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Muonic atoms

Hydrogen-like systems
Ordinary atoms

Muonic atoms

&

The muon is more sensitive to
the nucleus

Excellent precision probe fFor the nucleus

Muonic Hydrogen

- Pohl et al., Nature (2010)
. - Antognini et al., Sci 2013 .
Experimental program BRI EEaL, SEaes (L) TINY (W
at PSI of the CREMA Muonic Deuterium PAHTIEI-E\.J
collaboration - Pohl et al., Science (2016) A BIH 5
I <oy PROBLEN
Muonic Helium-4 % e
Krauth et al., Nature (2021)
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Lamb-shift and charge radius

Ops = 5QED + Aopk 'f'g ~+ Orpg

! !

Measured Extracted



Lamb-shift and charge radius

Ops = 5QED _I_‘AOPE re + 5TPE‘

Nuclear structure corrections

Nucleus Nucleus

‘AOPE ~ m,,?l (Za)4/12 Starts at (ZOz)5



A matter of precision

Ops = 5QED + Aopk Tg ~+ Orpg

Relative contribution 95% 4% 1%

Uncertainty budget (theo) 5% 3% 92%

Nucleus
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Evaluation of the TPE amplitude

Srpp =Y, [ Ci(Za,my) [ Filw/my) So, (w) duw ]



Evaluation of the TPE amplitude

5TPE = Zz “Cq;(Zoz,mr)

Coefficient of expansion

fooo Filw/my) So, (w) dw ]




Evaluation of the TPE amplitude

5TPE = Zz [ Cq;(Za,mT) fOOO‘FZ(W/mr)

Weight function

So,(w) dw }




Evaluation of the TPE amplitude

Srpp =Y, [ Ci(Zaymy) [ Filw/m.)|So, (w)|dw ]

Response function
1 - 2
Sow) = 57— 2. |NIIIOIINoJo) [ 8(w — wn)

0 N+4No,J
The response function is computed
numerically in an ab-initio framework.

2-body break-up  3-body break-up -  A-body bre: kEx; """""""""""""
contn um
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Ab-initio Nuclear Theory

Ab-initio methods: Solutions of the time-independent Schrédinger
equation for the nuclear states

HU = EU

With controlled approximations.

Controlled approximations come from two sides:
1) Hamiltonian f[

2) Nuclear wavefunction W
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The Hamiltonians

Phase Shift [deg]

Interactions derived from the Chiral effective field theory, written in
coordinate space up to N2LO with only one non-local operator.
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A. Gezerlis et. al. PRC 90, 054323 (2014)
J. Lynn et. al. PRL 116, 062501 (2016).

Our few-body methods take advantage on working with local interactions in
coordinate space.
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The Wavefunctions

First we do a Jacobi transformation of the coordinate-system to remove the
center-of-mass motion and then we move to hyperspherical coordinates.

N=A-1

{T_i, cee FA} — {ION7 QN} 3A-3 coordinates
3A coordinates 3N-1

Hyperangular
coordinates
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The Wavefunctions

First we do a Jacobi transformation of the coordinate-system to remove the
center-of-mass motion and then we move to hyperspherical coordinates.
N=A-1

{T_i, cee FA} — {ION7 QN} 3A-3 coordinates
3A coordinates 3N-1

Hyperangular
coordinates

Then the nuclear wavefunction can be separated in a hyper-radial part and an
hyper-angular part

U =Rk (on) Hixy)(OQnN)
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The Wavefunctions

First we do a Jacobi transformation of the coordinate-system to remove the
center-of-mass motion and then we move to hyperspherical coordinates.

N=A-1

{T_i, cee FA} — {ION7 QN} 3A-3 coordinates
3A coordinates 3N-1

Hyperangular
coordinates

Then the nuclear wavefunction can be separated in a hyper-radial part and an
hyper-angular part

U =Rk (on) Hixy)(OQnN)

Which are expanded using complete sets of functions
Kma:l:

H(KN)(QN Z ZCYN yKN] SA]] sz

Hyperspherlcal

(Kn) YN Harmonics Functions
Riscny(on) = D Clicyy Lilow)
n=0
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The Wavefunctions

First we do a Jacobi transformation of the coordinate-system to remove the
center-of-mass motion and then we move to hyperspherical coordinates.

N=A-1

{T_i, cee FA} — {ION7 QN} 3A-3 coordinates
3A coordinates 3N-1

Hyperangular
coordinates

Then the nuclear wavefunction can be separated in a hyper-radial part and an
hyper-angular part

U =Rk (on) Hixy)(OQnN)

Which are expanded using complete sets of functions

E o)
Hirn)(QN) = ZCYN Virew] Xisall”

Hyperspherlcal

(Kn) YN Harmonics Functions
5
Rxn)(pN) = Clxny Ln(pN)
n=0
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® Results
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Benchmark tests

S.S. LM, S. Bacca, N. Barnea, Front. Phys. 9, 671869 (2021)
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TPE in He-3
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TPE in He-3
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TPE in He-3
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TPE in He-3

ro=1.2
— 8362
0.232
El -0.104
i 1.018
vt 0.008
_ 8674
Gs ]
o 0.67
o 1.043
0.877
e1 @)
1.297
@ |
D
E1 -0.191
6;0/ i
6?@”7 i
5t + 58, -14.735
-10 -5 0 5 10
[meV]

ro=1.0
-6.552
0.232
-0.104
1.015
0.008
-8.691

0.696
1.062
-0.899

-1.302

-0.193

-14.723

26



TPE in He-3
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TPE in He-4
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Conclusions

Ab-initio theories represent an excellent framework to calculate nuclear structure
effects in muonic atoms.

We quantified the nuclear structure uncertainties to the Lamb-shift in muonic He-3
and He-4 in an order-by-order chiral truncation, validating the previous estimates.

At N2LO we get uncertainties that are larger than the previous estimates; a
calculation at N3LO could reduce the current uncertainties.
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