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Muonic atoms

Electrons are replaced by
a muon

Hydrogen-like systems

Ordinary ions Muonic atoms

SRR

Muon is more sensitive to the nucleus

Can be used as precision probes for nuclear physics



The proton radius
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Lamb shift and charge radii

Ers = Eqep + Cr2 + Erpg + ...
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Lamb shift and charge radii
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Lamb shift and charge radii

Ers = Eqep + Cr?2 + Erpg + ...
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Lamb shift and charge radii

Ers = Eqep + Cr?2 + Erpg + ...



Ab-initio nuclear theory
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Ab-initio nuclear theory
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Ab-initio nuclear theory

%
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Ab-initio nuclear theory

e Our strategy is to build models for the operators from first principles

H
{pch7 Ji7 B’L]}

» Solve the many-body time-independent Schrodinger equation of the
nucleus

from chiral effective field theory

H|N) = Ex [N)

¢ Calculate the relevant matrix elements with controlled approximations.

(N[ pen(x) |0)
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Nuclear Hamiltonians from ChEFT

2N force 3N force 4N force
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Bayesian uncertainty quantification

m
ChEFT is an expansion in powers of () = — ~ 0.3

Ay

We assume that a similar expansion holds also for the calculated observables

X = ZD+ZD
n=k-+1
k

= Xrof [Z cn Q" + i Cn Q”}

n=0 n=k-+1

We assume that the expansion coefficients follow the same underlying

distribution and use the calculated coefficients to learn about the distribution.
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Helium isotopes charge radii

Ers = Eqep + Cr2 + Erpg + Espg + ...
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Helium isotopes charge radii

Ers = Eqep + Cr2 + Erpg + Espg + ...

Updating this

SSLM, Thomas R. Richardson, Sonia Bacca, Arxiv:2401.13424
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Isotope shift of muonic Helium

N2LO NLO LO

N3LO

or? =

C

pri
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C(3He)

C(*He)

EspE(tHe)  BspE@He)

Erpe(iHe)  ErpE@He)

C(*He)

C(3He)

Define the nuclear structure part of this term as O

C(*He)

( Erpe(*He) | € )

C(3He)

EqeD(*He)  EQEDEHe)
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Exploiting correlations

A[Erps(THe) — Erpp(He)| = /A pg(1He) + A pg (*He) — 201 A e (*He) Az (1He)

Is obtained from the Bayesian analysis Are obtained from the Bayesian analysis

We can extract the correlation coefficient

P12 ~ 0.8

We assume that the remaining nuclear structure effects (3-
photon-exchange, etc...) are correlated with the same
correlation coefficient.

The inclusion of correlations significantly reduces the
uncertainties in the isotope-shift theory.
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Isotope shift of muonic Helium
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Isotope shift of muonic Helium

SSLM, Thomas R. Richardson, Sonia Bacca, Arxiv:2401.13424
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The future pipeline

A. Antognini et al, Arxiv:2210.16929
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The Future pipeline

In collaboration with scientists at Chalmers and ORNL

Christian Forssén

Bijaya Acharya
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Evaluation of the TPE term

" M}{MM

The amplitudes define a complex potential that shift the 2S-energy of the bound muon by

AEos = (¢aos| Re|iM] |gas)

With ’¢QS> being the 2S-state of the muon. At our level of precision there are no corrections

-

.

to 2P-states.

25



Evaluation of the TPE term

ABys = —8a%m qszs{ > [ dy (01oky(e) 1N (V] pen) [0) Tn2)

N=#0

3 [ oy QUG INVNTLEI0) [5:0n(e) + == ()]

+/d3x d*y BY(x,y) %[(LJK(Z) + zzzjl_((z)} } :

With z = |[x — y|.
- The five structure functions are known by calculating the leptonic part of the Feynman diagrams.

- The nuclear matrix elements must be calculated numerically from Nuclear Theory.
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N2LO NLO LO

N3LO

TPE corrections in muonic Helium

pr(67pe(°He)|D)

S.S.LM, et al. In preparation for 2023
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re [fm]
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Benchmark tests

S.S. LM, S. Bacca, N. Barnea, Front. Phys. 9, 671869 (2021)
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Benchmark tests
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A matter of precision

(4) 2

Sus = SquDNR + g X 12 + 60 + Syp + -

For the muonic Helium-3 ion

5QED—|—NR = +1, 644.348(8) meV

5y = —103.383 meV fm > re = 1.97007(12)ex(93)¢n fm
5(T512E = +15.499(378) meV ) | T
5§?’)E = —0.214(214) meV R T:—d,]
51({5()) = —0.667(25) meV K. Schuhmann et. al. Arxiv 2305.11679 (2023)
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Evaluation of the NS effects

k

aTAYA

(2E; + wn)
q4Eq[(E + wp)? —mz]

k

AEnl——Samgan/ Z |(N]| pen(q

N#£0

(2Eq + wn) 1 wyn +2q

+ > 0] Ii(q) [N -
NZ#O 4m2 4Eq[(Eq—|—wN)2—m2} Am2¢3 (wy + q)2

1 1 1
+B,1(q) ) <q — Eq> }
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eta-expansion uncertainty

AENR = 802 ¢2, 3 / Pz d®y (0] ph(y) IN) (V] pen(x) [0) Inr(2)

N £N

= 822 % Y / d*z dy (0] pl(v) IN) (N] pen() 0} (IG%(2) +TQh(2) + IG% (=) + .
N##£0

S.S.LM, et al. 2022 J. Phys. G: Nucl. Part. Phys. 49 105101

/J/2H /J,SH ,LL3H€+ M4He+

C.Ji,etal. (2018)| 0.4% 1.3% 1.1% 0.8%

This 0.8% 1.5% 48% | 0.9%
work
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Uncertainty budget in TPE

;,J3HE+ ](4HE_
II:5}:301 JZem JTPE II§|:ml JZern JTPE
[%]  [%]  [%] [%]  [%]  [%]
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Numerical [1] 04 01 01 04 03 04
Numerical 01 02 0.1 04 03 0.2
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Nuclear model (N2LO) 48 69 6.2 145 94 11
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Zu [1] 1.5 00 0.4 1.5 0.0 0.4
Za - - - - - -
1SB [1] 18 02 05 22 05 05
Nucleon-size [1] 1.2 13 09 27 20 12
Relativistic [1] 0.4 - 0.1 0.1 - 0.0
Coulomb [1] 30 - 09 04 - 01
Total [1] 42 22 2.1 5.5 5.1 4.6
Total (N2LO) 76 69 6.5 106 96 109
Total (N3LO) 63 21 24 53 35 35 33




Preliminary works on Li atoms

p-5Li2+ 712
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Priors

X = ZD+ZD

n=k+1
k 00
§ n § mn
n=0 n=k-+1
Priors | Pl'(7?) Priors | pr(c;|e) ‘ pr(e)
o % exp(%) A _9(( = le |) In{ {/ 5e0(¢— 5<)9(i> - i)
5” rlff))((l., b) B ‘/2— exp ( ez mies e (€ — e<)b(e> — )




4He +
apol

3He +
apol

NS effects in 3He+ and 4He+

58 = _mat 253 Ta)) mozpol)

pol
ro=1.0fm ro—1.2 fm

4 L

3 L

2k S.S.LM, et al. In preparation for 2022

1 L
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4 -
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2+ work
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[fm3]
— [1] K. Pachucki, A.M. Moro Phys.Rev.A 75,032521(2007)
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