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Motivation Lepton Flavour Violation

Lepton Flavour Violation

o Search for new physics (NP): Lepton Flavours

one prominent probe — LFV e p |t
o Lepton Flavour (LF) is conserved by SM Ve | vy | Ve
o LF is an (accidental) global symmetry
o Lepton Flavour Violation (LFV) !
o neutral LFV: ve, vy, v¢ w w
— neutrino oscillations
o charged LFV: e, u, T u .
— only indirectly via v; BR( = e) < 10-50 [N(grzﬁ)z}
o Observation of CLFV would be NP
Very clean BSM signal (no competing SM) |
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LFV Experiments and current limits

LFV process

current limit

(planned) experiments

i— ey < 4.2-10713 [MECQ) MEG Il
1 — 3e < 1.0-10712 [SINDRUM] Mu3e
T —0y,30,0P,... | <1078 [Belle, LHCb, .. ] Belle 2, ...
K— e, pert, pertrr | < 107 [KTev, NAG2, BNL] KOTO, LHCb
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LFV Experiments and current limits

LFV process

current limit

Experiment and current limits

(planned) experiments

U— ey < 4.2-10713 [MEG] MEG I

1 — 3e < 1.0-10712 [SINDRUM] Mu3e

T —0y,30,0P,... | <1078 [Belle, LHCb, .. ] Belle 2, ...
K— ue, pert, pertrr | <1071 [KTev, NAG2, BNL] KOTO, LHCb
0 — fie <3.6-10710 [KTev)

n— fle < 6-107° [SPEC] JEF, REDTOP
17/ — je <47-107% [CLEO 11] [talk: L. Gan, Mo, 16:30, WG1]
Aup~ — Aue™ < 7-10713 [SINDRUM II]

Tipw — Tie™ < 6.1-10713 [SINDRUMII]

Alp~ — Ale™ < 10717 (projected) Mu2e, COMET

Major experimental improvements expected

F. Noél (Uni Bern, ITP)

— stringent bounds on LFV
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Motivation 1 — e conversion

What is y — e conversion? (theorist's perspective)
o Experimental Setup:
/
proton beam prod. U beam nucl
target target
\

o Conversion process:

(within Coulomb field of the nucleus)

@ \\ . without
\ !
N ’

o Experimental signature:
e with g = my,

o Only background: decay in orbit b10
P = vyvee e

o Normalisation: muon capture co};vgrsieon
n(A Z) = v, (AZ-1) o S —— oy
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Theory Description & Framework  Standard Model EFT

How to describe LFV from the theory side?

Standard Model EFT:

o Model-independent effective field theory description of BSM physics
with higher dimensional operators obeying all SM symmetries:

1 1
SM EFT SM 5 6
L = LM —£0) 4 2£()+...

o Can be seen as the low-energy effective theory of any theory
introducing new physics at high energies
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1 1
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Theory Description & Framework  Standard Model EFT

How to describe LFV from the theory side?
Standard Model EFT:

o Model-independent effective field theory description of BSM physics
with higher dimensional operators obeying all SM symmetries:

1 1
[SMEFT _ pSM | = p(5) 4 = p(6)
+ A + e +
o Can be seen as the low-energy effective theory of any theory
introducing new physics at high energies

o Naturally contains LFV operators:

o q1 £y g o

'y'%< & &

28 o7 2 g 2

Can be used to describe all LFV processes in a model-independent way J
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How to use this for y — e conversion?

Many different scales matter:

integrate out
ey SN particles

g€ {udshyg

Ne{pnpmna,...
NR expansion,
‘multipoles

nuclear
response

‘mumerically solve.
DiRAC equation

M = 2TALST, .

1 — € conversion:
Mp(1s) — Mé
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Theory Description & Framework Framework

How to use this for 4 — e conversion?

Many different scales matter: Objectives:

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

o Discriminate BSM operators

} qe{uds}g

{_an — qe

~my
TG

N

ChPT .
Ny — Ne Ne{pn}pmagn, ...
\ NR
e
B

( s M = 2TALTS,
{_ response

1 — e conversion:

Mp(1s) —» Mé

a 0
® ®®
= O: ® Do) ® ®
P
L2 2
M — e conversion bound state physics nuclear response hadronic matrix elements (short distance) EFT operators
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Theory Description & Framework Framework

How to use this for 4 — e conversion?

Many different scales matter: Objectives:

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

qe{uds}g

o Control theory uncertainties:
o Hadronic matrix elements
o Nuclear response

[ o Coulomb corrections

N e {p.n}ymn s

nuclear
response
N J

o RG corrections

1 — € conversion:

Mp(1s) —» Mé

®
= @ ® @):%) ) ® X
L3 2
M — e conversion bound state physics 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

@ 2

1
>< EFT vector pseudo axial

a 2 tors TN scalar, vector
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Decomposition of the hadronic side

}( EFT

4 P operators

hadronic
matrix
elements

multipole
decomposition

[Serot, 1978]
=

nuclear
response




Framework

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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Framework

Decomposition of the hadronic side

vector |

>< EFT
scalar
5 7 operators
hadronic
matrix scalar
elements

@ multipole
decomposition
@) [Serot, 1978]
w)
nuclear
response

pseudo

scala

axial
vector

Spin Indgpendent

Spin Dgpendent

o Sl coherently enhanced; I's) ~ #N2; e.g. [Kitano et al., 2002,...]
o SD: not coherently enhanced; only for J > 0; eg [pavidson et a1, 2018, ]
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Theory Description & Framework  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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Indirect limits for P — jie from 4 — e = Master Formulae

Application: Indirect limits for P — jie from u — e
o Same operators probe SD y — e conversion and P — fie: [can et al, 2022]

1 o e v
Lot D 53 Y [cﬁ"’(ay)(q%q) + c;""(awﬂm(am,%q)] + ’A—3 Y CeC(evn) GG +hee
L o e " e
ay Ay AN
q i g it g 12
pseudoscalar axialvector gluonic
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o ndvectlimitsfor Poyjiefiom e Master Formulae
Application: Indirect limits for P — jie from u — e

o Same operators probe SD u — e conversion and P — fie: [can et al, 2022]

1 P A io G =
(5 (1 (5 s GG oo\ ca BV
Leff D 73 Y [Cy (&vi)(qvsq) + Cy ¥ (evy! P’)(QW“YS‘I)] tA3 Y CYC(evm) G Gh +hee.
Y=LR Y=LR
q=u,d,s q><e q>g<e g§§<e
q n q 7 g [z
pseudoscalar axialvector gluonic
Decay P — jie: a 2
Decay
Rate ¢ ><
2 23
hadronic matrix elements (short distance) EFT operator
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o ndvectlimitsfor Poyjiefiom e Master Formulae
Application: Indirect limits for P — jie from u — e

o Same operators probe SD y — e conversion and P — fie: [can et al, 2022]

i G
Lefr O A2 Y [er evm @rsa) + 3 eva ) (avursa) | + 3 L GV (evi GiL G +he.
Y=LR

Y=LR
q=u, d s q e q e 8 e
q n q n g [z
pseudoscalar axialvector gluonic
Decay P — jie: d q 0
De
cay ®
Rate ~
i -
G2 0
hadronic matrix elements (short distance) EFT operator
SD p — e conversion: qi qi q o
Conversion &\ 0o
= i 1 ® ® ®
Rate O O’)®
2] 123
bound state physics nuclear response hadronic matrix elements (short distance) EFT operator
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Indirect limits for P — jie from 4 — e = Master Formulae

Application: Indirect limits for P — jie from u — e

o Same operators probe SD u — e conversion and P — fie: (can et al, 2022]

Pag, .\, Ag, B i G v
Lt D 75 ), [CY Y(eyp)(arsq) + qu(EYW"H)(qWWSQ)] + 53 L GV (evi) GG + e,
I o e o e R e
p ¢
a o a F ‘ !
pseudoscalar axialvector gluonic
Decay P — jie: a 4
Decay _
Rate ¢ >j<
% 2

”

SD p — e conversion: @ A

) ® Clo) AN
Conversion  _ 14 s B
Rate O @ 0’%@ @ ?
G2 2
bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

y
Can use u — e conversion limits to derive limits on P — jie J
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Indirect limits for P — fjie from y —+ e  Deduced Limits

Deduced Limits

o In general, not the same linear combinations of EFT operators
o Consider first one operator at a time:

u— e (exp.) ‘ P — fie (derived) ‘ current limit
BRpo<4x107Y | <3.6x10710

BRri <6.1x107 | BR,<5x10 % | <6.0x107°
BRy<7x107" | <47x107*

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

o

In general, not the same linear combinations of EFT operators
Consider first one operator at a time:

(e]

u— e (exp.) ‘ P — fie (derived) ‘ current limit

BRpo< 4 x 107 | <3.6x 10710
BRri <6.1x107 | BR,<5x10 % | <6.0x107°
BRy<7x107" | <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 j1 — e vanishes exactly
In this scenario 71° — fie vanishes as well:

rigorous limit: Bro_,z,< 1.0 X 10713 (exp: <3.6- 10_10)

(@)
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Deduced Limits

o In general, not the same linear combinations of EFT operators
o Consider first one operator at a time:
u— e (exp.) ‘ P — fie (derived) ‘ current limit

BRpo< 4 x 107 | <3.6x 10710
BRri <6.1x107 | BR,<5x10 % | <6.0x107°
BRy<7x107" | <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 j1 — e vanishes exactly
o In this scenario 1% — jie vanishes as well:

rigorous limit: Bro_,z,< 1.0 X 10713 (exp: <36- 10_10)

o For 7"} — fie: in principle, no strict limits " b "
o Cancellation easily lifted by RG corrections :2{ ~ ><
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Future projection for 1% — jie

With values from Mu2e or COMET the limits become even stronger )]




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

1 — e conversion & charge distributions

1e-08

[Hoferichter, Menéndez, Noél, 2023]
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Controlling uncertainties

o Hadronic matrix elements: from LatticeQCD & Phenomenology

o Nuclear structure: O
o So far: (empirical) nuclear shell-model calculations:
— Uncertainty estimate difficult; esp. for neutron response
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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
and not by many-body solutions

— Often correlations between responses much more stable
[Hagen et al., 2016; Payne et al., 2019]
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o Ab-initio approaches: @

— Often uncertainties dominated by chiral Hamiltonian D

and not by many-body solutions
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o Charge form factor given by charge density mediates dipole
and overlaps with M, ®'" response
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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 N
o Ab-initio approaches: 29
— 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 Bound-state physics:
o Solve Dirac eq. in nucleus potential given by charge density

Charge densities with quantified uncertainties required J
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Controlling uncertainties  Quantitative charge density inputs

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 Bound-state physics:
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
F. Noél (Uni Bern, ITP) u — e conversion & charge distributions 29.08.24 11/19



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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Controlling uncertainties Electron scattering

How to describe elastic electron scattering?

Typical description via Plane Wave Born Approximation

e e
180°—0 dr
da ~
at s
N 0 N
J=0

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

o strongly dominating

o defines charge density

F. Noél (Uni Bern, ITP) 1 — e conversion & charge distributions
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Controlling uncertainties Electron scattering

How to describe elastic electron scattering?

Typical description via Plane Wave Born Approximation J
e e~
180°—6 /
do  (do E; 2
0= (@)Mott < g x|F(a.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 strongly dominating o become relevant where FSh

o defines charge density small (zeroes, high g, high 6)

o subtract before extraction
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Controlling uncertainties Electron scattering

How to describe elastic electron scattering?

Typical description via Plane Wave Born Approximation J
e e~
180°—6 /
do  (do E; 2
0= (@)Mott < g x|F(a.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 strongly dominating o become relevant where FSh

o defines charge density 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

48T
102
—— Mott crosssection
o —— Born approximation
1071 Phase shift model
* Example data
10—2 m
ol 107% A
Els
i=
3lg 10764
10—B p
10—10 .
10712 T T T T T T
20 40 60 80 100 120 140 160

6indeg

o Coulomb corrections fill out minima and shift the crosssection
F. Noél (Uni Bern, ITP) 1 — e conversion & charge distributions 29.08.24 13/19



Phase-shift model

o Born approximation
assumes plane waves

o Finite extend of the nucleus _
. i —— physical
distorts wave functions N P coulomb
: ~—- plane
0 é 1I0 ll5 20

rin fm
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Controlling uncertainties Electron scattering

Phase-shift model

o Born approximation
assumes plane waves

o Finite extend of the nucleus
distorts wave functions

—— physical
------ coulomb

) . : -~ plane
o Employ numerical solutions: ; , , :
0 5 10 15 20
rin fm
ch F.T. Dirac-eq.  (e) do
Fs(a) &5 po(r) = V(r) 25 gle) L (10) = S5
phase-shift model
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Controlling uncertainties Electron scattering

Phase-shift model

o Born approximation
assumes plane waves

o Finite extend of the nucleus .
. i —— physical
distorts wave functions N p coulomb
A i —==- plane
o Employ numerical solutions: : : : :
0 5 10 15 20

rin fm

c F.T. Dirac-eq. e do
Fs"(q) < polr) = V(r) =255 glo (r,0) = 2o

phase-shift model

phase-shift model: Solve Dirac-eq. V, : [WN <;gf/ ((:))> — 6y = 55—1— 5_4]
l

- % ~ (L+tan®(§))|F(0)]> with £(6) ~ Y Py(cos(6))e*
7
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Extracting charge densities from electron scattering

2p

o Fourier-Bessel parameterization: »V T
(gn = & st. jo(gnR) = 0) [Dreher et al., 1974] oo \ 0075
) e \ 00| 0z |04 06
po(r) = { B 20 o(anr) . P <R
= £
0 , r>R : \
\
=t

[FN, Hoferichter, 2024]



Extracted charge densities

Extracting charge densities from electron scattering

211

o Fourier-Bessel parameterization:

(gn = % s.t. jo(gnR) = 0) [Dreher et al., 1974] 007
N . T aos
po(r) = Ln=12njo(qnr) . r <R S
0 . r>R 00
o Practical challenges: 001 { — wagoret

00 02 04 06 08 10

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)
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Extracted charge densities

Extracting charge densities from electron scattering

211

o Fourier-Bessel parameterization:
(gn = F st. jo(gnR) = 0) [Dreher et al., 1974] oo
N ; Toss
po(r) = { En=1@ndo(dnr) . r <R
0 . r>R
o Practical challenges: 001 — wosaren

0.085

0.080

0075

00 02 04 06 08 10

Most data from the 70s & 80s

Many datasets not available at all

or only in PhD theses

o Uncertainty documentation rudimentary

o Computationally intensive (w.r.t. uncertainties)

[¢]

[e]

o Scan over R, N — estimate systematics
o Constraints from muonic atoms (Barrett moment)
o Suppress overparametrization (asymptotics)
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Extracted charge densities

Extracting charge densities from electron scattering

211

o Fourier-Bessel parameterization: .
(gn = F st. jo(gnR) = 0) [Dreher et al., 1974] oo 0075
i = {Easolan) <R
0 ,r > R 003
o Practical challenges: 0011/ ot
o Most data from the 70s & 80s ottt
o Many datasets not available at all [FN, Hoferichter, 2024]

or only in PhD theses
o Uncertainty documentation rudimentary
o Computationally intensive (w.r.t. uncertainties)

o Scan over R, N — estimate systematics

dofda (fm/sr]

o Constraints from muonic atoms (Barrett moment)
o Suppress overparametrization (asymptotics)

Carried out for Z7Al, 40.48C4, 48.50T; ]

Results available in python notebook [2406.06677)
F. Noél (Uni Bern, ITP) u — e conversion & charge distributions




SI u — e conversion

o Coherently enhanced multipoles: Scalar, Vector and Dipole interactions

Sl u — e conversion: g qi Q A
. N PO
Conversion @ A® ® ®
Rate D)
92 12
bound state physics nuclear response hadronic matrix elements (short distance) EFT operator
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SI u — e conversion

o Coherently enhanced multipoles: Scalar, Vector and Dipole interactions

Sl u — e conversion: g qi Q A
. N PO
Conversion @ A® ® ®
Rate ")
92 12
bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

Overlap Integrals

 ENoBl (UniBem ITP) e conversion & charge distributions T 16719



Application to overlap integrals

SI u — e conversion

o Coherently enhanced multipoles: Scalar, Vector and Dipole interactions

Sl u — e conversion: @ A

PSR N

Conversion h \
= g ' ® ®

Rate " O K

q 7
bound state physics nuclear response hadronic matrix elements (short distance) EFT operator
-
Overlap Integrals [Kitano et al., 2002]

Ss(N) — L Ooo dr (#N)on(r)

D= _%my “ar ) [90) £ 0+ £9() 6% (1)]

electron and muon wave functions
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Application to overlap integrals

SI u — e conversion

o Coherently enhanced multipoles: Scalar, Vector and Dipole interactions

Sl u — e conversion: @ A

PSR N

Conversion h \
= g ' ® ®

Rate " O K

q 7
bound state physics nuclear response hadronic matrix elements (short distance) EFT operator
-
Overlap Integrals [Kitano et al., 2002]

Ss(N) — L Ooo dr (#N)on(r)

D= _%my “ar ) [90) £ 0+ £9() 6% (1)]

electron and muon wave functions

Employ extracted charge densities with uncertainties J
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Overlap integrals

Dipole: D = — my/ dr E(r )f(y)()—kfe)() ()]



Overlap integrals

Dipole: D = — my/ dr E(r )f(y)()+fe)()g 1()]
0

o Only depends on charge density pg (electrlc field E(r) <—po(r))



Application to overlap integrals

Overlap integrals

. 4 o e e L
Dipole: D = —ﬁmy/o dr E(r) [gﬁl)(r) f_(}{)(r) + f_(l)(r) Tgi}l)(r)}
o Only depends on charge density po (electric field E(r) <—po(r))

D(*°Ca) = 0.07531(5) D(*®Ca) = 0.07479(10)
D(**Ti) = 0.0864(1) D(*"Al) = 0.0359(2) J

o For the first time: Fully quantified uncertainties
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Application to overlap integrals

Overlap integrals

. 4 o e e L
Dipole: D = —ﬁmy/o dr E(r) [gﬁl)(r) f_(}{)(r) + f_(l)(r) Tgi}l)(r)}
o Only depends on charge density po (electric field E(r) <—po(r))

D(*°Ca) = 0.07531(5) D(*®Ca) = 0.07479(10)
D(**Ti) = 0.0864(1) D(*"Al) = 0.0359(2) J

o For the first time: Fully quantified uncertainties

Scalar & Vector: SN N S pn  +— My response
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Application to overlap integrals

Overlap integrals

. 4 * e e 1
Dipole: D = —ﬁmﬂ/o dr E(r) [gﬁl)(r) f_(}{)(r) + f_(l)(r) Tgi}l)(r)}
o Only depends on charge density po (electric field E(r) <—po(r))
D(*°Ca) = 0.07531(5) D(*¥Ca) = 0.07479(10)
D(**Ti) = 0.0864(1) D(*"Al) = 0.0359(2) J

o For the first time: Fully quantified uncertainties

Scalar & Vector: SN N S pn  +— My response

o Requires proton and neutron densities:
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 overlap integrals

Overlap integrals

. 4 e e e 1
Dipole: D = —ﬁmﬂ/o dr E(r) [gﬁl)(r) f_(}{)(r) + f_(l)(r) Tgyl)(r)}
o Only depends on charge density po (electric field E(r) <—po(r))
D(*°Ca) = 0.07531(5) D(*¥Ca) = 0.07479(10)
D(**Ti) = 0.0864(1) D(*"Al) = 0.0359(2) J

o For the first time: Fully quantified uncertainties

Scalar & Vector: SN N S pn  +— My response

o Requires proton and neutron densities:
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

Alternative: Correlate using ab-initio methods J
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Application to overlap integrals

Correlations

0.0190

(rz)ch : sp vl
; . -
0.0185 A i
i

0.0180 A :
32 1
g
£ 0.01751
s
& 0.0170
£
Qo
< 0.0165
[
>
o

001601 &3 2/2.0 (EM) & NNLOsy

¢ 2.0/2.0 (PWA) O ANNLOgo
0.015571 & 2.0/2.0 (EM) O shell model
o 1.8/2.0 (EM)
0.0150 T T T T T T
8.25 8.50 8.75 9.00 9.25 9.50 9.75 10.00
(r?)en in fm?
[Heinz, Hoferichter, Miyagi, FN, Schwenk, in preparation]
o Calculated using IMSRG for 27Al [see also: talk by Takayuki Miyagi, Tu, 16:30, WG3]
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Conclusion

Conclusion

Summary:

o LFV is a promising BSM probe
with lots of experimental developments

o EFT for u — e conversion in nuclei

o Discriminate LFV mechanisms
o Controlled uncertainty estimates
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Conclusion

Conclusion

Summary:

o LFV is a promising BSM probe
with lots of experimental developments

o EFT for u — e conversion in nuclei

o Discriminate LFV mechanisms
o Controlled uncertainty estimates

Recent results:
o Indirect limits for P — jie

o Uncertainty estimates for charge densities
and their propagation
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Conclusion

Conclusion

Summary:

o LFV is a promising BSM probe
with lots of experimental developments

o EFT for u — e conversion in nuclei

o Discriminate LFV mechanisms
o Controlled uncertainty estimates

Recent results:
o Indirect limits for P — jie

o Uncertainty estimates for charge densities
and their propagation

Outlook:
o Overlap integrals from ab-initio calculations
o Phase-shift model python package

o Subleading nuclear responses; two-body currents
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Thank you for your attention!

@am speed!
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Description of 4 — e conversion

Effective description by separation of the appearing scales

Conversion o
= / ' ® ®
Rate . O %

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

o

EFT operators from Lagranian: if e {eyu ey v eyoun}. (T=S$,P.V,A T.D, GG GG)

_ 1 T T I, , , ~
Lefr = ﬁzr Cq (LY Q9) Qe {aq.9v°q.a7"q.av" 1% 0, a0 g, IV, G5, 6L 63, 6L}

hadronic matrix elements: |
ri - non.rel. _
(N| QU9 |N) —~ Fon inOiuy ——> ~ oNRONRNR

@)

O nuclear mUltipOleS (She”-model): OINR e {Il,?, V,...and all combinations}
<M| O!\IR | M> S~ féN Se {M,Z(”),CD(”), A(”),Q(”),l"(”),l_[(”),(a(”)}

o

bound state physics (numerical):

(3] LT [p(1s)) —~ FoOr¥, with Yo, ¥, % V(1) <= pen(r)
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Backup-Slides Master Formulae

Master Formula: P — jie

q A
Decay _ ® \
Rate / )
Q2 2
hadronic matrix elements (short distance) EFT operator
(M3 —
Brp_yset = |y 2
oK 167T Mf, YZLR
A, h}
C$:Z <j:C IS my — C9 >+—C
2m
] ] T 7 7
e} Only Contrlbutlons from: Pheno | Lattice | Pheno | Lattice
~ BT 1] os80| o077] o066] 056
Fr
) P, _A' GG bl 1| oso| o077| 066| 056
o hadronic matrix elements from B0 0| —126| —117| 145 150
. 3 P P
lattice-QCD and phenomenology 22| © o.017 0.038
S [Geve] | 0| —0.022 | —0.021 | —0.056 | —0.048
o Ward identity: by Ward identity
qaps2 q Phenomenology: [Escribano et al., 2016]
by f, Mp = bghp, — a Lattice-QCD: [Bali et al., 2021]
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Master Formula: SD 1 — e conversion

9 qi

q 0
; o o) AN
Conversion  _ b \ S
Rate O @ ’),>® @ ©
Q@ 129
bound state physics nuclear response hadronic matrix elements (short distance) EFT operator
4m5a3z3 Z 4
ff 7,00 T 7,11 o1 7,01 ¢T
BrSD, = 7 (L) [C'5+C'5+C'S]
n—e nrcap(ZJ -+ 1) V4 VTR Y 00 Y 11 Y 01
=L,T
Tij _ [#Ai Ni L oFTi S Lij _ [#Ai i M =pi =T,i c
cl _[CY (1+0)+2C] ]x(u—m), ct _[ Py g ehi 20 x (i)

_ 1 m 4t _ ¢ ~ 1 ~ 1

PN _ P, N _qN GGy . AN _ A, N, TN _ T, N

CY T A2 chq mg gg T A3 Cy”an; CY T A2 ZCY qu ! CY T A2 ECY qfl?T
q q q

o numerical solution of Dirac equation: o —
ZA = 11.64, ZH =17.65 [Kitanoetal, 2002]  * - 0
o
o corr. from NLO chiral EFT and 2-body 3" é_
currents: &' = —0.28(5), ¢ = —0.44(4) [ 13
[Hoferichter et al., 2020] i “ri [CR
500~ 4
g | | gt | wew | g
0.842(12) | -0.427(13) | -0.085(18) | -0.39(12) [Nc o] | Ward identity e ——- I
[HERMES, 2007] Exp Theory Exp Theory Exp Theory
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Backup-Slides Master Formulae

Outlook: Full Masterformula for y1 — e conversion

Conversion ;®d\\' @

Rate

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

o effective Lagrangian with all possible quark and gluon operators:
resS P VAT, D, GG GG
o hadronic matrix elements (including higher order terms): qu,'/(/
o nuclear multipoles (beyond SD and SI):
Se Mz o AN Q)
o full numerical solution of muon and electron wave functions
d3 r,i SN T Li (= SN
M/ KL4% (§)-CL-FL1 (3)- F% (3) F.Or¥,, (@) J
F ,q.i, N S
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Deduced Limits (individual)

o Use limits on u — e conversion to derive limits on P — jie

e e
LFV Operators:
U P
pp=ete - () - e
GG

o In general the operators do not appear in the same linear combinations

o If we consider one operator at a time, the transition is immediate:
U — e (exp.) ‘ P — jie (derived) ‘ current limit

BRo<4x 107 | <3.6x1071°
BRri <6.1x1071% | BR,<5x10 " | <6.0x107°
BRyS7x107 | <47x107*

(scan over all "one operator at a time"-scenarios and choices for constants)

Derived limits are several orders of magnitude better! )
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Deduced Limits (rigorous)

For rigorous limits we need to scan over all Wilson coefficients:
rP—)ﬁe(CPy CA, CGG)

Zy—>e(CP, CA, CGC)

. . !

— 3 fine-tuned solution: X, ,. =0

o Maximise:

o In this scenario I';0 ;. vanishes as well:

rigorous limit: Brro_,5.< 1.0 X 10713 (exp: <36- 10_10) J

o However, r;7<’)—>'e can still be non-zero:
— Brrl(,)ﬂﬁe with sufficient fine-tuning in principle unbound

q 21 Qn 0
o easily spoilt by RG corrections

o contributing to SI 1 — e conversion -
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Ab initio inputs

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

ZFh Fae

— WsRG 1
— IMSRG 2
— shellmode

IFr?

0.0 0.5 1.0 1.5 2.0 2.5 3.0

qinfm-t qinfm™t

o Subtract and remove data points dominated by L > 0
o So far: No Coulomb corrections for L > 0 (requires DWBA)
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Charge density results

“°ca “5ca
© 087 1~ I I I
_— i 0.080 I I
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Backup-Slides Plots

Radii
Nucleus +/(r?) [fm] Refs.
o Qualitative radii for the (43)[a4]
considered nuclei 277 2'996<11)(t§3)[35] 3.035(2)
o Statistical uncertainties 3-063(3)((3%))[[331]} 3.0610(31)
o based on fit statistics and saso(3) (B9 5.450(10
data uncertainties wca 349208 450(10)
o Systematical uncertainties 34771(17)&8%% 3.4776(19)
o b;:\sed on differer.lt R, N e 34499(29)((341 )[[4620]] 3.451(9)
with two strategies 2 52
3.475(2)((?3)%] 3.4771(20)
-3
All parameterizations with )]
uncertainties and correlations are 48T 3'62(3>(t£)[4} 3:507(1)
made available in a 3_595(3)((5%[[537]} 3.5021(17)

complementary python notebook
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Shell model spectrum

L . -2 32 (572 1
72 S22) - J
[ any PPN G2 g ]
[ 32 M—— i
2000{~ s ) -
[ 1y M— s o i
r 27 —_— 172 [
L Al 9 - 1/2°
L - 2) 4
312 )
—~ L ~ 32 32
% 15007 172 g 7.
v [ - 312 32 32
= r E—C 1
z i . (112.312) i
& 32
8 1000 —— N -
5 L 2 ]
L— 47 .. 49, . ]
L Ti Ti 1
500 -
L LERS i
ok st st s S0 . i
Exp Theory Exp Theory Exp Theory
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Formulas |

(0lg " ysq|P(K)) = ibgfdk",
y byh®,
(0l mqgirsal P(K)) = ~L72
o -
(014 63,GL"P(K)) = a,

(N|gy"ysq|N) = g3 (N| Ny ysN|N),
mq(N|Givsq|N) = mygd™ (N|NiysN|NY,
(N|go™q|N) = £ (N| Nt N|N),
bt . s -
<N|ﬁGﬁvG§W\N> = an(N|NiysN|N),
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Formulas Il
4m?> o 2
[ ~O,N ~(N
Brg|[y—>e]:1, Y, oY oW
CaP Y=[,R| N=p,n
0=S,v
TSN izcs,qufN_‘_ﬂCGGa
Y A2 Y q A3 Yy 9N
q
~ 1
V,.N V.grN
AN
“2)3/2 Zef 2
sty _ i _ ( Zet\" pm 2y
47 4 W ()
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Formulas Il

_ CP+C"
CO - '
2
N N
gl =g
~ ul0 __
ay = —2mNgA =

R
1o - (12)
2
an
T (13)
—0.39(12) GeV, (14)
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Formulas IV
2CA,ugu,0
Au _ ~Ad As _ Yy 8A
CYU_CY ' CYS__ ssN '
&a
gy Cpr e 250
my, my ms A é;Z 0 __é;Z,N
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Formulas V
=L [FH] s=ClF@] an
sh=L |7 =L@, o9
& = Y 2F () FoH (D), (19)

L
S& = Y 2F (@) Fr(e), (20)

L
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Table

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
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