\ \Latnratoire Kastler Brossel

Paul Indelicato

High precision measurements of kaonic atoms on-line workshaop,

03/02/2022

<) il

— EN

|;h M'"!, COLLEGH

SORBONNE & oo
) UNIVERSITE { T R




AL LKB Outline

s [ntroduction: QED contributions for atoms

* How well do we understand JED in exotic atoms
- finite nuclear size
- electron screening
= A few examples
- Kaonic Ar
- Kaonic Xe
- [ssues with existing measurements
» [onclusion
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\/\ LKB Present status of the kaon mass

K* MASS

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT
493.677+0.016 OUR FIT Error includes scale factor of 2.8.
493.6771+0.013 OUR AVERAGE Error includes scale factor of 2.4. See the ideogram

below.

493.696 & 0.007 1 DENISOV 91 CNTR —  Kaonic atoms
493.636+0.011 2 GALL 88 CNTR —  Kaonic atoms
493.640+0.054 LUM 8l CNTR -— Kaonic atoms
493.670+0.029 BARKOV 79 EMUL ete” - KTK™
493.657 +0.020 2 CHENG 75 CNTR —  Kaonic atoms
493.691+0.040 BACKENSTO...73 CNTR -— Kaonic atoms

Particle Data broup 2020

High precision measurements of kaonic atoms, 09/02/2022



\/\ LKB Present status of the kaon mass

Transition E citoulated E measured
K Pb(11—10) 153.891 153.903 = 0.008
K "Pb(9— 8) 291.583 291.5800 %+ 0.0044
K W({1—10) 125.208 125.251 = 0.024
K "W(O—8) 237.171 237.206 = 0.035

K. P. Gall et al., Phys. Rev. Lett. 60, 186 (1338).

11UV 1vuiliug vl 1115 “aviLtAuluil Uy wav lJl. v

ft reflections of the K ~-atom line (Fig.
ergy is |22 105.61 + 0.26 eV The fit of
olated peak, since the instrumental re:

~

A.S. Denisov et al., JETP Letters a4, o8 (1992).
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Non-perturbative bound-states QED

Practical calculations and numerical methods

High precision measurements of kaonic atoms, 09/02/2022



p/\ LKB one electron QED at order o

Self Energy Vacuum Polarization
&
Y3

H-like “One Photon” order (o/m)

Many calculations, very accurate down to Z=|

AEsg = :(an) F(Za). 2 =23x%x10"°
2
Eng = (Znaz)
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A/LLKB Feynman diagrams

e Each contribution to the S-matrix can be decomposed in Feynman diagrams.

¢(xy) ——
1. Y
y b
Sp(rg, ) —o 'I;?l —~ X dm
ro. 7
b(zg) — 2o

Signification of the Feynman diagrams for self-energy.

The Energy shift is given by
.—bl‘-)]
{ - n - - 1 . . - . " . ‘ - - . f . £ -0
AFEn = )—'/; d:/d.r-z/d.t|¢"(.r-2)uu(-(.r?_.:l.:)u donl(dy) . — o:n/dr &On (F)Bdn (T),
&R y '2‘

where b = —i [(E, — z)°] "2 Re(b) > 0, and &, = &» — & The photon propagator - Xe 621
is just the Coulomb potential with a retardation term (speed of light is finite!) *
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A\ LkB| Content of a Feynman diagram: vacuum polarization

» Vacuum polarization

* The electron interacts with a virtual electron-positron (or muon-antimuon)
pair in the field of the nucleus

ng), =4niafd(t2—tl)/dx2fdx1 Dg(x2 — x1)

X Tr[y Sp(x2,x2) J¢b, (x1)y " pn(x1) Potential

High precision measurements of kaonic atoms, 09/02/2022



A\ LKB one electron QED at order o2

e o o [®
S SR =S B

H-like “Two Photon” order (o/m)?2
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A/\ LKB Closed fermion loops 2nd order diagrams

@ _ 93y 103 |0 diagrams with = signs
n so compensation

SE-VP u@ ’\\% @\Wi‘:xt order?

(d) ()

5o o

(8) (h) (1) (k)

Uelhing Kallen & Sabri potential
in Dirac Eq. Vp-yp

Yerokhin, V. A., P. Indelicato and V. M. Shabaev (2008). " Two-loop QED corrections with closed fermion loops." Physical Review A 77 (6): 062510 (062512).

S(VP)E

Lindgren, ., H. Persson, S. Salomonson, V. Karasiev, L. Labzowsky, A. Mitrushenkov and M. Tokman (1993). "Second-order QED corrections for few-electron heavy ions: reducible Breit-
Coulomb correction and mixed self-energy- vacuum polarization correction." Journal of Physics B: Atomic, Molecular and Optical Physics 26: L503-L509.

Mitrushenkov, A., L. Labzowsky, I. Lindgren, H. Persson and S. Salomonson (1995). "Second order loop after loop self-energy correction for few-electron multicharged ions." Physics Letters A
200: 51-55.
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\\LKB

All-order: the charge distribution is included exactly in the wavefunction and in the operator,
when relevant. Higher order Vacuum Polarization contribution included by numerical solution

T

P. Indelicato. Phys. Rev. A 87, 022301 (2013).



\\LKB

Diagrams with 4 vertex with external lines in an electron-positron loop

Wichman & Krall Vig(r)~ ou(Zax)3
_Bpprox. to Vis(r)~ ou(Zo)? and Vig(r)~ au(Zor) also included

Uehling Vi(r)

3rd arder Vai(r)~ ad(Za)~Vis(r)/Z2

3 is a renormalization term: no contribution
bl and bZ: virtual Delbriick scattering Vo2(r)~ aZ(Zov)?

(part of the expansion of S(VF)E)

E. Borie and G. A. Rinker, Rev. Mod. Phys. 54, 67 (1982).
E. Y. Korzinin, V. A. Shelyuto, V. G. Ivanov, R. Szafron, and S. G. Karshenboim, Phys. Rev. A 98, 062519 (2018).



How well do we understand theory of
exotic atoms?

A few examples...

High precision measuremen ts of kaonic atoms, 09/02/2022
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A\ LKB Pionic atoms precision experiment

Possible x-ray reference spectra
Crystal spectrometer used

Ti Ko
2000+
B2
=
-
o
(& ]
1000
Ka2
0_.
=)
250" ul’Jri
s
n-Ne(6-5) &/
200 &
1|
(7]
= 150 4 | =~
o 1 o
3 3
e s
100 - | s
S 2
o &
50 | & &
(S
." e
0 Ay
4500 4505 4510 4515

energy (eV)

D. F. Anagnostopoulos, D. Gotta, P. Indelicato, and L. M. Simons, Phys. Rev. Lett. 91, 240801 (2003).
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A/LLKB crystal spectroscopy of muonic Carbon (1984)

t Counts
+ 300

”ﬂ ! L 200
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\ ) 1 100 . ||
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(a)

new all order calculations, recalibration of the reference used (70Tm g-ray) for 2010 Si lattice spacing and
wavelength to energy conversion

W. Ruckstuhl, B. Aas, W. Beer, et al., Nuclear Physics A 430, 685 (1984).
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\/\ LKB

Crystal spectrometry of muonic atoms

7a261.60

0.4l

B 12 2p3/2 — Isl/2 -3.38 368.al 3.13|-402.33  -l0786%| -0.008 -0.2%| 1382
12 24 3da/2 — 2p3/2 ab2a.74 033 -D4 176.83 64| -08I -20%| -0.358 -22%| 1382
2 24 3d3/2 — 2pl/2 ob33133 083 038 173.03 66| -2.73 -64%| -0.328 -22%| 1382
14 28 3da/2 — 2p3/2 TeBI7.T 21 0.5 271.33 200 -228 -88%| -0.438 -Th| 1378
14 28 3da/2 — 2p3/2 766I6E 10| -0 271.33 200 -228 -88%| -0.438 -T%| 1382
14 28 3d3/2 — 2pl/2 763422 |8 04 276.30 260) 727  -280%| -0438 -T%| 1382
14 28 4f1/1 — 3d5/2 26707 14 - 44 B3 040| 0.2 38%| -1.027 -200%| 1984
4 28 4i5/2 — 3d3/2 2677331 08l  -167 44 93 040 0.02 3.1%| -1.077 -204%| 1384
15 3l 3da/2 — 2p3/2 880166 23 -0l 328.71 3| -366 -I8%| -0.473 -10%| 1382
o3l 3d3/2 — Zpl/2 884247 73] -182 3:34.66 a8 -Ila7  -364%| -0473 -l0%| 1382

Experiments performed at the Paul Scherrer Institute with solid targets and transmission crystal
spectrometer to measure nuclear radii
— require intense beams of muons

— strong electron recapture during the cascade (solid), giving shifts

— lower n=l, 2, 3. 4 levels used as the aim was to measure precisely nuclear size

The shift due to uncertainty in the number of electron recaptures in pionic magnesium lead to the

error in the pion mass determination

High precision measurements of kaonic atoms, 09/02/2022
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A\ LKB 12C charge radius 1974-2015

2.0
- | Eauss_r_”
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Strong interaction effects

Measuring strong interaction at low energy

High precision measurements of kaonic atoms, 09/02/2022
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A/\LLKB Strong shifts in antiprotonic Ca

1 = 3 4 5 6
n=_§ a—
¢ /
n=7 ! Y,
/ //
n=6 'A\s .
/) NI =0.084(13) eV
/////
/
5 ¥ &l €=26(12) eV
e \.I" =35(6) eV
/ g
¥
€=0.4(4) keV

n=4

Bl - ) 8(15) keV

/
/

¥
F. J. Hartmann et al., Phys. Rev. G ba, 014306 (2001).

19
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Exotic atoms and QED

Nuclear effects and QED contributions

High precision measurements of kaonic atoms, 09/02/2022
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Electric field [V/m]

Strong-field QED with muonic atoms

N Ne

Ar Kr Xe Pb u

|
Muonic ions

Energy levels in

n=3 . .
muaonic 10ns

— N=4

——— 1, Schwinger

, _,:* Limit
GSl

H-like HCI, n=1

Energy levels in

HCI

First experiments

@ JPARC
Atomic
- it of
S N PP R S P P P Y P TS TS 1 :IZ';:C
10 20 30 40 50 80 70 80 90 oy

Atomic number [Z]

Exotic atoms:

(strong field) x (Rydberg states)
Vanishing nuclear uncertainties!

N. Paul et al, « Testing Duantum Electrodynamics with Exotic Atoms » PRL 126, 173001 (2021)

High precision measurements of kaonic atoms, 09/02/2022

Equivalent field!

electron

n=|
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A/\LLKB HCI and Exotic Atoms:

a complementary pair

Self energy (SE)
ZWHE

Vacuum pol. (VP)

Contribution [Log(energy)+10]

Highly charged ion: SE>V/P
Exotic atom: VP>SE

20r

15¢

101

VP

VP

SE

H-like U Ly a1

Antiprotonic Xe 120-11n

s Dirac

| m Finite nuclear size

m Self-energy

= Vacuum Pol.

m 2nd Order QED

Self-energy is dominant in HCI, vacuum polarization is dominant in exotic atoms

Unique probe of vacuum polarization, « one of the most interesting phenomena
predicted by contemporary quantum electrodynamics » (Foldy and Eriksen, Physical

Review (1954))

Complementary to vacuum studies with high-intensity lasers

For antiprotonic, pionic and kaonic atoms, the finite particle size is also included

High precision measurements of kaonic atoms, 09/02/2022
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QED vs Finite Nuclear Size

u— _ 132X€
104{ ®™ H-like ion
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%o e
P o
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QED theory calculations

Initial n
5 15 25 35

10°*  10% 10° 10° 107
|FNS contribution| [eV]

Precision UED calculations performed for radiative cascade in muonic atoms from H — U

Multiconfiguration Dirac Fock code (MCDFGME, P. Indelicato, J.P. Desclaux)

Une order of magnitude gain in sensitivity compared to normal H-like ions, by avoiding nuclear physics uncertainties

High precision measurements of kaonic atoms, 09/02/2022

23




p/\LKB QED vs Transition Energy

Atomic number
Jo¢/ TN 10 MW 18 WM 36
e patom
o~ © u~ atom
9 10%{ = H-likeion
c
O
3 10°
= o
S $
-2
Q10 » ‘ o R o
o e o]
= 0e®g S0 5000 » o &
104 g 88 °
goo 7° 2501 o
oo@® o& o LAY
(o] o0@ OO v - v -
] 90 100 110 120 130
10 109 10! 102 103 1(

Transition energy [keV]

Larger UED contributions to transition energies, accessible for lower-Z ions

actor of 2-10 gain in ED enhancement for a given detection range

1ED effects in exotic atoms are larger for a given Z, thus easier to measure

High precision measurements of kaonic atoms, 09/02/2022
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\/\ LKB

Comparison with puNe

: : | i rde 1 Urde : i : i ]

; 1) 1) : 1D order OFC 1)
e I8 562p3/2 — Isl/2 673082  -38873 00047 00577 14% 2555%| 697273 024]  B.2%
- 0 20 508/2 — 41172 6297262 2.3365 00273 0.0003 0.0% 1.30%| 6297.275 , 0.078 3.5%
D B A0 We2T/7 — 13252  BA4IA22  535BB 00493 02086 000D 00% ?06% 4 bARC
e 79 9 23/7 — /2 7570425 520808 D586 49081 303% T T T T I
- 74 184 8kl5/2 — Til3/2 73957183 1214412 12188 0.1005 0.08% B8.2%

P 5k I313025/2 — (2023/2]  TABIOGAD 274366 25405 280307 04258 0% 18.8%
e 92 738 2p3/7 —Is8/2 | 0205083 752281 12778 18RSI 7I07% BER%| MBI 43 7%
e 54 1326h/2 —5g3/2 | IODBI0BI  Z4BSTAl 24873 02473 0I0% 99%
D 5k I312023/2 —In2/2 | 95037887 3988032 37678 467550 O786D|  020% 20.9%
y- o4 132 509/2 — 4171 [85826.813  BB4.5075 14047 11306 0.18% 16.1%
T B&BI/2 —5g3/2 | [BIMEOS3  GI2BRIZ  BBTIZ S0 0I9% 15.8%
- 82 23873/ —Ghil/2 | ITGBE0GZ2 4998768 5B04E 0923 0/8% 16.5%

Theory-Exp.: 0.013<0.073 eV

T. Dkumura, T. Azuma, D.A. Bennett, P. Caradonna, |. Chiu, W.B. Doriese, M.S. Durkin, J.W. Fowler, J.D. Gard, T. Hashimoto, R. Hayakawa, G.C. Hilton, Y. Ichinohe, P.
Indelicato, T. [sobe, S. Kanda, M. Katsuragawa, N. Kawamura, Y. Kino, K. Mine, Y. Miyake, KM. Morgan, K. Ninomiya, H. Noda, G.C. O'Neil, 8. Okada, K. Okutsu, N. Paul,
C.D. Reintsema, D.R. Schmidt, K. Shimomura, P. Strasser, H. Suda, D.S. Swetz, T. Takahashi, 5. Takeda, 8. Takeshita, M. Tampo, H. Tatsuno, Y. Uena, J.N. Ullom, S.
Watanabe, 3. Yamada, Testing Quantum Electrodynamics: High Precision X-ray Spectroscopy of Muonic Neon Atoms, submitted to PRL, (2021).

High precision measurements of kaonic atoms, 09/02/2022
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yltks|  Wavefunctions and potentials
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The exotic atom cascade

;\/\ LKB

n . n—1 capture
/ =0 1 Z
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.\\ . : . — — —
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- T A
rd / ;.‘// ,“f;/ // Lo
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i/
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SV B } Nuclear properties

/
/

/  observable hadronic

! shifts and broadenings
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1

= The exotic particle captures onto high-n orbitals

Nexotic ™~ ne—\/mexotic/ M-

= Decays via Auger electrons and radiatively (X-rays)

High precision measurements of kaonic atoms, 09/02/2022

Antiprotonic atom cascade

= Eventually is either captured by nucleus (muons), or annihilates (antiprotons)
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YA A

A4 1

energy (keV)

Determining the number of remaining electrons

0. Gotta, K. Rashid, B. Fricke, P. Indelicato, and L. M. Simons, Eur.
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Kaonic atoms

Size of the different effects and properties

High precision measurements of kaonic atoms, 09/02/2022
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A\ LKB Kaonic 40Ar

aonic TAr ~n=2—n=|

0.100-

5 0.001~ Self-energy - 3rd order VP (V31)
% | | = VP (Uehling) 5= VP (Uehling, u loop)
5 - Finite Nuclear Size ® 2 e screen.
% 1075 & 4 VP (W&K, V13) m 4 e screen.
= ¥ VP (V15) -« 10 e screeni.
2 i 1 & VP (V17)
% 107 | & 2nd order VP (K&S)
O 2nd order VP (LAL V11)
1079+

0 500000 1.0x 108 1.5x 108
Transition Energy (eV)
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Kaonic 40Ar

Kaonic “CAr
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2p— 1s transition @ 3d- 2p transition
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A\ LKB Kaonic 40Ar

10° ;
kaon transition energy in K*°Ar'®* . Ar'3* 2p,,, binding energy
E 105+ = kaon transition energy in K*Ar'®* . Ar'** 2s,,, binding energy
> C
g i + kaon transition energy in K*®°Ar'#*  __ Ar'>* 2s,,, binding energy
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S f ‘ :
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: | = Ar"'* 2p, binding ener
1000~ 1 P32 g ay
e e b L A 2pp bindingenergy

5 10 15 20
principal quantum number of the kaon
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\/\ LKB Kaonic 40Ar
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Kaonic 132Xe
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4x108
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A/\LLKB Kaonic 132Xe
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Kaonic 132Xe
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.. Xe** 2p,4/, binding energy
+ Xe®* 2s4,, binding energy
« Xe®™ 2s4,, binding energy
= Xe%%* 1s4,, binding energy

Xe®** 1s4), binding energy
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\/\ LKB

Kaonic 132Xe
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Kaon orbital radius in K'32Xe%4*

Kaon orbital radius in K'32xe5%3+

Radius of 1s elec. in K'32xg%3*

muon orbital radius in K'3%2Xe%2*

Radius of 1s elec. in K'32xg%2*

Radius of 2s elec. in K'32xg%2*

Nuclear radius (Angeli 2013)



Very special behavior at high-Z: Dirac equation

mc?

mc

™ quz | Becomes complex for k=1 when Z—=1/a~137
(x| +/ k> —(Za)*)?

I positive energy continuum

e —

——negative energy continuum
occupied with electrons

High precision measurements of kaonic atoms, 09/02/2022
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A/ LKB | Very special behavior at high-Z: Klein-Gordon equation

{/(H— 1/2)"‘2 = (Zd)2 Becomes complex for =0 (Is) when Z—1/2a~E8.5

E (eV)
0
O1
2,

4.4 10" —=— 1s (noyau ponct.)

E —— 2s (noyau ponct.)
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—E—1s (noyau fini, QED)
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Cannot define finite nuclear Is size for /269



Kaonic 184\
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» The accuracy of QED test in HC is limited in fact by nuclear corrections

» [ircular Rydberg states exotic atoms offer an alternative, without uncertainties
due to nuclear corrections

» [Ine can find favorable cases to best measure the kaon mass depending on
detector energy range, sensitivity required...




