New perspectives in the charge
radii determination for light nuclei
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* Charge radii: a story of theory and experiment
* Reference-radili and their uncertainty

* New global initiatives



Fruitful combination of experiment with theory

Measurements in Atomic & Nuclear

. Theory
Exotic atoms Electronic atoms

Measurements in
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Determination of fundamental constants:

088\ | | |
nCERERE
__087F l
c I electronic -
= 086k atom data —
| § -
0.85F ]
'_ [} =
0.84 : l I | ] |
L L L L
2.16—b) |
__ 215} ]
= i ® electronic _|
22.14_- I ¢ $ atom data |
= 213k . : -
212_ 1 . 1 N 1 M | 1 | 1 l _
2002 2006 2010 2014 2018 2022
year
CODATA22
-30
40
5 =
-50 /'//
-60-: !
) -70—3 ’
2 e
O 80 B A
5 s
-90‘: i l". ¢ All-order 2009
. ' e All-order 2024
_100—:% ’{E;' v All-order 2024, extrap.
117~ = Zo-exp. 2019
-110
-120:v---l""l""l""l'"'l""l""l""""""""'”

PhysRevlLett.133.251803


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.251803

Determination of fundamental constants:

g - electronic -
= 0.86f atom data —
o - { .
0.85F -
0.84} ¢ =
| 1 | | | |
T T T T " T T 1
2.16F b) -
__215F -
= B electronic _|
s 2.14 I I t atom data |
L -
2.13}F . 2
2121 =
L
2002 2006 2010 2014 2018 2022
year
CODATA22
-30 -
-40
2
-50 - o
.60 ’
.
2 1\ e
O 80y N e e e e
t",.
- — s 4
% ] %/’; ¢ All-order 2009
] b 7 e All-order 2024
'100—:% — 3 v All-order 2024, extrap.
N = Zo-exp. 2019
-110 -
'120:""l""l""l""l""l""I""l""I""I""l""
0 5 10 15 20 25 30 35 40 45 50 55

PhysRevlLett.133.251803

Some Fruits

Search for new physics:
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Muonic Atoms
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structure radius
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Where do charge radii come from?
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Measured

Isotope Shifts

[ Half life > 5 ms ]

Where do charge radii come from?

Extraction of MS radius difference from

measurements
) ! ! K + For?
Vagar = + TA A
MAI MA ’
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Extraction of MS radius difference from
measurements
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Where do charge radii come from?

Extraction of MS radius difference from
measurements

1 1
MA/ MA

6VA,AI ~ K + FST'AZAI

Atomic factors, either calculated or extracted
from reference radii (King Plot).

Reference radil connect MS differences with
absolutes

2
Th = Ti + 0T,

Reference radii

Measured
Isotope Shifts

[ Half life > 5 ms ]




Reference radii
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Measuring nuclear radii with light muonic atoms:

1. Captured around N=14

2. All electrons are emitted
3. Cascade to ground level

4. Muon decay ~2us

5. Ezp_1s = EQED AEpys
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Sources of Uncertainty to Ref. Radii:
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Note:
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uncertainty sources
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Sources of Uncertainty to Ref. Radii:
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Sources of Uncertainty to Ref. Radii:
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Sources of Uncertainty to Ref. Radii:
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Nuclear structure effects and how to handle them

ADb initio perturbative
Calculations:

elastic = shape
Inelastic = Nuc. Pol.

(Za)’ TPE

a*(Za)* Coulomb distortion

(Za)® 3PE

a(Za)’ eVP!) with TPE ;
a(Za)’ uSEW + VP with TPE |

RevModPhys.96.015001

L=1,2


https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.96.015001

Nuclear structure effects and how to handle them

Ab initio perturbative Elastic from electron scattering
Calculations: '
elastic = shape

Inelastic = Nuc. Pol.

Nuclear Pol. from calculation / data driven

— eXperiment

” === Nuclear polarization
(7,’:'”}“ TPE _ _ i - Charge density
a*(Za)? Coulomb distortion § .
(Za)® 3PE '

a(Za)? eVP() with TPE o,

a(Za)’ uSEW 1+ VP with TPE | — .,
T
RevModPhys.96.015001 0-10% v

! 0.00% N N—
Z_’I :! | 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

7 ADNDT



https://www.sciencedirect.com/science/article/pii/S0092640X25000257
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.96.015001

Nuclear structure effects and how to handle them

Ab initio perturbative Elastic from electron scattering
Calculations: '
elastic = shape

Inelastic = Nuc. Pol.

Nuclear Pol. from calculation / data driven

— eXperiment

” === Nuclear polarization
(Za) TPE : | Charge densit :
B g : . | — Yy : .
o (Za)* Coulomb distortion ; - Expected to get worse at higher Z!
(Za)® 3PE
a(Za) eVP() with TPE O,
a(Za)’ uSEW + VP with TPE | ?

RevModPhys.96.015001

' 0.00%
— i 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
| 1

7 ADNDT



https://www.sciencedirect.com/science/article/pii/S0092640X25000257
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.96.015001

Nuclear structure effects and how to handle them

ADb initio perturbative
Calculations:

elastic = shape
Inelastic = Nuc. Pol.

(Za)® TPE

' Coulomb distortion

(Za)® 3PE

(Za)? eVPW) with TPE

a(Za)’ uSEW + 4y VP with TPE

RevModPhys.96.015001

L=1,2

Elastic from electron scattering

Nuclear Pol. from calculation / data driven

— eXperiment

0.35% . .
=== Nuclear polarization
0.30% ﬂ .
- Charge density
0.25%

0.20%
0-7"

7 0.15%
0.10% v
0.05% L —
0.00% O N

7 ADNDT
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What’s in the table:

Table 2 ADNDT

Reference radil used in this work. Unless stated otherwise in the note, they are determined via Eq. 1 and 2 with the
2Py — 15 Barret radii given in [4] and the v factors from tab. 1. Uncertainties are denoted by ¢ and correspond to
statistice and energy calibration (exp), nuclear polarization (NP), and charge distribution (CD) as resulting from the
v factors of Tab. 1

], £ A Teh Texp TN T (T ok Note
Li 3 G 2.589 0.039 0.039 A
Be 4 ) 2.519 0.012 0.030 0.032 B
B ] 11 2.411 0.021 0.021 C
C G 12 2483 0.002 0.001 (.00 0.002 D
N T 14 2,556 0.009 0.002 0.001 0.009
T 15 2612 0.009 0.009 E
0 B 16 2.701 0.004 0.001 0.001 0.004 F
F 0 19 2.902 0.003 0.002 0.00:3 0.005 i
Ne 10) 20 3.001 0.004 0.00:3 0.00:3 0.006 i
Na 11 23 2.992 0.002 0.002 0.005 0.006 i
Mg 12 24 3.056 0.001 0.002 0.002 0.003 i
12 26 3.030 0.001 0.002 0.002 0.003 i
Al 13 27 3.061 0.001 0.002 0.00:3 0.003 TG
=i 14 28 3.123 0.001 0.002 0.002 0.003 i
P 15 31 3.190 0.001 0.002 0.002 0.003
5 16 32 3.262 0.001 0.002 0.00:3 0.003
16 34 3.2584 0.001 0.002 0.00:3 0.004
16 36 3.298 0.001 0.001 0.00:3 0.004
1 17 35 J.358 0.015 0.015 H
1 17 37 3.3584 0.015 0.015 H
Ar 18 35 3.402 0.002 0.00:3 0.005 0.006
18 40 3.427 0.001 0.002 0.00:3 0.004
K 19 39 3.435 0.001 0.001 0.00:3 0.004
Ca 200 40 J.4581 0.001 0.001 0.004 0.004
200 48 3.475 0.001 0.001 0.002 0.002

SC 21 45 3.548 (0.001 0.002 (0.0046 (0L.07
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