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Nuclear structures from spectroscopy

o Precision spectroscopy provides abundant information on nuclear structures.

Nuclear structure observables Nuclear structure physics

Nuclear spin Nuclear shell evolution

Charge radius New /3 stability line, neutron-rich drip line
Magnetic dipole moment Halo structure of radioactive nuclei
electric quadrupole moment Internal nucleon distribution

magnetic radius Nuclear deformation

o Precision measurements on nuclear structures provides crucial guidance to building nuclear
Hamiltonian models and nuclear many-body theories

o Deuteron quadrupole moment — nuclear tensor force
o Magnetic moment/radius — meson-exchange current
o Charge radii for A > 3 systems — three-nucleon force



Precision Spectroscopy in Radioactive Nuclides s
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Proton radius puzzle

O electron-proton interaction experiments:  r, = 0.8770(45) fm
o eH spectroscopy
o e—p scattering

O p-p interaction experiments: rp = 0.8409(4) fm

o uH Lamb shift (AFE2s—2p)  [PSI-CREMA]
Pohl et al., Nature (2010); Antognini et al., Science (2013)
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Solve the radius puzzle

0 Possible explanation:
o Lepton-universality violation? (g, — 2) e
o exotic hadron structure?
o Neglected systematic uncertainty?

FNAL g-2 +——@—t

420
No explanation has been completed accepted
—_— ——t

2Syp 2Py, Standard Model Experiment
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Solve the radius puzzle

o New experiment to measure the proton radius
o e — p scattering (JLab, Mainz, Tohoku U.)
o u — p scattering (PSI-MUSE)
o hydrogen spectroscopy (MPQ, LKB, York U.)
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We seem to better (not fully) understand the proton radius now.



Spectroscopy measurement of nuclear radii in other atoms

o Lamb shift in muonic atoms/ions (PSI-CREMA)

o p*H [Pohl et al., Science 2016]

o p*Het [Krauth et al., Nature 2021]

o pPHe™ [K. Schuhmann et al., arXiv:2305.11679]
o pH, pli, uBe [planned]

Nuclear charge radii

o e**He spectroscopy

3He-*He charge-radius isotope-shift

o hyperfine splitting in muonic measurements (PSI-CREMA)
o p?H, p*He™ [In plan]

Nuclear magnetic Zemach radius



QUARTET: Spectroscopy for nuclear charge radii
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Nuclear structure effects to Lamb shift

o Extract nuclear charge radius from Lamb shift in muonic atoms

§Ers = 6qep + Aopr R%, + d1pE



Nuclear structure effects to Lamb shift

o Extract nuclear charge radius from Lamb shift in muonic atoms

§Ers = oqrp + Aopr RY, + o1pE

o QED effects
o Vacuum polarization (Uehling effect)
o Lepton self energy
o relativistic recoil




Nuclear structure effects to Lamb shift

o Extract nuclear charge radius from Lamb shift in muonic atoms

§ELs = dqep + Aopr R% + d1pE

o Nuclear structure effects



Nuclear structure effects to Lamb shift

o Extract nuclear charge radius from Lamb shift in muonic atoms

§ELs = dqep +HAorr R dtpE

o Nuclear structure effects

Qo

Nucleus
Gelq)



Nuclear structure effects to Lamb shift

o Extract nuclear charge radius from Lamb shift in muonic atoms

§ELs = dqrp + Aopr RE, HorpE

o Nuclear structure effects
o drpg — two-photon exchange (TPE)

o elastic part: Zemach moment dzc,

o inelastic part: nuclear polarizability ¢,
P P ¥ Opol Nucleus



Nuclear structure effects to Lamb shift

o Extract nuclear charge radius from Lamb shift in muonic atoms

§ELs = dqrp + Aopr RE, HorpE

o Nuclear structure effects
o drpg — two-photon exchange (TPE)

o elastic part: Zemach moment dzc,

o inelastic part: nuclear polarizability ¢,
P P ¥ Opol Nucleus

@ The accuracy of extracting Ry relies on the theoretical input of drpg
p2H experiment: dpol requires 1% accruacy
> He™ experiment: 6,01 requires 5% accuracy



Nuclear polarizability from sum rules for photo-nuclear reactions

u
pol—E:/ de So (w)
g, SA Weh R,—/
weight  response function
Nucleus

o energy-weighted sum rules g (w)
o nuclear response function S, (w)

W) = yf |(410140) [26(Ey — Fp — w)
f



Nuclear polarizability from sum rules for photo-nuclear reactions

u
pol—E:/ de So (w)
g, SA Weh R,—/
weight  response function
Nucleus

Contributing terms in nuclear polarizability d;,0::
o multipole expansion to EM operators
o EO, E1, E2, M1 response sum rules

o relativistic and Coulomb-distortion corrections

o intrinsic nucleon structure corrections
CJ, Bacca, Barnea, Hernandez, Nevo-Dinur, JPG 45 (2018) 093002



Nuclear response function: continuum spectrum

o The nucleus is virtually excited during the TPE
process
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Determine S, from photo-nuclear reaction experiments

0 (w) = dr?awSpr (w)
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Determine S, from photo-nuclear reaction experiments

0 (w) = dr?awSpr (w)
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Ab initio nuclear-structure calculations

Recent developments in nuclear structure theories:
o Microscopic theories of nucleon-nucleon interactions
o Theory for electroweak interactions involving nucleons
o Ab initio calculations of nuclear structures and reactions

o Uncertainty quantification for nuclear theory



Realistic nuclear potential

o Argonne vig NN interaction

o fit to 1787 pp & 2514 np scattering data (FEj.; < 350 MeV, x2?/datum = 1.1)
o nn scattering length & deuteron binding energy

o Urbana IX NNN force e Y e
e=vaReVE L

iik T Yk oL



Chiral effective field theory (YEFT)

2N Force 3N Force 4N Force
LO

o The effective theory of QCD at (@Q/A)) >< +

low energies N

S

o Nuclear potential based on @/ [H]ll

power-counting (/A

expansion)

o low-energy constants determined . +' +
from scattering data ‘ o




Nuclear ab inito calculations

Combined with quantum many-body calculations, state-of-the-art nuclear forces can accurately describe
a wide range of nuclear structures
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Ab-initio calculations of nuclear polarizability J,

o u23H, B*Het:

o Numerical ab-initio methods
Effective Interaction Hyperspherical Harmonics Expansion
Lorentz Integral Transform (response function)
Lanczos Algorithm (sum rules)

bound state — resonance/continuum

o Nuclear potentials
AV18+UIX
XEFT NN(N3LO)+NNN(N2LO)
Analyze nuclear-theory uncertainty by comparing d;,o1 from different potential models

CJ, Nevo-Dinur, Bacca, Barnea, PRL 111 (2013) 143402

Hernandez, CJ, Bacca, Nevo-Dinur, Barnea, PLB 736 (2014) 344

Nevo Dinur, CJ, Bacca, Barnea, PLB 755 (2016) 380

Hernandez, Ekstrém, Nevo Dinur, CJ, Bacca, Barnea, PLB 788 (2018) 377
CJ, Bacca, Barnea, Hernandez, Nevo-Dinur, JPG 45 (2018) 093002
Emmons, CJ, Platter, JPG 48 (2021) 035101

CJ, Zhang, Platter, PRL 133 (2024) 042502




TPE & nuclear polarizability: nuclear-model uncertainty

Sdrpg in p3Het

AV18/UIX XEFT
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TPE & nuclear polarizability: other uncertainty

Numerical uncertainty
Atomic-physics uncertainty
O convergence of EIHH model space (u*Het)
O (Za)b correction three-photon exchange

24 — 0.4% @ relativistic and Coulomb distortion effects to sum
e rules beyond E1

245 e AVI8 + UIX Q

w —2 N(N'LO) + 3N(N'LO) _ ) _
2.5 @ Overall atomic-physics uncertainty

0 1.5% in p3Het

0 1.3% in p*Het

higher-order nucleonic-structure corrections

pol

255 —_———— 02%

o Combine all uncertainties:
Srpe(p®Het) = —14.72 meV +2.1%
Srpe(u*He™) = —8.49 meV +£4.6%

0 The TPE prediction fulfills the 5% accuracy requirements from p®*He™t experiments



Nuclear charge radii from Lamb shifts in 4’H and ;>*He

o Our predictions of nuclear TPE effects have been used by CREMA to extract nuclear charge radii
from Lamb shift measurements
o Theoretical uncertainties in TPE effects dominate the error in the extracted nuclear charge radii

uUH+iso
B +—e—CODATA-2014 ki
ol 2n Mo L e spectroscopy e-He scattering’
_; e-2H scattering

1676 1.678 168 1682 1.684 1.686

2.12 213 2.14 2.15 a-particle charge radius (fm) |
deuteron charge radius [fm]

rg = 2.12562(13) exp (77)theo fm
Pohl, et al., Science (2016)

oo = 1.67824(13) exp (82)¢heo fm
Krauth et al., Nature (2021)

TPE theory:

Hernandez, CJ, Bacca, Nevo-Dinur, Barnea, PLB 736 (2014) 344; PRC 100 (2019) 064315 (12H)
Hernandez, Ekstrém, Nevo Dinur, CJ, Bacca, Barnea, PLB 788 (2018) 377 (12H)

CJ, Nevo-Dinur, Bacca, Barnea, PRL 111 (2013) 143402 (u*H)

CJ, Bacca, Barnea, Hernandez, Nevo-Dinur, JPG 45 (2018) 093002 (u23H, pu?4He™)




Nuclear charge radii from Lamb shifts in 4’H and ;>*He

@ Our predictions of nuclear TPE effects have been used by CREMA to extract nuclear charge radii
from Lamb shift measurements

0 Theoretical uncertainties in TPE effects dominate the error in the extracted nuclear charge radii

muonic helium - van der Werf 2023
4 uHe
Sick 2014
LENPIC 2021 —e— Cancio Pastor 2012
Nevo Dinur 2019 s —_—
—— Sick 2014 Shiner 1995
164 165 166 197 18 169 L L L | | L
helion chargeradiusr_[fm] 1 1.02 1.04 1.06 108 11
" -1z [fm?
rp, = 1.97007(12 93 fm
h ( )exp( )theo 7",27, _ 7’3 — 1-0636(6)exp(30)theo fm2
Schuhmann et al. (CREMA) arXiv:2305.11679
TPE theory:

Nevo Dinur, CJ, Bacca, Barnea, PLB 755 (2016) 380 (;L3H, [L3H6+)
CJ, Bacca, Barnea, Hernandez, Nevo-Dinur, JPG 45 (2018) 093002 (1.23H, p3*Het)



Nuclear Zemach Radius from p-atom Hyperfine Splitting

a) w'HandfHe' =172 - b) 2H =1 -
2, 2 52
D30 e —————————— 2 P s
5 AEes @ 5 32
D1/ _<: 1 (0) P :— 3/2

~ ~
0 (1) 12
AE g
251 - 1 () 28, - 3/2
s —_
S 0 (1) Ss 1/2

0 Zemach radius Rz depends on both nuclear charge and magnetic distributions

Ry = // drdr' pg (v) par (r') |7 — 7/

o pH hyperfine structure: CREMA, J-PARC, RIKEN-RAL
o p®He™ hyperfine structure: CREMA



Discrepancies in Nuclear Magnetic Distribution Studies

o 3He charge form factor Fo: agreement between experiment and theory

o 3He magnetic form factor F;: discrepancies between experiment and theory at high Q

o Muonic atom spectroscopy provides more precise measurements for nuclear magnetic
distributions

100 —— 7 100 —— [ T
£ 3 E 3
F He ® JLab Hall A ] He ® Jlab Hall A
_ 2 ¢ Stanford _ 2 ¢ Stanford
1071 F — 1ot |
E C<Q ) X Orsay 3 FM(Q ) O Saclay
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L _fo 4 o
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Nuclear Structure Effects in Hyperfine Splitting

o Extract nuclear Zemach radius from e/ atom
hyperfine splitting

Eurs(nS) = Ep(1 4 0qep + 0TPE)

o Fermi contact term

o Nuclear-lepton spin point coupling

2magm

Ep = ¢2(0)(7 - I)

o 3mgmN
o Quantum electrodynamics corrections
o Vacuum polarization effects
o Lepton self-energy corrections
o Relativistic recoil corrections
@ Two-photon exchange
o Nuclear polarizability
o Elastic terms (Zemach radius)

e

1 1 7
v
v Y y o Y
N N N




Nuclear Structure Effects in ¢/ — D Hyperfine Splitting

o TPE terms dominate the discrepancy between measurements and QED predictions
0 TPE effects in e2H HFS: theory and experiment agree (controversial)
o TPE effects in u?H HFS: significant discrepancy between theory and experiment

62H 1S EHFS(2’Y) [kHZ] uQH 25 EHFS(Q’Y) [meV]

Vexp — Vaed 45 [1] Vexp — Vaed 0.0966(73) [2]
Khriplovich, Milstein 2004 43 (model dependent) Kalinowski Pachucki 2018  0.0383

Friar 2005 46 (+18) [1] Wineland, Ramsey, PRA (1972)
(1N pol/recoil) [2] Pohl et al., Science (2016)




Nuclear Structure Effects in ¢/ — D Hyperfine Splitting

o TPE terms dominate the discrepancy between measurements and QED predictions
o TPE effects in e2H HFS: theory and experiment agree (controversial)
o TPE effects in u?H HFS: significant discrepancy between theory and experiment

62H 1S EHps(Q’y) [kHZ] NQH 2S EHFS(Q’Y) [meV]

Vexp — Vqed

Khriplovich, Milstein 2004
Friar 2005

45 [1] Vexp — Vaod 0.0966(73) [2]
43 (model dependent) Kalinowski, Pachucki 2018 0.0383

46 (+18) [1] Wineland, Ramsey, PRA (1972)
(1IN pol/recoil) [2] Pohl et al., Science (2016)

o Previous theories did not rigorously treat nuclear excitations (polarizability terms)

PHYSICAL REVIEW LETTERS 133, 042502 (2024)

Nuclear Structure Effects on Hyperfine Splittings in Ordinary and Muonic Deuterium
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of Physics and A , University of Tennessee, Knoxville, Tennessee 37996, USA

“Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessce 37831, USA
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TPE Corrections in ?H and ;2H Hyperfine Splitting

J 2 2
O TPE corrections ~ 5 v y
5 Y
Etpg = Eo1 + Epol + E1N x
N N
L

O Elastic part Fe(q), Fin(q), Fo(q): ~ 7z

Q Inelastic vector polarization

O EjN: single-nucleon TPE

500 o [ e [[dan®D (0,005 )

1 dg
Charge-magnetic current interference:S() (w, q) = —q—21m i /ﬁ (NolIl| [(j'x Jjn((j')]5 INY{(N|p(q)|NoII)d(w—-

dé .. -
Convection-magnetic current interference:S(!) (w, ¢) = —Im i /4—(1 e37k<NoII\jjn S@IN)N|Je, k(D) Nol I} Nol
- ;
N+#Ny

O Pionless effective field theory #EFT calculation  CJ*, Zhang, Platter, Phys. Rev. Lett. 133, 042502 (2024)



Nuclear Polarizability Effects with 7/EFT

0 #EFT constructs low-energy NN and NN N interactions through contact potentials
O Predictions require only a few inputs: a¢, r¢, @q at NNLO (5% accuracy)

v? t
r = nt [z‘@o + ﬁ] N - Co (NTPiN) (NTPiN)
+éc2 [(NTPiN)T (NTS2PN) + h.c.] - 1%04 (NTVQPiN)T (NTV2PiN)
1 (sd) {(NTPiN)T [NTPJ' (vivj _ %5”‘?2) N] +h.c.}

+-C
4 0

O np scattering t-matrix A, 0 on-shell t-matrix
order-by-order expansion:
4m

1
% At(p,p; E) = — -
Ay = + +-- mpy Y+ ip

@ off-shell t-matrix

47 1
Ak, pyB) = - —— ——
mpy v+ ip

Vi v Vi
Ay = } (1) 2m P . 1 2 2
? (ﬁj ﬁi) A (k,p:E):*f%[vfzpri k® —p }
¢ my v+ ip 2(y — p) ( )
2 ) . 2 2
P . —ip +ip\ k° —p
_ AEQ)(k»p:E):*fW p. (V*ZP)2+’Y (1+'y )
+ + e mpy v+ ip Y= p Y= 2

[1 +p(y—ip)/2+ 07 (v - iP)2/4]




TPE Corrections in ?H and ;2H Hyperfine Splitting

LO

O 1IN electromagnetic current operators: NLO

Nuclear charge density pg, convection current J., and magnetic
current J,, all contribute to HFS

1.1+7'3

£EM,1b =—eN NAg

i 1 -
_ e [NTvﬂN} A
QmN 2

+ LJV]L (Ho + 51T3)5" . BN
2my NNLO

nefasto)

+

R



TPE Corrections in ?H and ;*?H HFS

O 2N convection and magnetic currents (meson exchange current):

Loc = ie% [(NTPiN)T(NT?Pm,»N) T h.c.] A

Lop = —ZeLze”k N PN N P; N) By + h.c.

@%W

@ SD mixing coupling:

t
Log= 76LQ NTP N NTP N v ‘v — fv%m Ao

@&@?&6(0&



Nuclear Response Functions in TPE effects to HFS

o SO (w, q): charge density-magnetic current
transitions (LO)

Qo S(l)(w7q): convection current-magnetic current
transitions (NLO)

o Ss(g) (w,q): SD coupling corrections (NNLO)

@ Nuclear response functions converge order by
order

CJ*, Zhang, Platter, Phys. Rev. Lett. 133, 042502 (2024)

w IMeV1



TPE Corrections in ?H and p?’H HFS (PAEFT)

2H (15) w?H (1S) w?H (2S)
E1p (Antognini 2022) —35.54(8) —1.018(2) —0.1272(2)
E1n (Tomalak 2019) 9.6(1.0) 0.08(3) 0.010(4)
E. —42.1(2.1) —0.984(46)  —0.123(6)
Epol 109.8(4.5) 2.86(12) 0.358(14)
ETpg kHz meV meV
This work 41.7(4.4) 0.94(11) 0.117(13)
Khriplovich, Milstein 2004 43
Friar, Payne 2005 o4 64.5
Kalinowskim, Pauckci 2018 0.304(68) 0.0383(86)
Vexp — Vged 45.2 0.0966(73)

O Our work well explains the experiment-QED theory discrepancy (0.8 — 1.30)
O Theoretical uncertainties in single-nucleon TPE might be underestimated (chiral perturbation and
dispersion relation calculations differ by 1 order)

CJ, Zhang, Platter, Phys. Rev. Lett. 133, 042502 (2024)



Nuclear Response Functions from YEFT (Convergence)

g =50MeV g =100 MeV
n — NLO 25 ~ — NLO
1.2 \‘ NNLO ] / \ NNLO
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Nuclear Response Functions from YEFT (Partial Waves)
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Nuclear Polarizability Contribution to *H and ;?H HFS (yEFT)

Hyperfine Energy Shift £,
2H(1S) p?H(1S)  pPH(29)

kHz meV meV
NLORs450 109.5 2.819 0.352
N2LORs450 109.4 2.816 0.352
N3LO14daho 110.2 2.834 0.354

Pionless EFT | 109.8(4.5) 2.86(12) 0.358(14)

o Preliminary results of nuclear polarizability contributions to HFS in xEFT
o Consistent with #ZEFT prediction



TPE effects to HFS in other atoms

o TPE effects to HFS in other atoms lack systmatic studies
o How does nuclear polarizability change with Z and A?
o contributions from two-nucleon currents?

o Without direct calculation, extract nuclear polarizability through:
o HFS spectroscopy - QED - scattering data (Zemach radius)
o Unclear mechanism of nuclear polarizability effects

PHYSICAL REVIEW A 107, 052802 (2023)

“We obtain a surprising result that
the nuclear polarizability of the helion
yields just 3% of the total nuclear

Nuclear polarizability effects in *He* hyperfine splitting

Vojtéch Patk6$®,! Viadimir A. Yerokhin®,2 and Krzysztof Pachucki correction, which is smaller than for

Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, 121 16 Prague 2, Czech Republic th e proton ”
2Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany p .

3Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland



TPE effects to HFS in %7Li

o R.("Li) from HFS spectroscopy - QED agrees
with R, from e-Li scattering

o large discrepancy exists for R, (°Li)
o imply that &por(“Li) Il 8per(CLI)

Puchalski, Pachucki, PRL 111, 243001 (2013)
Qi et al., PRL 125, 183002 (2020)

Li et al., PRL 124, 063002 (2020)

Guan et al.,, PRA 102, 030801(R) (2020)

Zemach radius of °Li
—8——1 This work: 2°50-2°8]

=k This work: 2°s]-2%s%

(=]
Puchalski

etal. [12] Nuclear physics value [13] —&—

1 Lietal. [12,36]

Zemach radius of ' Li
This work: 2°82-23832 |-g
This work:
23g312_53g5/2
1 1
Puchalski et al. [12] |1

Nuclear physics value [13] -6+

2 25 3 3.5 4

R, (im)



Conclusion

Q@ radius puzzle & spectroscopy in hydrogen-like atoms
o Challenge higher-order QED theory
o TPE effects connect atomic transition with photo-nuclear reaction
o Use low-energy nuclear theory to probe precision physics

@ TPE effects to Lamb shift
o determine nuclear charge radii

o Ab inito calculations improve theoretical accuracy to percentage
o more accurate than extracting information from photonuclear reaction data

@ TPE effects to hyperfine splitting

o determine nuclear magnetic structure

Ab initio theory to determine TPE effects to HFS

further improve accuracy in nuclear theory (xEFT, or #EFT at N°LO)
uncertainty in nucleonic TPE needs to be reanalyzed

Future extension to study TPE effects to HFS in u®He, e®7Li

© © 0 o
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