

D. Effects of g3
As discussed in Sec. II D, the hadronic matrix elements

for QE scattering can also be extracted from analyses of
hyperon semileptonic decays. In the context of these decays
involving light leptons (l ¼ e; μ), the form factor g3 is
often neglected, as its contribution is suppressed by the
small lepton mass ratio ml=mY [40,41]. Consequently,
some form factor parametrizations derived from this con-
text, such as the QCDSR model [37] employed in this
work, set g3 ¼ 0 by construction.
However, for the tau-lepton final states considered in this

work, such suppression is absent, as mτ=mY ∼Oð1Þ. The
neglect of g3 may therefore introduce significant theoretical
uncertainties. To gauge the potential magnitude of this
effect and assess the validity of using a g3 ¼ 0 approxi-
mation, we systematically investigate the impact of this
form factor within the other available parametrizations by
comparing calculations with and without its inclusion.
In Fig. 8, we examine how the g3 form factor affects the

polarization observables Pτ
L;T . The plots show Q2 depend-

ence for the e−p → τ−Σþ and e−n → τ−Λ processes,
respectively, calculated with a lower beam energy of
E ¼ 6 GeV, where the Pτ

T can be larger (see Figs. 6 and
7). Regarding the Pτ

L, the contribution from g3 is typically
small, except in specific kinematic regimes. Moderate
effects emerge at low Q2 for the e−n → τ−Λ process in
the gLLV scenario (top right), and more prominently as a
large enhancement at high Q2 for both processes in the gLRV
case (third row). In contrast, the Pτ

T reveals a much
richer and more model-dependent sensitivity to g3. For

FIG. 5. The reduced total cross section σ0 as a function of the
beam energy E for various NP scenarios and form factor
parametrizations. The reduced cross section is defined by the
relation σ ¼ κ0G2

Fjgαj2σ0=ð16πm2
NÞ, where σ is the full cross

section and κ0 is a dimensionless scaling factor.

TABLE V. Chosen values of the dimensionless scaling factor κ0

for the p → Σþ and n → Λ transitions, tabulated according to the
NP scenario and the form factor parametrization (QCDSR and
χPT); for the other three parametrizations used in our analysis, we
set κ0 ¼ 1.

p → Σþ n → Λ

NP QCDSR χPT NP QCDSR χPT

gLLV 100 10 gLLV 200 40
gLRV 50 25 gLRV 50 25
gLLS 1500 15 gLLS 3000 10
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the e−p → τ−Σþ reaction, all models still show minimal
impact for the gLLV operator. For the gLRV operator, however,
the BBBA and Galster models predict a notable effect from
g3. The models predict an even more pronounced depend-
ence on g3 for the e−n → τ−Λ process. Here, the χPT
model is the only one that remains largely insensitive to the
inclusion of g3, while all others show noticeable deviations.
We now extend our analysis to the hyperon polarizations,

PΣ;Λ
L;T , investigating their sensitivity to the form factor g3 in

Fig. 9. Our examination reveals a clear dichotomy: the

impact of g3 is generally modest for the vector operators but
becomes dominant for the scalar operator.
For the vector operators OLL

V and OLR
V , the inclusion of

g3 has a limited effect on the hyperon polarizations in most
scenarios. For the Σþ final state, the predictions for PΣ

L;T are
largely insensitive to g3, with the only notable exception
being a deviation in PΣ

L at intermediate Q2 for the gLRV
scenario within the BHLT, BBBA, and Galster models.
A similar overall insensitivity is observed for the Λ final
state, but with different exceptions: here, the primary effect

FIG. 6. The dependence of the average polarization observables hPL;Ti on the incoming electron beam energy, E, for the process
e−p → Σþτ−. The plots compare predictions from different NP scenarios (columns) and form factor parametrizations (line styles).
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of g3 is seen in the PΛ
L for the gLRV operator within the χPT

model, and in both polarization components PΛ
L;T for the

gLLV case within the BHLT model.
In contrast, the situation changes dramatically for the

scalar operator, OLL
S (bottom row). Here, the g3 form factor

plays a crucial role for both processes. Including g3
completely reshapes the Q2 dependence of the longitudinal

polarization (PΣ;Λ
L ), often altering its magnitude signifi-

cantly. Such a profound sensitivity indicated that any
reliable prediction for scalar NP scenarios is critically

dependent on an accurate determination of the g3 form
factor.

IV. EXPERIMENTAL PROSPECTS

In this section, we evaluate the experimental pros-
pects for observing the LFV scattering processes
e−N → τ−Y. Although our theoretical treatment includes
polarization observables, the primary challenge is the
expected low event rate. Given that low statistics may
preclude the measurement of polarization asymmetries,
we here focus our analysis on the total cross section.

FIG. 7. The dependence of the average polarization observables hPL;Ti on the incoming electron beam energy, E, for the process
e−n → Λτ−. The plots compare predictions from different NP scenarios (columns) and form factor parametrizations (line styles).

YAN, HU, CHANG, and YANG PHYS. REV. D 112, 055026 (2025)

055026-12



A. Experimental setup

To estimate the potential event rates, we consider a
specific high-luminosity experimental setup. We select the
proposed solenoidal large intensity device (SoLID) at the
12 GeV CEBAF facility at JLab [18,42]. This choice is

motivated by its suitability for studying the subthreshold
J=ψ production from deuteron targets [43,44], where the
final state is reconstructed from dilepton decay products.
By analogy, we assume that the final-state Y and the visible
decay products of the τ can also be efficiently reconstructed
at SoLID. Following the setup outlined in Ref. [43], we
adopt a 12 GeVelectron beam with an intensity of 1.25 μA
on a liquid deuteron target. This corresponds to an
integrated luminosity of L ¼ 1.2 × 1037 cm−2 s−1, which
we use to estimate the event rate via the relation
dN=dt ¼ Lσ.

B. Constraints on Wilson coefficients

To provide a benchmark for our cross-section calcula-
tions, we must determine the current constraints on the
relevant WCs. The most stringent bounds arise from

TABLE VI. Signatures from the polarization observables hPτ
Li

and hPΣ
Ti used to identify vector NP operators in the process

e−p → Σþτ− with a proper (large) E. The predictions shown are
representative of two distinct model families: {QCDSR, χPT}
and {BBBA, BHLT, Galster}.

Model NP Sign of hPτ
Li Sign of hPΣ

Ti
gLLV − −

QCDSR gLRV − þ
χPT gRRV þ þ

gRLV þ −
BBBA gLLV − þ
BHLT gLRV − −
Galster gRRV þ −

gRLV þ þ

FIG. 8. Effects of the g3 form factor to the tau polarization
observables, ΔPτ

L;T ≡ Pτ
L;T − Pτ

L;Tðg3 ¼ 0Þ, for e−p → τ−Σþ

(left) and e−n → τ−Λ (right) at E ¼ 6 GeV. The Pτ
L;T arising from

a scalar interaction (gLLS ) is independent of the form factors (see
Figs. 3 and 4), thus its correspondingΔPτ

L;T is zero and not shown.

FIG. 9. Effects of the g3 form factor to the hyperon polarization
observables, ΔPY

L;T ≡ PY
L;T − PY

L;Tðg3 ¼ 0Þ, for the process
e−p → τ−Σþ (left) and e−n → τ−Λ (right) at E ¼ 6 GeV. The
PY
T arising from a scalar interaction (gLLS ) is equal to zero (see

Figs. 3 and 4), thus its corresponding ΔPY
T is not shown.
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experimental searches for the cLFV tau decays, namely
τ− → e−KS, τ− → e−K�0, and τ− → e−π−Kþ. While con-
straints also exist from high-pT dilepton invariant mass
analysis at the LHC, it has been demonstrated that the low-
energy τ decays provide the most restrictive limits [6],
which we therefore focus on.
The current experimental limits at 90% confidence level

on the branching fractions for these decays are [8–10]:

Bðτ− → e−KSÞ < 2.6 × 10−8; ð37Þ

Bðτ− → e−K�0Þ < 1.9 × 10−8; ð38Þ

Bðτ− → e−π−KþÞ < 3.1 × 10−8; ð39Þ

By applying these limits to the decay rate formulas, we
derive the upper bounds on the individual WCs. We find
that the τ− → e−K�0 decay provides the most restrictive
constraint on the vector coefficients

jgαV j < 2.77 × 10−4 ðα ¼ LL; LR; RL; RRÞ: ð40Þ

On the other hand, the strongest constraint on the scalar
coefficients comes from the τ− → e−π−Kþ decay

jgαSj < 4.09 × 10−4 ðα ¼ LL; LR; RL; RRÞ: ð41Þ

A detailed discussion of the decay rate calculations can be
found in Appendix D and Ref. [45].

C. Event rate projections and discussion

We now present the projected annual event rates for the
SoLID experiment in Table VII. Our calculations assume a
one-year run time, incorporate the 70% combined branch-
ing fraction from dominant τ decay channels, and adopt an
idealized 100% reconstruction efficiency for all visible
final-state particles. The projections are derived for
various nucleon form factor models, under the assum-
ption of a single dominant WC set to its maximum
allowed value.
The final results are summarized in Table VII, which

highlights two primary challenges for an experimental
search: low overall event rates and a strong dependence
on the choice of hadronic form factor model. Even in the
most favorable scenarios (QCDSR, χPT), the projected
yields of a few events per year would preclude any
precision measurement of polarization asymmetries at
SoLID. A significant advancement is possible, however,
at future facilities like JLab’s Hall C, which promises both
higher luminosities (1038 to 1039 cm−2 s−1) and full polari-
zation capabilities [18]. This combination is crucial; the
enhanced luminosity could provide the necessary statistics,
while the availability of polarized beams and targets would
allow for deeper probes of the new physics. Indeed, if the
QCDSR or χPT scenarios are representative of nature,

a high-luminosity experiment at Hall C could render
the measurement of polarization asymmetries statistically
viable.
Let us conclude this section by making the following

comment. To fully characterize the new physics in Eq. (1), a
global analysis that moves beyond the single-operator
framework is ultimately required. This necessitates a
program of measurements sensitive to the interference
between different operators. The polarization components
(Pi) of the final-state τ and Y, though statistically demand-
ing, are particularly well-suited for this task, since they are
sensitive to different linear combinations of operators.
Furthermore, doubly polarized scattering experiments,
employing both polarized beams and targets, offer another
powerful probe. As highlighted in Ref. [15], this technique
directly targets the Dirac structure of the new physics,
providing complementary information needed to construct
a complete picture of the cLFV interaction.

V. CONCLUSION

In this work, we have performed a comprehensive study
of the lepton-flavor-violating quasielastic scattering proc-
esses e−N → τ−Y. Working in framework of a general low-
energy effective Lagrangian given by Eq. (1), we have
analyzed the polarization observables of the final-state τ
lepton and hyperon Y.
A central finding of our analysis is the profound

sensitivity of all observables to the choice of hadronic
form factor parametrization. We have compared five dis-
tinct models (BBBA, Galster, BHLT, QCDSR, and χPT)
and found that the predicted cross sections span several
orders of magnitude, with the QCDSR and χPT models
yielding rates significantly larger than the others. The
polarization observables show a similar, dramatic sensi-
tivity; the shape and even the sign of the transverse
polarization PY

T can differ completely between form factor
schemes. This strong model dependence constitutes a major
theoretical uncertainty that must be addressed for a robust
interpretation of future experimental data.
We have then demonstrated that the final-state averaged

polarization observables themselves offer a powerful means
to resolve these theoretical ambiguities. For instance, in
vector NP scenarios, the predicted hyperon polarizations,
hPΣ

L;Ti and hPΛ
Li, could separate the form factor models into

distinct classes. Building on this discriminatory power, we
have outlined a strategy whereby a combined measurement
of hPτ

Li and hPΣ
Ti would then allow for the unique

identification of the underlying vector operator.
We have also investigated the impact of the form factor,

g3, on the QE scattering processes involving the heavy tau
lepton. While its effect on the vector-current-induced
polarization observables is generally modest, its inclusion
dramatically alters predictions for the scalar-current
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scenarios. This underscores the necessity of a precise
determination of g3 in the spacelike region for any reliable
interpretation of potential signals from scalar cLFV
interactions.
Finally, we have assessed the discovery potential of the

QE processes at the proposed SoLID experiment at JLab.
Using current constraints on the WCs from the cLFV τ
decays, we have found that annual event rates span several
orders of magnitude—from negligible levels to several
hundred events—a range dictated majorly by the under-
lying form factor model. While a simple discovery through
event counting might be possible in the most optimistic
scenarios (e.g., QCDSR or χPT), precision measurements
of polarization observables would likely require the higher
luminosities envisioned for future facilities.
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APPENDIX A: HADRONIC AND LEPTONIC
MATRIX ELEMENTS

In this appendix, we collect the definitions of the
hadronic and leptonic matrix elements that compose the
amplitude in Eq. (3), within the framework of the effective
Lagrangian Leff .
The hadronic matrix elements HL;R

a are defined as
follows:

HL
S ¼ 1

2
hYðp0; tÞj½ðgLLS þ gLRS Þs̄d

þ ðgLRS − gLLS Þs̄γ5d�jNðp; sÞi;

HR
S ¼ 1

2
hYðp0; tÞj½ðgRRS þ gRLS Þs̄d

þ ðgRRS − gRLS Þs̄γ5d�jNðp; sÞi;

HLμ
V ¼ 1

2
hYðp0; tÞj½ðgLLV þ gLRV Þs̄γμd

þ ðgLRV − gLLV Þs̄γμγ5d�jNðp; sÞi;

HRμ
V ¼ 1

2
hYðp0; tÞj½ðgRRV þ gRLV Þs̄γμd

þ ðgRRV − gRLV Þs̄γμγ5d�jNðp; sÞi;
HLμν

T ¼ gLLT hYðp0; tÞjs̄σμνdjNðp; sÞi;
HRμν

T ¼ gRRT hYðp0; tÞjs̄σμνdjNðp; sÞi: ðA1Þ

The corresponding leptonic matrix elements LL;R
a are

given by

LL
S ¼ ūðk0; λÞPLuðk; rÞ;

LR
S ¼ ūðk0; λÞPRuðk; rÞ;

LL
Vμ ¼ ūðk0; λÞγμPLuðk; rÞ;

LR
Vμ ¼ ūðk0; λÞγμPRuðk; rÞ;

LL
Tμν ¼ ūðk0; λÞσμνPLuðk; rÞ;

LR
Tμν ¼ ūðk0; λÞσμνPRuðk; rÞ: ðA2Þ

Here, r and s (λ and t) denote the helicities of the initial
(final) lepton and baryon, respectively. The corresponding
four-momenta are denoted by k and p (k0 and p0).

APPENDIX B: PARAMETRIZATIONS OF THE
FORM FACTORS Gp;n

E;M

We summarize below the parametrizations of the
nucleon electromagnetic form factors employed in
this study.

TABLE VII. Projected annual event rates (N=yr) for e−N →
τ−Y processes at the proposed SoLID experiment. The rates are
calculated for different nucleon form factor models, assuming a
single nonzero WC at its maximum allowed value and incorpo-
rating a 70% branching fraction for the dominant τ decay
channels. The rate for the e−n → τ−Σ0 process is not listed, as
it is predicted to be half that of e−p → τ−Σþ (see Table II).

e−p → τ−Σþ

Model QCDSR χPT BHLT BBBA Galster

gLL;RRV
6.73 0.668 0.0473 0.0206 0.0211

gLR;RLV
3.90 1.20 0.0425 0.0185 0.0190

gαS 183 2.46 0.117 0.00372 0.00389

e−n → τ−Λ
Model QCDSR χPT BHLT BBBA Galster

gLL;RRV
13.3 2.91 0.0731 0.0181 0.0181

gLR;RLV
4.61 1.28 0.0758 0.0159 0.0159

gαS 481 1.88 0.136 0.00208 0.00209
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1. Galster parametrization

The Galster parametrization [28] is expressed as

Gp
Eðq2Þ ¼

�
1 −

q2

M2
V

�−2
;

Gp
Mðq2Þ
μp

¼ Gn
Mðq2Þ
μn

¼ Gp
Eðq2Þ;

Gn
Eðq2Þ ¼ −

μnτ

1þ λnτ
Gp

Eðq2Þ; ðB1Þ

where MV ¼ 0.843 GeV, μp ¼ 2.7928, μn ¼ −1.9130,
λn ¼ 5.6, and τ ¼ −q2=ð4m2

NÞ with mN the nucleon mass.

2. BBBA parametrization

The BBBA parametrization [29] adopts a rational func-
tional form

Gp
Eðq2Þ ¼

1 − 0.0578τ
1þ 11.1τ þ 13.6τ2 þ 33.0τ3

;

Gp
Mðq2Þ
μp

¼ 1þ 0.15τ
1þ 11.1τ þ 19.6τ2 þ 7.54τ3

;

Gn
Eðq2Þ ¼

1.25τ þ 1.30τ2

1 − 9.86τ þ 305τ2 − 758τ3 þ 802τ4
;

Gn
Mðq2Þ
μn

¼ 1þ 1.81τ
1þ 14.1τ þ 20.7τ2 þ 68.7τ3

: ðB2Þ

3. BHLT parametrization

The BHLT parametrization [30] employs a model-
independent expansion in the conformal variable zðq2Þ,
defined as

zðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tcut − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tcut − t0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tcut − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tcut − t0
p ; ðB3Þ

with tcut ¼ 4m2
π and t0 ¼ −0.21 GeV2. The form factors

are expanded as

Gp;n
E ðq2Þ ¼

Xkmax

k¼0

akzðq2Þk;

Gp;n
M ðq2Þ ¼ Gp;n

M ð0Þ
Xkmax

k¼0

bkzðq2Þk; ðB4Þ

where the coefficients a1–a4 and b1–b4 are determined
from fits provided in Ref. [30].
The remaining coefficients, namely a0 and a5–a8, are

fixed by imposing the normalization conditions at q2 ¼ 0,

Gp
Eð0Þ¼1; Gn

Eð0Þ¼0; Gp
Mð0Þ¼μp; Gn

Mð0Þ¼μn;

ðB5Þ

together with a set of sum rules derived in Refs. [30,46],

X8
k¼0

ak ¼ 0;
X8
k¼1

kak ¼ 0;

X8
k¼2

kðk − 1Þak ¼ 0;
X8
k¼3

kðk − 1Þðk − 2Þak ¼ 0: ðB6Þ

An analogous procedure can be applied to determine the
coefficients b0 and b5–b8 for the magnetic form factors.

APPENDIX C: FORM FACTORS
FOR Y → N TRANSITIONS

As discussed in Sec. II D, the hadronic matrix elements
for N → Y (d → s) transitions can also be obtained via the
complex conjugate of the corresponding Y → N (s → d)
matrix elements. For completeness, we list below the
relevant vector and axial-vector matrix elements for the
Y → N (s → d) transitions,

hNðpÞjd̄γμsjYðp0Þi

¼ ūðpÞ
�
γμf01ðq2Þ þ iσμν

qν

mY
f02ðq2Þ þ

qμ
mY

f03ðq2Þ
�
uðp0Þ;

ðC1Þ

hNðpÞjd̄γμγ5sjYðp0Þi

¼ ūðpÞ
�
γμg01ðq2Þ þ iσμν

qν

mY
g02ðq2Þ þ

qμ
mY

g03ðq2Þ
�
γ5uðp0Þ;

ðC2Þ

where q ¼ p0 − p, and f0iðq2Þ and g0iðq2Þ (i ¼ 1, 2, 3)
denote the vector and axial-vector transition form factors,
respectively.
In the framework of χPT, the matrix elements take the

following simplified forms [36]:

hNðpÞjd̄γμsjYðp0Þi ¼ VNYūðpÞγμuðp0Þ; ðC3Þ

and

hNðpÞjd̄γμγ5sjYðp0Þi

¼ ANYūðpÞ
�
γμ −

mN þmY

m2
K0 − q2

qμ

�
γ5uðp0Þ; ðC4Þ

where mK0 is the mass of the neutral kaon, and VNY and
ANY are constants whose values are summarized in
Table VIII. These couplings are derived from the lowest-
order chiral Lagrangian, with the axial couplings D ¼ 0.81
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and F ¼ 0.47 determined from fits to baryon semileptonic
decay data [11]. By comparing the matrix elements in
Eqs. (C3) and (C4) with our decomposition conventions in
Eqs. (C1) and (C2), it is straightforward to verify
that f02 ¼ f03 ¼ g02 ¼ 0.
The QCDSR study [37] employs the same Lorentz

decomposition of the vector and axial-vector matrix ele-
ments as in Eqs. (C1) and (C2) for the charged-current
Y → N (s → u) transitions. We extend this scheme to the
neutral-current Y → N (s → d) case by invoking isospin
symmetry. Under this assumption, one finds that
f03 ¼ g02 ¼ g03 ¼ 0. For the nonvanishing form factors
f0iðq2Þ and g0iðq2Þ, the QCDSR employs a z-expansion
parametrization

f0iðq2Þ ¼
f0ið0Þ

1 − q2=m2
pole

½1þ a1ðzðq2Þ − zð0ÞÞ�; ðC5Þ

zðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ðC6Þ

where t� ¼ ðmY �mNÞ2, t0 ¼ tþ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t−

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − tmin

p
,

and tmin ¼ −0.05 GeV2. It adopts mpole ¼ 0.892 GeV
for f01 and mpole ¼ 1.27 GeV for g01, and neglects the q2

dependence of f02. For the numerical values of a1, f01ð0Þ,
and g01ð0Þ in each transition, we refer the reader
to Ref. [37].

APPENDIX D: jΔSj= 1 LEPTONIC AND
SEMILEPTONIC τ DECAYS

This section details the formalism for calculating the
rates of lepton flavor violating τ decays. The calculations
are based on the effective Lagrangian, Leff , presented in
Eq. (1). Our approach follows the general framework of
Ref. [45], from which we also adapt the necessary hadronic
matrix elements.

1. Two-body decays

a. Pseudoscalar meson final states (τ → lP)

For the decay of a τ lepton into a charged lepton l and a
pseudoscalar meson P, the general amplitude is given by

Mτ→lP ¼ iūlðSl
P þ γ5Pl

PÞuτ: ðD1Þ

The corresponding decay rate is then

Γτ→lP ¼ K1=2ðm2
τ ; m2

l; m
2
PÞ

16πm3
τ

f½ðmτ þmlÞ2 −m2
P�jSl

Pj2

þ ½ðmτ −mlÞ2 −m2
P�jPl

Pj2g; ðD2Þ

where Kðx; y; zÞ ¼ ðx − y − zÞ2 − 4yz is the Källén
function.
To obtain the Sl

P and Pl
P for τ− → l−KS decay, we

require the relevant hadronic matrix elements

hK0jd̄γμγ5sj0i ¼ hK̄0js̄γμγ5dj0i ¼ ifKp
μ
K; ðD3Þ

hK0jd̄γ5sj0i ¼ hK̄0js̄γ5dj0i ¼ iB0fK; ðD4Þ

where fK is the kaon decay constant and B0 ¼ m2
K0=

ðmd þmsÞ. Using the approximation KS ≈ ðK0 − K̄0Þ=ffiffiffi
2

p
, we obtain

Sl
KS

¼ fKGF

2
½ðmτ −mlÞṼlτ þ B0S̃lτ�; ðD5Þ

Pl
KS

¼ fKGF

2
½−ðmτ þmlÞÃlτ þ B0P̃lτ�; ðD6Þ

with

Ṽlτ ¼ −gLLV þ gLRV − gRLV þ gRRV ; ðD7Þ

Ãlτ ¼ gLLV − gLRV − gRLV þ gRRV ; ðD8Þ

S̃lτ ¼ gLLS − gLRS þ gRLS − gRRS ; ðD9Þ

P̃lτ ¼ gLLS − gLRS − gRLS þ gRRS : ðD10Þ

It should be noted that the derivation of Eqs. (D5) and (D6)
only includes contributions from the τ− → l−K0 decay, as
this is the specific process relevant to the QE scattering
analyses in this work.

b. Vector meson final states (τ → lV)

Similarly, for decays into a vector meson V, the
amplitude is

Mτ→lV ¼ ūl=εVðVl
V þ γ5Al

VÞuτ; ðD11Þ

where εV is the polarization vector of the meson. This leads
to the decay rate

TABLE VIII. Values of VNY and ANY for the transitions
NY ¼ nΛ; nΣ0; pΣþ. The constants D and F are taken from
the lowest-order chiral Lagrangian.

NY nΛ nΣ0 pΣþ

VNY −
ffiffi
3
2

q
1ffiffi
2

p −1

ANY
−1ffiffi
6

p ðDþ 3FÞ −1ffiffi
2

p ðD − FÞ D − F
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Γτ→lV ¼ K1=2ðm2
τ ; m2

l; m
2
VÞ

16πm3
τm2

V

× f½K̃ðm2
τ ; m2

l; m
2
VÞ − 6mτmlm2

V �jVl
V j2

þ ½K̃ðm2
τ ; m2

l; m
2
VÞ þ 6mτmlm2

V �jAl
V j2g; ðD12Þ

where the kinematic function is K̃ðx; y; zÞ ¼
ðx − yÞ2 þ ðxþ yÞz − 2z2. For the specific decay
τ− → l−K�0, the necessary mesonic matrix element is

hK�0jd̄γμsj0i ¼ εμK�fK�mK� ; ðD13Þ

where fK� is the decay constant of the K�. This yields the
following relations

Vl
K�0 ¼ GFfK�mK�ffiffiffi

2
p Vlτ; Al

K�0 ¼ GFfK�mK�ffiffiffi
2

p Alτ;

where Vlτ and Alτ are combinations of the WCs defined as

Vlτ ¼ gLLV þ gLRV þ gRLV þ gRRV ; ðD14Þ

Alτ ¼ −gLLV − gLRV þ gRLV þ gRRV : ðD15Þ

2. Three-body decay: τ − → l−π −K +

For the three-body decay, the hadronic matrix elements
are parametrized by form factors f0; fþ, and f−, which
depend on q2 ¼ ðpπ þ pKÞ2

hπ−Kþjd̄γμsj0i ¼ fþðpπ − pKÞμ − f−qμ; ðD16Þ

hπ−Kþjd̄sj0i ¼ B̃0f0: ðD17Þ

Here, Δ2
Kπ ¼ m2

Kþ −m2
πþ and B̃0 ¼ Δ2

Kπ=ðms −mdÞ. The
form factors are related by f− ¼ ðf0 − fþÞΔ2

Kπ=q
2.

The decay amplitude takes the form

Mτ→lπ−Kþ ¼ ūlðSl
π−Kþ þ γ5Pl

π−KþÞuτ; ðD18Þ

where the scalar and pseudoscalar coefficients are given by

Sl
π−Kþ ¼ GFffiffiffi

2
p f½−2fþ=pK þ ðfþ − f−Þðmτ −mlÞ�Vlτ

þ B̃0f0Slτg; ðD19Þ

Pl
π−Kþ ¼ GFffiffiffi

2
p f½2fþ=pK − ðfþ − f−Þðmτ þmlÞ�Alτ

þ B̃0f0Plτg: ðD20Þ

The relevant combinations of Wilson coefficients are

Slτ ¼ gLLS þ gLRS þ gRLS þ gRRS ; ðD21Þ

Plτ ¼ gLLS þ gLRS − gRLS − gRRS : ðD22Þ

From this amplitude, one can derive the differential decay
rate with respect to ŝ ¼ q2, which is given by [45]

dΓτ→lπ−Kþ

dŝ
¼ λ1=2τl λ1=2πþKþjf0j2G2

F

32π3m3
τ

��
λπþKþjfþj2

λτl þ 3σ̂−ŝ
3jf0j2ŝ3

þ Δ4
Kπ

λτl þ σ̂þŝ
ŝ3

� jVlτj2
16

þ
�
λπþKþjfþj2

λτl þ 3σ̂þŝ
3jf0j2ŝ3

þ Δ4
Kπ

λτl þ σ̂−ŝ
ŝ3

� jAlτj2
16

þ Δ2
KπB̃0

8ŝ2
Reðμ̂þσ̂−A�

lτPlτ − μ̂−σ̂þV�
lτSlτÞ þ

B̃2
0

16ŝ
ðσ̂þjSlτj2 þ σ̂−jPlτj2Þ

�
: ðD23Þ

Note that the kinematic variables are defined as

λXY ¼ Kðm2
X;m

2
Y; ŝÞ; σ̂� ¼ μ̂2� − ŝ; ðD24Þ

with μ̂� ¼ mτ �ml.
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