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Lepton flavor violation serves as one of the most important avenues
for probing new physics. In this work, the focus is on processes such as

e — 1, especially e7d — 17s.

» High-energy regime:
> LHC. EPJC 80, 641 (2020)

» In the future, EIC.  JHEP 03, 256 (2021)

> Low-energy regime:
> 17 > e Ks PLB 692, 4 (2010)
> 17— e KO JHEP 06, 118 (2023)
> 1T > e KT PLB 719, 346 (2013)

To address this gap, the quasi-elastic (QE) scattering process
e”+ N(n, p) = 7 + Y(I*, £° AP) is proposed to probe the baryonic

sector of these LFV interactions.
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Theoretical Framework: The low-energy effective Lagrangian

The general low-energy effective Lagrangian involving e™d — 77s
transitions can be written as

where Gf is the Fermi constant, O, is the semi-leptonic operator listed in
Table, and g, is the corresponding effective WC.

Coeff. Operator Coeff. Operator
g (FyuPLe)yiPud) gy (TyuPre)(Sy!Prd)
g (TyuPLe)5yFPrd)  git  (TyuPre)(Sy*PLd)
get (TPLe)(3PLd) gk (TPre)(3Prd)
gs" (TPLe)(5Prd) gt (TPre)(5P.d)

gt (2o PLe)3otPLd) gRR (o, Pre)(30" Prd)
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Theoretical Framework:Polarization vectors

The production density matrix p can be expanded in terms of the
Pauli matrices ¢' as

To investigate the dependence of the polarization on the beam energy,
we introduce the averaged polarization component along direction .

/Z:ax P’l’ Y(q2)

/qmax do d 2
mln

(P77 =
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Theoretical Framework: Two Forms of the Form Factor

Two forms of the form factor:
= Scattering process: N — Y = Decay process: Y — N

The hadronic matrix elements H‘f’R for the N — Y transitions can be
parameterized in terms of form factors. For the vector and axial-vector
currents, their matrix elements are given by:

(Y(Psyud|N(p)) = a(p’) [Vyfl(q )+ ’va fz(qz) + —yfa(qz)] u(p),

(Y(PIsyuysd|N(p)) = a(p’) [Vygl(qz) + iow e gz(qz) + m—igs(qz)] ysu(p) .

(Y(p')|sd|N(p)) = a(p")

my q
—S - f(q2)+—My(ms_md)f3(CI2)] u(p),

m m 2
Y EOIsysdING) = a(p') | 7 E - Ran(a®) + mga(qz)] ysu(p).

M. S. Athar, The Physics of Neutrino Interactions
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Theoretical Framework: Two Forms of the Form Factor

fi(q®) are related to the form factors GZ'},, and GZ'}, can be parameterized
in the following three ways:

= Galster NPB 32, 221 (1971) = BBBA NPB 159, 127 (2006)
= BHLT PRD 102, 074012 (2020)

For the hadronic matrix elements of Y — N, the following two
parameterizations are considered:

= QCDSR JHEP 06, 122 (2024) = xPT JHEP 04, 104 (2019)

Form factors f ) 2] g1 g g3

BBBA v v 0 v 0 v
BHLT v v 0 v 0 v
Galster v v 0 v 0 v
QCDSR v v 0 v 0 0
XxPT v 0 0 v 0 v
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Phenomenological Analysis: Generic features of polarization observables

0 5 10 15 0 5 10 15
Q’ (GeV?) Q’ (GeV?)
The electron beam energy of E =12 GeV, e p — 7" L, BBBA parametrization.
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Phenomenological Analysis: Differential cross section

e"p— Xt (E =12 GeV) e n— At” (E =12 GeV) The scaling factor «.
2.5 @‘I;L 2.5 OLL
v

p— Lt

NP QCDSR  xPT

gt 10 2

gLk 10 2

gtt 1000 10
n—o A

NP QCDSR  xPT

v 20 5
gk 15 5
gLt 2000 10

0= KGf_lga|26/(16nm,2V), K is a dimensionless scaling factor.
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Phenomenological Analysis: Total cross section

e p—Xtr- e n— At
4l — Qcpsr O{;L 4l — QCDSR 0{‘,"
..... APT e xPT
~3| = - BHLT ~3} = - BHLT -
1S -- BBBA 5 .- BBBA O
{g‘) Galster P @ Galster ~
® ®

The scaling factor «’.

p— Xt
NP  QCDSR  xPT
gtt 100 10
gLk 50 25
gtt 1500 15
n— A
NP  QCDSR  xPT
gtt 200 40
gk 50 25
gtt 3000 10

- 2| 125 2 : : : :
0 = «'GE|ga|*6/(16mmy)), k" is a dimensionless scaling factor.

E (GeV)
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Phenomenological Analysis: Polarization observables

e p— 7 X7 (E=12GeV)

1.0 L LR L
++eer QCDSR 9w 3 hid 9s
05} --- xPT i
= BHLT '
. - - BBBA H 1

15 0 5 5 5

10 0 10
Q* (Gev?) Q* (GeV?)

15
Polarization observables P 7 of 7~ and £* in the process e"p — 77 L7,
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Phenomenological Analysis: Average polarizations

L LR iz
OV OV OS

3 8 10 12 6 8 10 12 3 B 10 2

E (GeV) E (GeV) E (GeV)

The average polarization observables (P, 1) at an electron beam energy of E = 12 GeV.
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Phenomenological Analysis: Average polarizations

Identification of vector NP operators, and distinction between distinct model
families: {QCDSR, xPT} and {BBBA, BHLT, Galster}.

Model NP Sign of (P}) Sign of (PL)

gt - -
QCDSR v - +
xPT gl + +

gyt + -
BBBA gt - +
BHLT gf - -
Galster g"‘;R + -

gt + +
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Phenomenological Analysis:Effects of g3

e p— 7 X (B =6GeV) p e p T S (E=6GeV)

Q* (GeV?)

Effects of g3, AP} = P} + = P[ (g3 = 0).
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Experimental Prospects: Experimental Setup and Constraints on Wilson Coefficients

Experimental Setup
» Jlab SoLID,£ =1.2x 103 cm™2s7!.  PRC 109, 065206 (2024)

> dN/dt = Lo.

Constraints on Wilson Coefficients

» B(1T —> e Ks)<2.6x1078 PLB 692, 4 (2010)
> B(1m > e K?) <1.9%x1078 JHEP 06, 118 (2023)
» B(tT - e KY)<3.1x1078 PLB 719, 346 (2013)

The 7~ — e~ K™ decay provides the most restrictive constraint on
the vector coefficients: PLB 797, 134842 (2019)

lgl] <2.77%x10™* (a =LL, LR, RL, RR).

On the other hand, the strongest constraint on the scalar coefficients
comes from the 1~ — e "t~ K* decay: PLB 797, 134842 (2019)

lg2] <4.09%x10™* (a =LL, LR, RL, RR).
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Experimental Prospects:Event Rate Projections

ep—o1T Xt

Model QCDSR xPT BHLT BBBA  Galster
g™ 673 0668 0.0473 0.0206  0.0211
g/ 7f 390 120 0.0425 0.0185  0.0190
g8 183 246 0117 0.00372 0.00389
en—1TA
Model QCDSR xPT BHLT BBBA  Galster
gi”® 133 201 00731 00181  0.0181
gff 461 128 00758 0.0159  0.0159
g8 481 1.88  0.136 0.00208 0.00209
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® Theoretical Framework and Model Dependence

e Cross section

e Polarization observables

® Resolving Theoretical Ambiguities Using Polarization
Observables

e Distinguish different form factor models

e |dentify potential vector operators
® Impact of the g3 Form Factor

e Scalar operators
¢ Experimental Outlook

e Projected annual event rates
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Back up: 7- and Y-production density matrix

Within the framework of the effective Lagrangian L, the scattering amplitude M
for the QE processes e + N — 7~ + Y/, with nucleons N = n, p and hyperons
Y = A, X0, 2%, takes the general form

m=-=E % (H§L§+H§L§).

\/5 a=S,V,T

Starting from this amplitude, we construct the spin density matrix for the produced
T lepton.

Pl = MM (V) =862 Y. 3 {HQLH;*Lg(A)Lgr(A’)

r,s,t r,s,t a,a
+HR Hj*Lf(A)Lf,*(A')} .

To explicit evaluate the Ll;’R(/\)Li,’R*(/\’), we employ the Bouchiat-Michel
formula.

up (k)i (k') = (K +mq).

3
oan + Z V5001
i=1

N =
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Back up:Two Forms of the Form Factor

In the vector channel, the functions D¥2(q2) and F1V2(q2) are given by

1 3
Fl\,/z(q2) = fllfz(qz) + §f172(‘72) ’ DKQ(qZ) = _§f1’z2(q2) .
Here, flp’zn(qz) represent the Dirac (i = 1) and Pauli (i = 2) form factors for the proton
and neutron. Each flp’zn(q2) is, in turn, composed of the standard electromagnetic form
factors, Ff’zn(qz), and a contribution from the strange-quark vector current, Fls2(q2):

n,p ) n,p p,n
f1’2 = (E — 2sin QW) F1,2 - §F1,2 - 5Ff/2 .

where O\y is the weak mixing angle.
The electromagnetic pieces are then related to the Sachs’ electric and magnetic
form factors via
p,n p,n
G2"(q?) + 1 Gh"(q?)

Gh'(@*) - G2"(q?)
1+7 ’

1+7

FP"(q?) = , FP"(q?) =
where T = —q2/(4m,2V) and my denotes the nucleon mass.
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Back up:Two Forms of the Form Factor

Each form factor can be decomposed into two functions, D(g?) and
F(g?), weighted by the appropriate Clebsch-Gordan coefficients,

fi(q®) = aFY (¢*) + bD (¢°),
gi(q®) = aF(¢®) + bD(¢?), i=1,2,3,

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

Transitions

a b

3 1
n— A —= ——
Ve Ve

1 1
n— Y0 — -
V2 V2

p— Xt -1 1
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Back up:Two Forms of the Form Factor

The electromagnetic current which is a vector current is written using
- Y _ 1 -
the charge operator e = 5+ 5 = A3 + 2\/5/\8 as:

1
jem — V3 + —V8
u IV
In general, the expression for the matrix element of the transition
between the two states of baryons (say B; and By), through the SU(3)
octet (V] or Aj) of currents can be written as:
(BilV)|Bi) = ifyFY + dj D"
(Bi|Aj| Bi) = ifuF* + dyy DA

FY and DY are determined from the experimental data on the
electromagnetic form factors, and FA and DA are determined from the
experimental data on semileptonic decays of neutron and hyperons.
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Back up:Two Forms of the Form Factor

The physical baryon octet states are written in terms of their octet
state B; as:

1 1
p=—=(Bs+iBs), n=—(Bs +iB7),
V2 V2
1 1
I* = —(B1 £ iB), E™ = —(B4s—iBs),
V2 V2
1
20 = —(Bs - iBy), 0 =B;, A°=B;s.
V2

The matrix element for the electromagnetic transition between two
octet states B; and By is defined as:

1
fiak + —=fis| F¥ +

V3

1
(Bi|V3+ —=Vg|Bk) =i
V3

1
disk + —d,-Sk] DY

V3

23 / 24



Back up:Two Forms of the Form Factor

" - 1 o " -
1.0F 5|
0.8f q
0.6F q
<
0.4 q
Galster - BBEA - BT ki
1.0 r e e
R R R 0 R R R
-15 -10 -5 -15 -10 -5
t (GeV?) t (GeV?)
osh et — qcpsr - T —qobs
3f
2F
- 1f
s -05 g
-1.0
Galster -- BBBA -« uir b
Gatster -« BBBA - pHLT %
15 ] _2f i
L L T L L L
-15 -10 -5 -15 -10 -5
t (GeV?) t (GeV?)

Form factor:e™p — 7L
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