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Introduction and Motivation

Basic and brief theory

Muons and Exotic Atoms

muon:

N. S. Oreshkina

similar properties as electron
de = qu

much bigger mass
my, ~ 207 me

“heavy electron”

lifetime free muon =~ 2us

— (-decay:

lives long enough to form
bound states with other particles

Paris'25.10.2022

LEPTONS

Last improvements

Access to nucleus

Summary

Standard Model of Elementary Particles

three generations of matter
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Muons and Exotic Atoms

Hydrogenlike Atom Muonium
Z € —w €

exotic atoms with muons

Muonic Atom e electromagnetically

< bound states
Z ’ILL e reduce (muonium)
or increase (muonic atom)

nuclear structure effects
Literature eg.:

J. M. Bailey et al., Phys. Rev. A 3, 871 (1971) PY theor . ED
C. J. Oram et al., Phys. Rev. Lett. 52, 910 (1984) Y- Q

K. S. Khaw et al., Phys. Rev. A 94, 022716 (2016)
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Access to muonic atoms

e capture and
10712 -10"%s

Muonic X-ray

http://www.mdpi.com/2412-382-X/1/1/11/htm
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Access to muonic atoms

Muonic X-ray

http://www.mdpi.com/2412-382-X/1/1/11/htm
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e capture and cascade:

10712 _-10"%s
o lifetime:
1007 —-10°%s

e always H-like
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Access to muonic atoms
e capture and cascade:

10712 _-10"%s
o lifetime:
3 1007 —-10°%s

AN
e always H-like
target e decay channels
e +Te+ 1y,

e wo+p—=n+tuyy,

Muonic X-ray

http://www.mdpi.com/2412-382-X/1/1/11/htm
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Access to muonic atoms
e capture and cascade:

10712 _-10"%s
o lifetime:
3 1007 —-10°%s

AN
e always H-like
target e decay channels
e +Te+ 1y,

e wo+p—=n+tuyy,
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Motivation for muon physics: Theory

(ry oc1/m
my, =~ 207m,
— sensitive to nuclear structure

fit calculated spectra to
measured ones
Fig: Niklas Michel — determine nuclear parameters
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Motivation for muon physics 2: Experiments

Proton size nopuzzle

The situation in 2021

e-p scatt., pre-2006
=P Scatt., pre- 206, |

hydrogen, pre-2006
CODATA-2006
dispersion 300 | PR COT
JH 2010 ° e-p, Mainz 2010
o CODATA-2010
HH2013 CODATA-2014
UD2021 4
A
Jarching 2017 el
Garching 201 | c —

CODATA-2018
Toronto 2019

PRad 2019

Garching 2020
Colorado 2021

PN I EATIS | PR A NI ST

0.82 0.83 0.84 0.85 086 087 0.88 0.89
Colorado: Brandt et al., 2111.08554 proton charge radius Ifml
Proton charge radius puzzle “solved”?

Figure: A presentation of R. Pohl on Heraeus Seminar, 2022
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Motivation for muon physics 2: Experiments
Experiment on Re: extraction of quadrupole moment @

o 3 # } t t
s m H batdaatd
i ;*#H%#{H}%HM fagi T Lt
354 356 358 ﬁEnergya(szev) 364 366 368 3
A. Antognini et al., Phys. Rev. C 101, 054313 (2020)

N. S. Oreshkina

Before baseline correction, gg Re-185 data, dt<700nsec, GeL, group_1

Paris'25.10.2022 Theory of heavy muonic atoms
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Motivation for muon physics 2: Experiments

Further muonic experiments with heavy muonic atoms in PSI
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Motivation for muon physics 2: Experiments

Further muonic experiments with heavy muonic atoms in PSI

Rz

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms 6 /25



Introduction and Motivation Basic and brief theory Last improvements Access to nucleus Summary

Motivation for muon physics 2: Experiments

Further muonic experiments with heavy muonic atoms in PSI

Rz

and other institutes and facilities
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Motivation for muon physics 3: A fine-structure anomaly

muonic 0Zr, 11271245 208ph: very poor fit, x?/DF = 187

P. Bergem et al., Phys. Rev. C 37 2821 (1988)
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Motivation for muon physics 3: A fine-structure anomaly

muonic 0Zr, 11271245 208ph: very poor fit, x?/DF = 187
— nuclear polarization correction as variable parameters:
x?/DF = 43

P. Bergem et al., Phys. Rev. C 37 2821 (1988)
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Motivation for muon physics 3: A fine-structure anomaly

muonic 0Zr, 11271245 208ph: very poor fit, x?/DF = 187
— nuclear polarization correction as variable parameters:
x?/DF = 43

— the root of the problem

P. Bergem et al., Phys. Rev. C 37 2821 (1988)
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Motivation for muon physics 3: A fine-structure anomaly

muonic 0Zr, 11271245 208ph: very poor fit, x?/DF = 187
— nuclear polarization correction as variable parameters:
x?/DF = 43

— the root of the problem

/ theory experiment \

2p3 /2 2p3 /9
|AEL, | |AEL,
Vs
2271/2 /\ 2291/2 \/
|AEY, | |AEY, |

*also for A3p 2
in u-2"8Ph

P. Bergem et al., Phys. Rev. C 37 2821 (1988)
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Motivation for muon physics 3: A fine-structure anomaly

muonic 0Zr, 11271245 208ph: very poor fit, x?/DF = 187
— nuclear polarization correction as variable parameters:
x?/DF = 43

— the root of the problem

/ theory experiment \

2p3 /2 2p3 /9
|AEL, | |AEL,
Vs
2271/2 /\ 2291/2 \/
|AEY, | |AEY, |

2 *also for A3p 2
in u-2"8Ph

2py 2 is closer to a nucleus and should be affected more strongly

P. Bergem et al., Phys. Rev. C 37 2821 (1988)
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Outline

Introduction and Motivation

Basic and brief theory

Last improvements
Self-energy correction
Nuclear polarization correction

Access to nucleus

Summary
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Basic and brief theory
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere,

a+br®;, r<R
Vopn(r) = _Za. r>R

r

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere, Fermi,

N

F —
pa,c(r,u) 1 +elr—0)/a

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere, Fermi, deformed Fermi distribution

N
pa,ch(ruvﬁH) = 1+ elr—c(14+8Y20(94))]/a

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere, Fermi, deformed Fermi distribution

N
pa,ch(ruvﬁH) = 1+ elr—c(14+8Y20(94))]/a

e QED effects: e-Uehling,

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere, Fermi, deformed Fermi distribution

N
pa,ch(ruvﬁH) = 14+ elr—c(14+8Y20(94))]/a

e QED effects: e-Uehling, Wichmann-Kroll,

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere, Fermi, deformed Fermi distribution

N
pa,ch(ruvﬁM) = 14+ elr—c(14+8Y20(94))]/a

e QED effects: e-Uehling, Wichmann-Kroll, Kallén-Sabry,

Y s s s &

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere, Fermi, deformed Fermi distribution

N
pa,ch(ruvﬁM) = 14+ elr—c(14+8Y20(94))]/a

e QED effects: e-Uehling, Wichmann-Kroll, Kallén-Sabry, p-Ue

Y s s s &

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere, Fermi, deformed Fermi distribution

N
pa,ch(ruvﬁM) = 14+ elr—c(14+8Y20(94))]/a

e QED effects: e-Uehling, Wichmann-Kroll, Kallén-Sabry, p-Ue

Y s s s &

e Electron screening effect

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
N. Michel and NSO, PRA 99, 042501 (2019)
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Basic and brief theory

e Muons are close to the nucleus, relativistic — Dirac equation
e Extended nucleus: sphere, Fermi, deformed Fermi distribution

N
pa,ch(ruvﬁM) = 14+ elr—c(14+8Y20(94))]/a

QED effects: e-Uehling, Wichmann-Kroll, Kallén-Sabry, u-Ue

Ay

e Electron screening effect
e HFS: electric quadrupole and magnetic dipole

_'S. M. Patoary and NSO, EPJD 72, 54 (2018)
. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)
. Michel and NSO, PRA 99, 042501 (2019)

zz>r
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Dynamic hyperfine structure in muonic atoms

Muonic FS ond/or HFS = nuclear rotational states energies
— Muonic transitions can excite nucleus!
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Dynamic hyperfine structure in muonic atoms

Muonic FS ond/or HFS = nuclear rotational states energies
— Muonic transitions can excite nucleus!

diagonalize system exactly in finite modelspaces:
e.g. nuclear rotational band + muonic fine-structure doublet
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Dynamic hyperfine structure in muonic atoms
Muonic FS ond/or HFS = nuclear rotational states energies
— Muonic transitions can excite nucleus!

diagonalize system exactly in finite modelspaces:
e.g. nuclear rotational band + muonic fine-structure doublet

Toy model: ¥5Re with | € {g, %, %} + muonic (2py/2,2p3/2)
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Dynamic hyperfine structure in muonic atoms
Muonic FS ond/or HFS = nuclear rotational states energies
— Muonic transitions can excite nucleus!
diagonalize system exactly in finite modelspaces:
e.g. nuclear rotational band + muonic fine-structure doublet
Toy model: ¥5Re with | € {g, %, %} + muonic (2py/2,2p3/2)
for given F, Mg: 6 unperturbed states: |FMg(nk)(IK))

F=1 F=2 F=3 F=4 F=5 F=6
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Dynamic hyperfine structure in muonic atoms
Muonic FS ond/or HFS = nuclear rotational states energies
— Muonic transitions can excite nucleus!
diagonalize system exactly in finite modelspaces:
e.g. nuclear rotational band + muonic fine-structure doublet
Toy model: ¥5Re with | € {g, %, %} + muonic (2py/2,2p3/2)
for given F, Mg: 6 unperturbed states: |FMg(nk)(IK))

F=1 F=2 F=3 F=4 F=5 F=6

diagonalise quadrupole interaction in every F-block

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms 1/ 25
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Dynamic hyperfine structure in muonic atoms for Re

E5/2 = 0 keV E2p1/2 = —4059 keV
Erjp = 125 keV Esp,/, = —3910 keV
Eoj = 284 keV AE,, = 149keV

Figure courtesy: N. Michel
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Dynamic hyperflne structure in muonic atoms for Re

E5/2 = V E2p1/2 = —4059 keV
Ezjp= 125 keV Ep,;, = —3910 keV
Eg/2 = 284 keV AEzp = 149 keV
unperturbed states with quadrupole interaction
-3600 q
9/2+2p3/2
-3700
7/2+2p3/2
-3800 1 9/2+2p1/2
3
@
-3900 A 5/2+2p3/2
7/2+2pl/2
- 4000 4
5/2+2pl/2
- 4100 -

Figure courtesy: N. Michel
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PHYSICAL REVIEW LETTERS 128, 203001 (2022)

Evidence Against Nuclear Polarization as Sourcdvof Fine-Structure Anomalies
Atom

in Muot

Igor A. Valuev®,"" Gianluca Cold a-Maza® > Christoph H. Keitel®,' and Natalia S. Oreshkina
M Panck st fi Kernphysi. Saupfercheckveg 1, 9117 Heidelbers, Germany
*Dipartimento di Fisica, Universita degli Studi di Milano, via Celoria 16, 1-20133 Milano, ialy

Last improvements e Ut o St s il 10 0
S elf— ener gy corre Ctl on ® (Received 25 January 2022 revised 29 March 2022; accepted 18 April 2022; published 17 May 2022
Nuclear polarization correction

Self-energy correction to the energy levels of heavy muonic atoms

Katalia 8. Orestkina®*
. S 1, 69117 Heidelbery, Germany
(Dated: June 14, 2022)

! Maz-Planck-I
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Self-energy correction

AN = o [ oS g T
(1- alaz)exp(’\/mxlz)_

A7 x10

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms

/(w,Xl,Xg) =
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Self-energy correction

G = 5 [ X TR
(1-— alag)exp(l\/mxlz)'

A7 x10

e Order-of-magnitude improvement for 1s; , state
e Rigorous for 2p; /5, 2p3)2

e Three nuclear models: shell, sphere, Fermi

e Two integration grids

e Contains infinite summation over intermediate «

H(w,x1,%x2) =

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms
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Models and grid compared: p — 29Zr

1200

1190 Sphere NonExp AN e
1180 T 1
1170 F Fermi NonExp B

1160 r b

1150 ! ! ! ! ! ! ! ! ! ! ! !
1200

ASE,ineV

1190
1180

1170

1160 - + + .

U005 2 5 a5 10 15 2 2 W5 10 15 20 25 2
max(j,+1/2)
AEgg, contribution to the 1s; /, state of the muonic zirconium in units of
eV as a function of maximal intermediate angular momentum j, for
different nuclear models and numerical grids. The colors of the lines on
every panel change depending on the number of used DKB basis
functions from light for npxp = 50 to dark for npkg = 150

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms
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Nuclear polarization effect

Image source: www.universetoday.com

N. S. Oreshkina Paris'25.10.2022

Last improvements Access to nucleus Summary
aZ
VCoul(r ) = _T
. p( r/) /
Vext(r) —Ck/|r_rl‘d|’
1
VNp(r ) = — Z
V4 ’r - r‘Ni |
Theory of heavy muonic atoms
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Nuclear polarization effect

/
p(r ) drl

Image source: www.universetoday.com

H=Hy+ap+Bm,+ V(r,ry,)

/
(IIAV|N)(N|AVII)
AE = Z E—E,

N

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms
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Nuclear polarization effect

_ aZ
/ VCoul(r) = _T
| p(r')
Vel = =e [ =
- 1
o vl =0 ¥
mage source: www.universetoday.com Z |r rNi |

H=Hy+ap+Bm,+ V(r,ry,)

/
(IIAV|N)(N|AVII)
AE = Z E—E,

N

Only longitudinal (Coulomb) part
Also: transverse part, only via field-theory approach

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms
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Our goal

field-theory approach

full muon-nucleus interaction

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms 17 / 25
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Our goal

field-theory approach

full muon-nucleus interaction

precise muonic
description
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Our goal

field-theory approach

full muon-nucleus interaction

precise muonic

mu state-of-art
description

nuclear input
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Our goal

field-theory approach

full muon-nucleus interaction

precise muonic

mu | state-of-art
description

/ nuclear input

/

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms
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Transverse part of muon-nucleus interaction

H = Hy+ap+ B8m, + V(r,ry;)
(2
H = Hy+ ap — eA(r,rn,)) + Bmy, + V(r,ry;)

e Longitudinal (or Coulomb) interaction V/(r,rp;)

always |AE§E’/2| > |AE21\,I§/2]

Tanaka and Horikawa, Nucl. Phys. A580, 291 (1994)

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms
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Transverse part of muon-nucleus interaction

H = Hy+ap+ B8m, + V(r,ry;)
(2
H = Hy+ ap — eA(r,rn,)) + Bmy, + V(r,ry;)

e Longitudinal (or Coulomb) interaction V/(r,rp;)
always |AE P/2| > |AE p3/2]
e Transverse interaction A(r,ry;)

contributes with the opposite muon-spin dependence

Tanaka and Horikawa, Nucl. Phys. A580, 291 (1994)
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Transverse part of muon-nucleus interaction

H = Hy+ap+ B8m, + V(r,ry;)
(2
H = Hy+ ap — eA(r,rn,)) + Bmy, + V(r,ry;)

e Longitudinal (or Coulomb) interaction V/(r,rp;)
always |AE P/2| > |AE p3/2]

e Transverse interaction A(r,ry;)
contributes with the opposite muon-spin dependence

e However, the anomalies still persisted (for more than 40 years)

Tanaka and Horikawa, Nucl. Phys. A580, 291 (1994)

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms
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Calculations details

e complete muonic Dirac spectrum

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms 19 / 25
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Calculations details

N. S. Oreshkina

complete muonic Dirac spectrum
9 different parametrizations of the Skyrme interaction
Covers all realisitic ranges for nuclear properties

07,17,27,37,4" 57 and 1T excitation modes

Paris'25.10.2022 Theory of heavy muonic atoms
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Calculations details

N. S. Oreshkina

complete muonic Dirac spectrum

9 different parametrizations of the Skyrme interaction
Covers all realisitic ranges for nuclear properties
07,17,27,37,4" 57 and 1T excitation modes

RMS value changes the NP predictions

Comparison between theory and free-parameter fit of the
experimental data
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Nuclear polarization correction *°Zr
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around 15 eV (5 o) gap remains practically constant
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Nuclear polarization correction 2°®Pb

NP 2py» = NP 2p5, (eV)

100

-100

-200

oYy %0 o
eHagaer al. Present
4.5 5 55 6 6.5
NP 1s,, (keV)

around 150 eV, or 4 ¢ standard deviations gap
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Access to nucleus
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RMS values: why should we care?

e Muonic spectroscopy provides
RMS for majority of stable
nuclei

e High importance for QED,
PNC, VFC, ...

e High accuracy: 0.02% for Pb

Image: Homer Simpson
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RMS values: why should we care?

e Muonic spectroscopy provides
RMS for majority of stable
nuclei

e High importance for QED,
PNC, VFC, ...

e High accuracy: 0.02% for Pb

Image: Homer Simpson

However!

e Fine-structure anomaly . @

e Poor fit x?/DF = 187

e Estimation for theory mJ: @:
o _
e How much can we trust it EIND AN ELEPHAWT

N. S. Oreshkina Paris'25.10.2022 Theory of heavy muonic atoms

23 /25



Introduction and Motivation Basic and brief theory Last improvements Access to nucleus Summary

Summary and Outlook

Nuclear shape
and size

N. S. Oreshkina, accepted to Phys. Rev. Research (L) https://arxiv.org/abs/2206.01006 (2022)

I. A. Valuev, G. Cold, X. Roca-Maza, C. H. Keitel, and N. S. Oreshkina, Phys. Rev. Lett. 128, 203001 (2022)
A. Antognini et al., Phys. Rev. C 101, 054313 (2020)

N. Michel, and N. S. Oreshkina, Phys. Rev. A 99, 042501 (2019)

N. Michel, N. S. Oreshkina, and C. H. Keitel, Phys. Rev. A 96, 032510, (2017)
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Summary and Outlook

Nuclear shape Microscopic nuclear properties
; QED effects 100
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