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Muonic atoms

Hydrogen-like systems

Ordinary atoms Muonic atoms
e-
« B
The muon is more sensitive to
the nucleus
Excellent precision probe For the nucleus
Muonic Hydrogen
- Pohl et al., Nature (2010) )

. - Antognini et al., Sci 2013 , .
Experimental program QEConiiEtetSciCHEet20s) TINY ‘m\
at PSI of the CREMA Muonic Deuterium [l W e PAHTIEI.E\“
collaboration - Pohl et al,, Science (2016) g BlG =

o ey PROBLEN
Muonic Helium-4 ¢ e I
- Krauth et al., Nature (2021) e




Lamb-shift and charge radius

Ops = 5QED + Aope Tg ~+ Orpg

! !

Measured Extracted



Lamb-shift and charge radius

Ops = 5QED _I_‘AOPE re + 5TPE‘

Nuclear structure corrections

Nucleus Nucleus



A matter of precision

Ops = 5QED + Aope 7’% ~+ Orpg

Relative contribution 95% 4% 1%

Uncertainty budget (theo) 5% 3% 92 %

Nucleus
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Evaluation of the TPE amplitude

H=Hy+H,+ AV

The Nuclear Hamiltonian is included or not depending on
whether we look for nuclear sizes or polarizability corrections

2
p Ao
= o

The corrections to the bulk coulomb interactions are included
in perturbation theory

N S
7T r—Ra



Evaluation of the TPE amplitude

0ho1 = (Nop| AV G AV |Nop)

pol —

I
|N><N| lNcles
G:_ZH ucleu

10



Evaluation of the TPE amplitude

* Non Relativistic corrections

Non-relativistic states and Green’s functions, neglecting Coulomb interactions in
intermediate states.

Shor = ) /d3R PR p%(R) W(R, R ,wy) p% (R))
N#Ng

W(R,R/,wy) can be expressed as a Taylor expansion

2m.,\ 3/2 1 1
70)262(0 (_7‘) [ 2t S
(Oé)qﬁ()wN 7 477+2077+
LO NLO N2LO

W(R, R wy) =

m,

—_ \/2mrwN|R— R/’ ~ m’l" ~ 033

mn

11



Evaluation of the TPE amplitude

* Non Relativistic corrections

LO: Energy weighted integral

2mrms3 ° 2m,
) = -2 r(za)5/ i/ 7 51 )

th

Of the dipole response function

1
C2Jo+1

Sp1(w) > HNJID1[|NoJo) P6(w — wn)

N#Ny

NLO: Two more corrections related to charge densities
(1) <(1)
5Z3 5R3
N2LO: Three more corrections coming from new response functions

Spip3(w) SCéz(w) SRE20(W)



Evaluation of the TPE amplitude

* Non Relativistic corrections
* Coulomb distortion

* Relativistic corrections

2rm3 5 [ om, * Nucleon finite-size effects
- (Za)

9 - . dw Sp1(w)

LO: Energy weighted integral

0
59 = L

Of the dipole response function

1

Sp1(w) = 270 + 1

> {NJ||Ds| |NoJo) [P6(w — wi)
N#Ny

NLO: Two more corrections related to charge densities
(1) <(1)
5Z3 5R3
N2LO: Three more corrections coming from new response functions

Spip3(w) SCéz(w) SRE2O(W)
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Ab-initio Nuclear Theory

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

HY = FEV
With controlled approximations.
Nuclear physics approximations come mainly from two sides:

1) Hamiltonian H

2) Nuclear wavefunction W (with the Hyperspherical Harmonics method)

14



Previous work on Helium-4

AV18/UIX XEFT
L) -4.418
S i -4.701
50 0.289 0.308
L
5O -0.126 -0.134
X
5O 0.008 0.006
A
5O | 0.519 0.553
!
) -3.442
5L -3.717
) 4.183
5 4.526
C.Ji, et al. PRL 143402-1 (2013) 5 0.259 0.324
C. Ji, et al. J. Phys. G: Nucl. Part. Phys. 45 (2018) 52 0.484 0.561
Q :
2 -0.666
a2, -0.784
Jfl:,'lll -0848 _D874
] 1.753
b 1.811
Sxe -0.279 -0.293
B -2.284 -2.414
. -5.936 -6.337
fom -8.220 -8.751

-15 -10 -5 0 5 10



Impact of ab-initio theory

[meV]

A
6 pol

. . ; Q
i He :
| L]
: 0
1974 1976 1977 2013
Bernabeau, Karlskog  Rinker Friar Ji et al.
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Uncertainty

Uncertainty sources

Numerical

Nuclear model

Nucleon model

Truncation of EM multipoles

* n-expansion

Expansion in (Za)
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Uncertainty

Uncertainty sources

Numerical

Nuclear model

Nucleon model

Truncation of EM multipoles

* n-expansion

Expansion in (Za)
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The Hamiltonians

2N force

3N force

4N force

LO

X I

NLO

[Al
\

/

N2LO

N3LO

Interactions derived from the Chiral effective field
theory and written in coordinate space.

A. Gezerlis et. al. PRC 90, 054323 (2014)
J. Lynn et. al. PRL 116, 062501 (2016)

Hierarchy among different operators decided after
specifying a power counting scheme

19



Outline

® Results

20



re [fm]

2.00

1.98

1.96

Benchmark tests

S.S. LM, S. Bacca, N. Barnea, Front. Phys. 9, 671869 (2021)

L 3 —A- EIHH ro=1.0
I He —A— EIHH ro=1.2
L GFMC ro=1.0
E GFMC r0=1.2
- et s — |

14 16 18 20 22

1.94

12

Kmax

10

14

16 18 20 22

Egs [MeV]

re [fm]

~27.9;
—28.0F
—28.1F
—28.2}
—28.3F
—28.4¢

1.75F}

1.60

4 —A- EIHH ro=1.0
F He —&— EIHH ro=1.2
i GFMC ro=1.0
GFMC ro=1.2
4 6 8 10 12 14 16 18 20 22

1.70 |

1.65F}

Kmax
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TPE in He-4 (EKM)

S.S. LM, et al. In preparation

ro= 1.2 ro= 1.0
5 -4.386 -4.373
5 0.272 0.287 2.5 - -=-=- AV18+UIX
- ——- N3LO(non local)
50 -0.124 -0.125
T 0.0- ¢ N2LO (local) ro=1.0
5 0.517 0514 ' $  N2LO (local) ro=1.2
0.011
(0) 0.011
Om . —2.5-
50 -3.422 -3.477 >
€ 4
6 = -5.0
52 0.267 0.285 SE
R2 w0 _7 5 |
5 0484 0-505 ' ] o medmteleeteatelel e mfedfeteleieteetel=iet 3= si=fetl=tet
-0.668
653 -0.69 —10.0 A
50 -0.846 -0.856
6% —12.5 A
5@ -0.272 -0.277 . . .
NS
LO NLO N2LO
6;0/
699”’)
6£ol+6§em 8174 -8.196

-5 0 5
[meV]



TPE in He-4 (Bayesian)

S.S. LM, et al. In preparation

pr((STple) ro=1.0 fm

pr(érpe|D) ro=1.2 fm

| — AV18+UIX
[ — N3LO
O5F
=
-5 -5
-5 -5
5.0 F
S
N 25F \
=2 [ J
—-15 -10 -5 —-15 -10 -5

O67pe [MeV]

O67pe [mMeV]

== C. Ji, et al. J. Phys. G: Nucl. Part. Phys. 45 (2018)
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Uncertainty

Uncertainty sources

Numerical

Nuclear model

Nucleon model

Truncation of EM multipoles

* n-expansion

Expansion in (Za)
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Eta-expansion uncert. (Bayesian)

pr(AM|D,, . ..

20 -

—20

=5

Xscale 'A/(<1) [%]

-5

Xscale ' AE) [%]

Liter.

This
work

S.S.LM, et al. ArXiv:2203.10792

p’H
0.4%
0.8%

p’H
1.3%
1.5%
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Conclusions

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

We re-evaluated the uncertainties coming from the nuclear model and from the 7 -
expansion using Bayesian techniques.

This work paves the way for future improvements, higher-order computations are needed
to improve the precision.
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Evaluation of the TPE amplitude

* Coulomb Distortion

Contribution coming from intermediate interactions K
between lepton and nucleus during the TPE process.

We include only the correction of order (Z«)%10g(Z )

Since we work in the leading dipole approximation,

the correction is related to the electric dipole response Nucleus
* Relativistic effects * Nucleon size effects
w
They are smaller by factors M-
,
Includes also first effects from electromagnetic currents.
Are evaluated in the leading dipole approximation (s
3 oo
o 2m;, 5 w
5L(T) = T(ZO‘) K . Sp1(w)

Wth r Ra
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TPE in He-3

S.S. LM, et al. In preparation
pr(GTPE|D) ro=1.0 fm pr(GTpE|D) ro=1.2 fm

[ — AV18+UIX
- — N3LO

LO

20 -15 -10 -5 20 -15 -10 -5

-20 -15 -10 -5 -20 -15 -10 -5
O7pe [MeV] O7pe [MeV]
== C. Ji, et al. J. Phys. G: Nucl. Part. Phys. 45 (2018)
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