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o Upcoming major experimental improvements [see: talks from Monday]
— Increase NP reach by several orders of magnitude
— Enable to study subleading responses quantitatively (?)

o In particular beyond leading order: lots of operators contribute
— Disentangling NP operators is theoretically feasible but difficult
— Discriminability might be drowned in theory uncertainties

Necessities

o Framework that consistently o Assessing theory uncertainties
considers all operators (also from nuclear & Coulomb)

This Talk:
o Schematical Framework introduction including subleading responses

o Uncertainty assessment for leading responses [see also: talk: M. Heinz]
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i — e conversion framework components

Many different scales matter: Objectives:

o Compare different probes:
eg.: u—revs. P—jie
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u — e conversion framework

i — e conversion framework components

Many different scales matter:

nuclear

qe{uds}g

N e {p.n}ymn s

Objectives:

o Compare different probes:
eg.: u—revs. P—jie

o Discriminate BSM operators

o Control theory uncertainties:

o Hadronic matrix elements
o Nuclear response
o Coulomb corrections

response M = TALIETS,
S e oo o RG corrections
Mpu(1s) — Mé
aQ A
® ®0
= v ‘\ N
O e R ® X
73 2
M — e conversion Coulomb corrections nuclear response hadronic matrix elements (short distance) EFT operators
At all steps uncertainties need to be controlled! J
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Decomposition of the hadronic side

hadronic
matrix
elements

@ multipole
decomposition

@) [Serot, 1978]
w)

nuclear
response

-—
Spin Independent

o Sl coherently enhanced; I's) ~ #Nz; e.g. [Kitano et al., 2002,...]
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o Sl coherently enhanced; I's) ~ #Nz; e.g. [Kitano et al., 2002,...]
o SD: not coherently enhanced; only for J > 0; eg [pavidson et a1, 2018, ]
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W — e conversion framework

Decomposition of the hadronic side

>J< EFT
vector |
; operators ( g’

{dipole!

hadronic
matrix
elements

@ multipole

decomposition
[Serot, 1978]

nuclear
response

Spin Indgpendent Spin Devpendent
+ Combine with Coulomb corrections on the leptonic side

o Sl: coherently enhanced; I's) ~ #Nz; e.g. [Kitano et al., 2002,...]
o SD: not coherently enhanced; only for J > 0; ecg. [Davidson et al., 2018, ]
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1 — e conversion framework

Overlap Integrals

o Overlap integrals combine nuclear responses and Coulomb corrections

Conversion  _ ®O N @ ® 2 \ /
Rate / \\
Coulomb corrections nuclear response hadronic matrix elements (short distance) EFT operator

Overlap Integrals
[Kitano et al., 2002]

Leading / Sl overlap integrals:

scalor: 51 = = [T ar men(n) [0 0 - 190 )

—
—
—
~—
)
[ —~
_=
=
—
[
~—

vector: V(N = 2\[/ dr (#N)ppn(r) _gEel)(r)ggyl)(r) + fj

%, : )
dipole: D = M / dr E(r) g9 D0+ £ g™ ()

electron and muon wave functions
o Development of subleading overlap integrals is currently in process
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Deduced Limits for P — ue

o Same underlying operators: P, A, GG,
but not the same linear combinations
o Consider first one operator at a time:

u — e (exp.) ‘ P — fie (derived) ‘ current limit
BRpo<4x107Y | <3.6x1071°

BRyi <6.1x1071 | BR,<5x10 " | <6.0x10°°
BR,<7x10M | <47x107*

(scan over all "one operator at a time"-scenarios and choices for matrix elements)
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Deduced Limits for P — ue

o Same underlying operators: P, A, GG,
but not the same linear combinations
o Consider first one operator at a time:

u — e (exp.) ‘ P — fie (derived) ‘ current limit
BRpo<4x107Y | <3.6x1071°

BRyi <6.1x1071 | BR,<5x10 " | <6.0x10°°
BR,<7x10M | <47x107*

(scan over all "one operator at a time"-scenarios and choices for matrix elements)
o For a rigorous limits we need to scan over all Wilson coefficients
— 3 (fine-tuned) scenarios where y — e vanishes exactly
o In this scenario 1% — fie vanishes as well:
rigorous limit: Bro_,z,< 1.0 X 10713 (exp: <36 10_10)

o For ) — fie: in principle, no strict limits ~ * S "
o Cancellation easily lifted by RG corrections g ~ ><
[Crivellin et al., 2017; Cirigliano et al., 2017]

%@ L @ 2
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Example: Indirect limits for P — jie from u — e

Prospects

Future projection for 1% — jie

With values from Mu2e or COMET the limits become even stronger J

o Combining the limits from Ti and Al we find:

1e-13

_ e-14

1e-15

Br[r® — pe

1e-16

1e-17

F. Noél (Uni Bern, ITP)

L 1 direct limit ~ 10710

| single-operator
limit

Ti—oﬁly
limit

Te12 1e-10
Br{u — e, Al]

Te-14

Uncertainty quantification

1e-08

[Hoferichter, Menéndez, FN, 2023]
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Controlling uncertainties

o Hadronic matrix elements: from LatticeQCD & Phenomenology

o Nuclear structure: ®
o So far: (empirical) nuclear shell-model calculations:

— Uncertainty estimate difficult; esp. for neutron response

o Ab-initio approaches: @

— Often uncertainties dominated by chiral Hamiltonian D

and not by many-body solutions

— Often correlations between responses much more stable
[Hagen et al., 2016; Payne et al., 2019]

o Charge form factor given by charge density mediates dipole O
and overlaps with M, ®'" response

o Coulomb corrections:
o Solve Dirac eq. in nucleus potential given by charge density

Charge densities with quantified uncertainties required J

So far: As Fourier-Bessel series without uncertainties [vries et al., 1987]

— Redo extraction from elastic electron nucleus scattering
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How to describe elastic electron scattering?

Typical description via Plane Wave Born Approximation )
e e
180°—6 /
do  (do E! 2
0= (E)Mott X E X |F(q.0)]
at sy
N N
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How to describe elastic electron scattering?

Typical description via Plane Wave Born Approximation

do

e e
180°— 6 do
at s
N 0 N
J=0

F(q,0) = ZF"(q) &5 po(r)

o defines charge density

o strongly dominating
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How to describe elastic electron scattering?

Typical description via Plane Wave Born Approximation J
e e~
180°—6 /
do  (do E; 2
FTol <E>M0tt <X |F(q.0)]
at s
N W, N \F(qvf?)\Z:LZ \ZFE"(q)\2+(%+tan2%)Lde\FLma€(q)|2
J=0: J>0:
F.T. h mag
F(q.0) = ZF$M(q) <~ po(r) F(q.0) > F[2o. F]
o defines charge density o become relevant where FSh

o strongly dominating small (zeroes, high g, high 6)

o subtract before extraction
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How to describe elastic electron scattering?

Typical description via Plane Wave Born Approximation J
e e~
180°—6 /
do  (do E; 2
FTol <E>M0tt <X |F(q.0)]
at s
N W, N \F(qvf?)\Z:LZ \ZFE"(q)\2+(%+tan2%)Lde\FLma€(q)|2
J=0: J>0:
F.T. h mag
F(q.0) = ZF$M(q) <~ po(r) F(q.0) > F[2o. F]
o defines charge density o become relevant where FSh

o strongly dominating small (zeroes, high g, high 6)

o subtract before extraction

Even for J = 0 insufficient — Coulomb corrections J
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Controlling uncertainties Electron scattering

Coulomb corrections

48Ti
102
—— Mott crosssection
o —— Born approximation
1079 Phase shift model
e Example data
10—2 4
o 1074
&
£
30E 10-¢
1078 4
10710 4
10712 T T T T T T
20 40 60 80 100 120 140 160

6in deg
o Coulomb corrections fill out minima and shift the crosssection
o Not properly accounted for by approximative methods
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Controlling uncertainties  Electron scattering

Phase-shift model

o Born approximation o
assumes plane waves

o Finite extend of the nucleus
distorts wave functions

—— physical
----- coulomb

— results in phase shift &y, --- plane

contains info about do/dQ) 0 5 10 15 20
rin fm
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o Born approximation o
assumes plane waves

o Finite extend of the nucleus

distorts wave functions —— physical
. . S e coulomb
— results in phase shift J,, § --- plane
contains info about do/dQ) 0 5 10 15 20
: rinfm
ch F.T, Dirac-eq. do
Fs"(q) <= po(r) = V(r) —— =5
dQ)
—
phase-shift model
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Controlling uncertainties Electron scattering

Phase-shift model

o Born approximation 0
assumes plane waves

o Finite extend of the nucleus

distorts wave functions — physical
. . S e coulomb
— results in phase shift J,, --- plane
contains info about do/d() 0 5 10 15 20
Dirac-eq. do rin fm

F"(q) <5 po(r) = V(r) )

phase-shift model

Solve Dirac equation numerically:

v [WN <;gﬂ((:))> — (-Cos(kri(sé(’») S 52(;12?;,;(4:)5 5
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Phase-shift model

o Born approximation 0
assumes plane waves

o Finite extend of the nucleus

distorts wave functions — physical
. . S e coulomb
— results in phase shift J,, --- plane
contains info about do/d() 0 5 10 15 20
Dirac-eq. do rin fm

F§"(q) <5 po(r) = V(1) Qa

phase-shift model

Solve Dirac equation numerically:

) - gi(N)\ r=re. [ As gcRg(r) + By gég(r) Ac/Br —
v [1,0 (’ﬂ(ﬂ) (iAz‘ ffg(f) +iB; fci,g(f) e Op,c+ ¢
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Controlling uncertainties Electron scattering

Phase-shift model

o Born approximation 0
assumes plane waves

o Finite extend of the nucleus

distorts wave functions — phylsicakl)
S e coulom
— results in phase shift J,, --- plane
contains info about do/dQ) 0 5 10 15 20
h F.T. Dirac-eq. do rin fm
Fs(a) €55 polr) = V(1) o

phase-shift model
Solve Dirac equation numerically:

. . g/(r) r—re. [ Ar gfg(r)+36 gég(r) Ac/Br —
v [1,0 (ifé(f)> (iA(f ffg(f) +iB; fci,g(f) e Op,c+ ¢
do

iy an2(EVIF(0)12 wi f(0) ~ cos(0)) e
= qq ~ A+’ (Q)IFO) with £(6) ;Pz( (6))
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Phase-shift model Implementation

Goals:

o Precise cross sections o Efficient algorithm

Implementational Challenges:
o # partial waves dependents on initial energy: ¢max € {15,...,250}

(e]

High partial waves require high numerical precision
Coulomb solutions require precise *F!(a, b, z) with complex arguments

(@]

o

Partial wave sum )}, need to be resummed to achieve convergence
Choice of numerical solvers and the initial values

(@]
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Phase-shift model Implementation

Goals:

o Precise cross sections o Efficient algorithm

Implementational Challenges:
o # partial waves dependents on initial energy: ¢max € {15,...,250}

o High partial waves require high numerical precision

o Coulomb solutions require precise 1F!(a, b, z) with complex arguments
o Partial wave sum Y, need to be resummed to achieve convergence

o Choice of numerical solvers and the initial values

Python package phasr [nttps://pypi.org/project/phasr] J

o different charge distribution parameterizations implemented
o calculates bound state and continuums solutions — overlap integrals
o calculates elastic scattering cross sections using the phase shift model
o Recent addition: Parity violating electron scattering (PVES)

F. Noél (Uni Bern, ITP) Uncertainty quantification 16.04.25 15/27
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Controlling uncertainties

Electron scattering
Nuclei with J > 0

2TAl (J = 3) requires L > 0 contributions

o Employ ab-initio calculations (using IMSRG) [talk: M. Heinz]
ZFsh

F mag
L
—
vy
10t

— shell model

IFrl?

1073 T
. . 0.5
qinfm=!

I —

ginfm-t

o Subtract and remove data points dominated by L > 0
o So far: No Coulomb corrections for L > 0
F. Noél (Uni Bern, ITP)
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Extracting charge densities from electron scattering

2p

o Fourier-Bessel parameterization:
(gn = % s.t. jo(gnR) = 0) [Dreher et al., 1974]

XN ianjo(ger) L r<R
po(r) = {o ,r>R

o Total charge fulfilled by construction
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Extracting charge densities from electron scattering

N

o Fourier-Bessel parameterization: pose
(gn = "5 st jo(qnR) = 0) [Dreher et al., 1974] 0o 0075 /
Po(f) _ Zn:l an Jo(an) T S R £
0 L r>R
o Total charge fulfilled by construction ot | wisare
o Constraints from muonic atoms (Barrett moment) R R

o Practical challenges:
o Most data from the 70s & 80s
o Many datasets not available at all
or only in PhD theses
o Uncertainty documentation rudimentary
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Controlling uncertainties  Extracted charge densities

Extracting charge densities from electron scattering

o Fourier-Bessel parameterization: o N\ L
(gn = "5 st jo(qnR) = 0) [Dreher et al., 1974] 007 —
N . . 00 o2 (04 s os 10
po(r) =  Eomrn (@) TS R
0 , r>R
o Total charge fulfilled by construction U -

1 2 3 a H
rifm)

o Constraints from muonic atoms (Barrett moment)

ZTAl (L=0)

o Practical challenges:

o Most data from the 70s & 80s

o Many datasets not available at all
or only in PhD theses

o Uncertainty documentation rudimentary

o Computationally intensive (w.r.t. uncertainties)
— Need to scan over R, N

dorda [fme/sr]

6ldeg]
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Extracting charge densities from electron scattering

o Fourier-Bessel parameterization: ol L
(gn = "5 st jo(qnR) = 0) [Dreher et al., 1974] 007 —
N . . 00 o2 (04 s os 10
po(r) =  Eomrn (@) TS R
0 , r>R
o Total charge fulfilled by construction U -

1 2 3 a H
rifm)

o Constraints from muonic atoms (Barrett moment)

Z7Al (L=0)

o Practical challenges:

o Most data from the 70s & 80s

o Many datasets not available at all
or only in PhD theses

o Uncertainty documentation rudimentary

o Computationally intensive (w.r.t. uncertainties)
— Need to scan over R, N

dorda [fme/sr]

Carried out for 27Al, 4048C3, 48.50T; J

Results available in python notebook [2406.06677)

6ldeg]
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Estimate uncertainties

Suppress overparametrization:

8ca “8ca
o
0.0002 o
008 000011 1
107 !
0.0000{
007
~0.0001
107
0.06 -0.0002
6« 7 8 o5 10
7 005 07
£ s
= z
S oos 104
003
107
002
o6 ] — vetoed its
0,014 — vetoed fits — remaining fits
— remaining fits — asymptotic limit
.00 + 1077
0 2 4 6 s 10 200 800 1000
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Controlling uncertainties

Estimate uncertainties

Suppress overparametrization:

a8cy
o.
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g o004
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0 2 4 6 8 10
rifm)

o "statistical" uncertainties:
From data uncertainties
(stat., syst. & corr.)

o systematical uncertainties:
From scan over R, N
(envelope or individual)
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Charge density results
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Application to leading overlap integrals



Dipole overlap integral

Dipole: D = ——— my/ dr £(r) [g'9(0) £ () + £ () g% ()]



Application to leading overlap integrals

Dipole overlap integral

Dipole: D = —\2my /Ooo dr E(r) {g&el)(f) f,(}ll)(f) +£9(r) g%)(r)}

o Only depends on charge density po:

\/4mx
o electric field E(r) from po(r) E(r) = / dr’ rpo(r')
o wavefunctions g;gg), f;c(é) from V(r) = — 47m/ dr £
solving Dirac equation with \/(r) N
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Application to leading overlap integrals

Dipole overlap integral

Dipole: D = —émy /Ooo dr E(r) {g&el)(f) f,(}ll)(f) +£9(r) g@l)(r)}

o Only depends on charge density po:

\/471?04
o electric field E(r) from po(r) E(r) = / dr’ rpo(r')
o wavefunctions g,E“, f,c(é) from V(r) = — 47m/ dr' E(7)
solving Dirac equation with \/(r)

Results with propagated uncertainties
D(*°Ca) = 0.07531(5) D(*®Ca) = 0.07479(10)
D(**Ti) = 0.0864(1) D(*"Al) = 0.0359(2)

o For the first time: Fully quantified uncertainties
o Consistent with results from [Kitano et al., 2002]
o Contain individual uncertainty components and correlations from pg
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Scalar and Vector overlap integrals

Scaar: 5 = 22 [ pu (1) [ (e (1) = 5 (Y ()

v(N) #N [

=575 Jy 4o [0 () + 1P )]

Vector:
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Application to leading overlap integrals

Scalar and Vector overlap integrals

N e 1 e 1
scaar. 5 = 25 [Mar on() [69 (8% () 15 (07} ()]

N e 1 e L
Vector: V" = 22 [T ar on(r) [69(18 % (1) + £ (%) 1)

o Requires proton and neutron densities pp <> My responses:
o pp A po (from electron scattering)
o pn & pw (from parity violating electron scattering)
— Not ideal, PVES only recently measured and only for a few nuclei
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Application to leading overlap integrals

Scalar and Vector overlap integrals

Scalar: SV = 2#} /\/(f) [gfel)(r)gy‘l)(r)—ffi)(r)ffq)(r)}
Vector: V" = 22 [T ar on(r) [69(18 % (1) + £ (%) 1)

o Requires proton and neutron densities pp <> My responses:

o pp A po (from electron scattering)

o pn & pw (from parity violating electron scattering)

— Not ideal, PVES only recently measured and only for a few nuclei
o Empirical determination of p,, from experiments currently unfeasible
o Need theoretical nuclear structure calculations:
o nuclear shell-model: o Ab-initio approaches:

— precision of neutron responses unclear ~ — correlations are very stable
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Application to leading overlap integrals

Scalar and Vector overlap integrals

Scalar: SV = 2#} /\/(f) [giel)(r)gy‘l)(r)—fﬁi)(r)ffq)(r)}
Vector: V" = 22 [T ar on(r) [69(18 % (1) + £ (%) 1)

o Requires proton and neutron densities pp <> My responses:

o pp A po (from electron scattering)

o pn & pw (from parity violating electron scattering)

— Not ideal, PVES only recently measured and only for a few nuclei
o Empirical determination of p,, from experiments currently unfeasible
o Need theoretical nuclear structure calculations:
o nuclear shell-model: o Ab-initio approaches:

— precision of neutron responses unclear ~ — correlations are very stable

Establish correlation using IMSRG [talk: M. Heinz] J
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Application to leading overlap integrals - S?  mS” VP V"
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shell-model Hu et al. (2022)
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Application to leading overlap integrals 5P pm S” Ve VO
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Uncertainties and Covariances

Uncertainties & Covariances
from correlations & nuclear structure:

T
s [ model-data
N 68%

=3 N W S~ u» o ~ e}
I L L L L L L L

+ Uncertainties & Covariances
from charge distributions
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Uncertainties and Covariances

Uncertainties & Covariances
from correlations & nuclear structure:

Combined Covariances:

8 I 27
s 3 model-data
" B 68% D s® sty oy
i D 1.0000 07205 0.7030 0.7210 0.7028
! s(e) 1.0000 0.9656 1.0000 0.9645
! s 1.0000 0.9664 1.0000
! v(p) 1.0000 0.9654
! v 1.0000
E 48T
. D s syl oy
D 1.0000 0.4657 0.1169 0.5003 0.1163
s(e) 1.0000 0.1118 0.9991 0.0916
s(m 1.0000 0.1176 0.9997
v(e) 1.0000 0.0978
+ Uncertainties & Covariances vin 1.0000
from charge distributions
_ Uncertainty quantification 16.04.25 24 /27
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Application to leading overlap integrals

Comparison to PVES
o Deduction of quantities from PVES:
radii & skin, (weak) form factor

o Coulomb corrections via phasr:

do do
diﬂ(\/ch + Vvv) - diﬂ(\/ch - VW)
— require full pg and p,, for Ve, and V,

ARrL ~
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Application to leading overlap integrals

Comparison to PVES
o Deduction of quantities from PVES:
radii & skin, (weak) form factor

o Coulomb corrections via phasr:

do do
dia(\/ch + Vvv) - diﬂ(\/ch - VW)
— require full pg and p,, for Ve, and V,

ARrL ~

o Point-wise correlation for p,, pn, pw:

6

0.14 { a2,

Pn(r) in fm=3

=stm T T T T 0
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Application to leading overlap integrals

Comparison to PVES oo
08
o Deduction of quantities from PVES: + oosd
radii & skin, (weak) form factor éw,
o Coulomb corrections via phasr: 0021
000
ARL ~ (i(;(vch + Vvv) - Ccliéj—)(\/ch - VW) ZZ o
— require full pg and p,, for Ve, and V, R pa—
o Point-wise correlation for p,, 0, Pw: ZZ: \
0.14 { 4o, N 6 002
012 s 000
- 0.10 oL , 1fm 4 012 Ra
£ 008 = 0101
5004 / s %O.W
0‘o%voo’:mm 0.02 0.04 0.06 0.08 010 0 ]
— direct comparison to experiment BRI R
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o Overlap integrals for subleading responses well on the way:
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Application to leading overlap integrals

Outlook: Subleading responses

o Overlap integrals for subleading responses well on the way:
depend on: Si= M, @), 2, 2] AL, ...

o L > 0 leads to more complex angular integrals

o more electron partial waves contribute
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Application to leading overlap integrals

Outlook: Subleading responses

o Overlap integrals for subleading responses well on the way:
depend on: Si= M, @), 2, 2] AL, ...

o L > 0 leads to more complex angular integrals
o more electron partial waves contribute

o integral weights are Bessel transforms of structure functions:

/ dq ¢%ji(qr)Fy'(q)
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Application to leading overlap integrals

Outlook: Subleading responses

o Overlap integrals for subleading responses well on the way:

depend on: Si= M, @), 2, 2] AL, ...

(@]

L > 0 leads to more complex angular integrals

o more electron partial waves contribute

o integral weights are Bessel transforms of structure functions:
S
eg ! oy (r) = (27T / dq ¢%ji(qr)Fy'(q)
o Again employment of IMSRG for FﬁL:

— L > 0 computationally expensive, but feasible
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Application to leading overlap integrals

Outlook: Subleading responses

o Overlap integrals for subleading responses well on the way:

depend on: Si= M, @), 2, 2] AL, ...

(@]

L > 0 leads to more complex angular integrals

o more electron partial waves contribute

(0]

integral weights are Bessel transforms of structure functions:

/ dq ¢%ji(qr)Fy'(q)

(¢]

Again employment of IMSRG for FﬁL:
— L > 0 computationally expensive, but feasible

Unclear: Correlation to which experimentally accessible quantities? J
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Conclusion

Conclusion

Summary:

o Comprehensive EFT framework with nuclear responses
and Coulomb corrections at the same time

o Goal: Discriminate BSM operators
o Controlled uncertainty estimates
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Conclusion

Conclusion

Summary:

o Comprehensive EFT framework with nuclear responses
and Coulomb corrections at the same time

o Goal: Discriminate BSM operators
o Controlled uncertainty estimates

o Indirect limits for P — jie Eom

o Uncertainty estimates for charge distributions

o Phase-shift model Python package phasr
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Conclusion

Conclusion

Summary:

o

Comprehensive EFT framework with nuclear responses

and Coulomb corrections at the same time

o Goal: Discriminate BSM operators
o Controlled uncertainty estimates m
Indirect limits for P — jie i
Uncertainty estimates for charge distributions w
Phase-shift model Python package phasr

Overlap integrals from correlations
using ab-initio calculations

°
g
3

0.045

0.040

Overlap integral in m3?

0.035
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Conclusion

Conclusion

Summary:

o Comprehensive EFT framework with nuclear responses

and Coulomb corrections at the same time

o Goal: Discriminate BSM operators
o Controlled uncertainty estimates

o Indirect limits for P — jie
o Uncertainty estimates for charge distributions
o Phase-shift model Python package phasr

o Overlap integrals from correlations
using ab-initio calculations

Outlook:
o Subleading nuclear responses
o Relevance of 2-body currents

o Coulomb corrections in PVES

F. Noél (Uni Bern, ITP) Uncertainty quantification
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Thank you for your attention!

@>/I'am speed!

Thanks to my Collaborators/Co-Authors:

Matthias Heinz, Martin Hoferichter, Takayuki Miyagi, Achim Schwenk
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References Radii

Radii
Nucleus +/(r?) [fm] Refs.
o Qualitative radii for the
(43 [44]
considered nuclei zp 2900 (e 303502)
o Statistical uncertainties 3063(3)((3%))[[331]} 3.0610(31)
o based on fit statistics and (8)[9
data uncertainties ca 3'452(3)@53{1& 3450010
17)[24
o Systematical uncertainties 3'4771“7)&2%17{ 3.4776(19)
o based on different R, N e 34499(29)((?;2)[[4620]] 3.451(9)

with two strategies
3.475(2)((?3)%] 3.4771(20)
-3

All parameterizations with

(8)[8]
uncertainties and correlations are 8Tj 3'62(3>(f£)[4] 3.507(1)
made available in a python 3.596(3)(5%[[537]} 3.5921(17)
notebook _
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Solve Coulomb numerically
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Systematic uncertainty bands
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Full tree of u — e conversion

Operators:
~0%

Leptons and Quarks/Gluons:
JEov

’ ) 1 ( Hadronic matrix
~ LY AT upy
& ooo@@ @@@.. R

Non-relativistic expansion

@'@‘é@@@@'@». S

uclear response:
~ (M| 1% |M)
Multipoles:
~5,8,8"

Elastic process
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References  Formulas for p — e

y — e conversion Lagrangian

= Tl DL ST ete ¥ aer 4.

Y=LR \ g=u,d,s X=S,P, X=D,
VAT GG,GG
LS = A2 ey, Q> = gq,
Ly =13, Q™9 =1g%q,
v, 2 v, _
L' = A2 ey, Q' = gyua,
A, V, A, _
Lyt =1yt Q7 = arur’a,
T, PR _

LyVV — A2 eyU’W]/l, Q;;,q = gowa,
L6 = A1 13, Q% = a563,G5",
LSC = A1 L3, Q6C = G2, G2,
D, T,

LY"V = A Ly’w, Q}B/ = Fu,
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References  Formulas for p — e

hadronic matrix elements

(
G
tl
(M ar2%a1) = ane' ) 19° 64" (@)~ 9° 52 6BV (@) un (o).
(
(i
(

AT
(N| Gy G [N) = (p', ') (i— a/v(q)vS)u:v(p,S)-
S

F. Noél (Uni Bern, ITP) Uncertainty quantification 16.04.25 10 /20



References  Formulas for p — e

Non-rel. expansion
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References  Formulas for p — e

Non-relativistic Operators

M =1, h* = a;,
q q q
por _ 19 0)2(0 p), p i27 | ho = U,Qp |
q q q
i T 2 ' i 2 ' i 2 '
q q q

gi, pi < —i@; acting on either one or both nucleons
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Detailed Limits

4 Ui Ui
Cy? 13x10717 - -
Cy® - 15x107Y7 4.0x107%°
cy? - 29x107% 21x107%
Cy? 41x107Y7 - -
Cy® - 1.6 x 10712 2.1 x 107
Cy?° - 41x10712 54x10713
cge - 58x 10715 4.7 x 1071

F. Noél (Uni Bern, ITP) Uncertainty quantification 16.04.25 19 /20



References  More details to P — pe

Cancelation & RG corrections

F. Noél (Uni Bern, ITP)

A 0

e 2688

Y — s,N !
&a

C\Ii’s o 47-[ GG 2g2’0

Uncertainty quantification 16.04.25

20 /20



	e conversion framework
	Example: Indirect limits for Pe from e
	Deduced Limits
	Prospects

	Controlling uncertainties
	Quantitative charge density inputs
	Electron scattering
	Extracted charge densities

	Application to leading overlap integrals
	Conclusion
	Appendix
	References
	References
	Radii
	Solve Coulomb
	Fits examples
	Full tree
	Formulas for e
	PVES
	More details to P e



