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PRECISION ATOMIC SPECTROSCOPY

| Proton structure
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A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022) 389
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FROM PUZZLE TO PRECISION

Several experimental activities ongoing and proposed:
- IS hyperfine splitting in uH (ppm accuracy) and uHe
- Improved measurement of Lamb shift in uH, D and yHe™ possible ( X 5)

- Medium- and high-Z muonic atoms

> Theory Initiative is needed!

e =y
o
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Muonic Atom Speotrosccﬂ
Theory Initiative

Initial objectives:

Accurate theory predictions for light muonic atoms to test fundamental interactions by
comparing to electronic atoms

, _r from PUZZLE
Community consensus on SM predictions

First emphasis on the hyperfne splitting in uH

FRELFTY
L1y pﬂi Ll ]

[
HDU' UDU

to PRECISION
https://asti.uni-mainz.de
“New perspectives in the charge radii

determination of light nuclei”
ECT* Trento, 28.07.25 — 01.08.25
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NUCLEAR STRUCTURE EFFECTS
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NUCLEAR STRUCTURE EFFECTS
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NUCLEAR STRUCTURE EFFECTS

uH, uD, u3He+*, u*He+

Hyperfine splitting (HFS)
uH, u3Het
= Zemach radii, magnetic properties
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NUCLEAR STRUCTURE EFFECTS

A
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Hyperfine splitting (HFS)
t 4 uH udHe
= Zemach radii, magnetic properties
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NORMALVS. MUONIC ATOMS

muonic hydrogen: normal hydrogen:

2P=z/o

Lamb shift

dominant QED contributions
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Comprehensive theory of the Lamb shift in light muonic atoms

K. Pachucki,! V. Lensky,? F. Hagelstein,>3 S. S. Li Muli,? S. Bacca,”* and R. Pohl®
1Facu/t“y of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

2 Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, 55128 Mainz, Germany
3Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

* Helmholtz-Institut Mainz, Johannes Gutenberg Universitat Mainz, 55099 Mainz, Germany
S Institut fiir Physik, Johannes Gutenberg-Universitat Mainz, 55099 Mainz, Germany

(Dated: May 19, 2023) Rev. Mod. Phys. 96 (2024) 1, 015001

point nucleus 206.0344(3)  228.7740(3)  1644.348(8) 1668.491(7)
finite size —5.2259 77 —6.1074r; —103.3837;  —106.209 7
nuclear structure 0.028 9(25) 1.7503(200)  15.499(378) 9.276(433)

experiment® 202.3706(23)  202.8785(34) 1258.598(48)  1378.521(48)

this work 0.84060(39)  2.12758(78)  1.97007(94)  1.6786(12)
previous® 0.84087(39)  2.12562(78)  1.97007(94)  1.67824(83)
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Comprehensive theory of the Lamb shift in light muonic atoms

K. Pachucki,! V. Lensky,? F. Hagelstein,>3 S. S. Li Muli,? S. Bacca,”* and R. Pohl®
1Facu/t“y of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

2 Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, 55128 Mainz, Germany
3Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

* Helmholtz-Institut Mainz, Johannes Gutenberg Universitat Mainz, 55099 Mainz, Germany
S Institut fiir Physik, Johannes Gutenberg-Universitat Mainz, 55099 Mainz, Germany

(Dated: May 19, 2023) Rev. Mod. Phys. 96 (2024) 1, 015001

point nucleus 206.0344(3)  228.7740(3)  1644.348(8)  1668.491(7)
finite size —5.2259 77 —6.107472  —103.3837r3 —106.209 2
nuclear structure 0.028 9(25) 1.7503(200)  15.499(378) 9.276(433)
experiment? 202.3706(23)  202.8785(34) 1258.598(48)  1378.521(48)
this work 0.84060(39)  2.12758(78)  1.97007(94)  1.6786(12)
previous® 0.84087(39)  2.12562(78)  1.97007(94)  1.67824(83)
MH: present accuracy comparable with experimental precision
D, u3He*, utHet: resent accuracy factor 5-10 worse than experimental precision
ML, M M P )4 P P
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Comprehensive theory of the Lamb shift in light muonic atoms

K. Pachucki,! V. Lensky,? F. Hagelstein,>3 S. S. Li Muli,? S. Bacca,”* and R. Pohl®
1Facu/t“y of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

2 Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, 55128 Mainz, Germany
3Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

* Helmholtz-Institut Mainz, Johannes Gutenberg Universitat Mainz, 55099 Mainz, Germany
S Institut fiir Physik, Johannes Gutenberg-Universitat Mainz, 55099 Mainz, Germany

(Dated: May 19, 2023) Rev. Mod. Phys. 96 (2024) 1, 015001

point nucleus 206.0344(3)  228.7740(3)  1644.348(8)  1668.491(7)
finite size —5.2259 77 —6.107472  —103.3837r3 —106.209 2
nuclear structure 0.028 9(25) 1.7503(200)  15.499(378) 9.276(433)
experiment? 202.3706(23)  202.8785(34) 1258.598(48)  1378.521(48)
this work 0.84060(39)  2.12758(78)  1.97007(94)  1.6786(12)
previous® 0.84087(39)  2.12562(78)  1.97007(94)  1.67824(83)
MH: present accuracy comparable with experimental precision
D, u3He*, utHet: resent accuracy factor 5-10 worse than experimental precision
ML, M M P )4 P P

Experiments will improve by up to a factor of 5

Theoretical improvement needed for nuclear/nucleon 2- and 3-photon exchange
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Comprehensive theory of the Lamb shift in light muonic atoms

EqED

EL (exp)

rc
rc

(Za)®
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a(Za)®
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K. Pachucki,! V. Lensky,? F. Hagelstein,?3 S. S. Li Muli,? S. Bacca,”* and R. Pohl®
1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

2 Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, 55128 Mainz, Germany
®Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

*Helmholtz-Institut Mainz, Johannes Gutenberg Universitat Mainz, 55099 Mainz, Germany
S Institut fiir Physik, Johannes Gutenberg-Universitat Mainz, 55099 Mainz, Germany

(Dated: May 19, 2023) Rev. Mod. Phys. 96 (2024) 1, 015001

point nucleus 206.0344(3)  228.7740(3)  1644.348(8) 1668.491(7)
finite size —5.2259 717 —6.1074r2  —103.383r; —106.209 12
nuclear structure 0.028 9(25) 1.7503(200)  15.499(378) 9.276(433)
experiment?® 202.3706(23)  202.8785(34) 1258.598(48)  1378.521(48)
this work 0.84060(39)  2.12758(78)  1.97007(94)  1.6786(12)
previous® 0.84087(39)  2.12562(78)  1.97007(94)  1.67824(83)
TPE 0.029 2(25) 1.979(20) 16.38(31) 9.76(40)
Coulomb distortion 0.0 —0.261 —1.010 —0.536

3PE —0.001 3(3) 0.002 2(9) —0.214(214)  —0.165(165)
eVP) with TPE 0.000 6(1) 0.027 5(4) 0.266(24) 0.158(12)
uSEW + uVPW with TPE 0.000 4 0.002 6(3) 0.077(8) 0.059(6)

Theoretical improvement needed for nuclear/nucleon 2- and 3-photon exchange
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STRUCTURE EFFECTS THROUGH 2y

Proton-structure effects at subleading orders arise through multi-photon processes

4 4 4 4
¢§ §¢ ¢i i¢
P o P o

forward
two-photon exchange (2y)
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polarizability contribution

Franziska Hagelstein
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elastic contribution:
finite-size recoil,
3rd Zemach moment (Lamb shift),

Zemach radius (Hyperfine splitting)
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STRUCTURE EFFECTS THROUGH 2y

Proton-structure effects at subleading orders arise through multi-photon processes

4 4 4 4
¢§ §¢ ¢i i¢
P o P o

forward
two-photon exchange (2y)

“Blob” corresponds to

L o, 4"
" (q,p) = | —9"" + " Ty (v,

1

Uro

da
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elastic contribution:

polarizability contribution finite-size recoil,

3rd Zemach moment (Lamb shift),
Zemach radius (Hyperfine splitting)

(VVCS):

Sl(yv QQ)

P (-2 e) (v - 2t )
1

— 2 (M + 0" e - 0"V qa )S2(v, Q?)
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STRUCTURE EFFECTS THROUGH 2y

Proton-structure effects at subleading orders arise through multi-photon processes

2 2 2 2
forward
two-photon exchange (2y) 7 7 7 7
p p p p

o o elastic contribution:
polarizability contribution finite-size recoil,

3rd Zemach moment (Lamb shift),
Zemach radius (Hyperfine splitting)

“Blob” corresponds to (VVCS):
y s 1 p-q v P q
T (Q7p) = (‘9“ T .2 )Tl(% QQ) T 2 (P“ — q—QC]“) ( — q—2q )T2(V7 QQ)
1 1
— 7" )% (v, @)= == (V¢ + 0" — 7" qo )|Sa (v, Q%)
Proton structure functions: | fi(z, Q?), fz(ﬂ?,QZ)‘, g1(z,Q%), g2(x, Q?) -
Lamb shift Hyperfine splitting B

(HES) 4~
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POLARIZABILITIES

Electric polarizability:
71T ~ -
P y. ) i ZAAN

— 7y 7.'55\\\}

— /7 7 1T TR RN
— i O\ iﬂ“‘\i‘\\
( lf E [TV [] \ 7
e o 2O [T

1 %2/ N\ -- '::.‘.““
N

induced electric dipole
polarization (linear dielectric)

Paramagnetic . . .-
i Magnetic polarizability:

o \ >~ - -
for polarization induced by
magnetic field

diamagnetic: Sy <0 _
paramagnetic: S > 0
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é é 2y EFFECT IN THE LAMB SHIFT

wave function
at the origin

B 1 dv [ dg (Q%—20))Ti(v,Q?) — (Q* + v?) Tr(v, Q?)
AE(nS) = 8ram ¢, i /_OO 27 /(277)3 Q*(Q* — 4m?v?)

321 Z%aMv? (! xfi(z, Q%)
Ty (v, Q%) = Ty (0, Q* / d !
dispersion relation 1, Q) 1(0,Q7) + Q4 0 1z 12 (v /Ve)? —i0t

& optical theorem: 2 1 2
P Ty(v. Q%) = 1672 aM/ 4 fa(x, Q%) |
Q? 0 1 —22(v/ve)? —i0t
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% é 2y EFFECT IN THE LAMB SHIFT

wave function
at the origin

B 1 dv [ dg (Q%—20))Ti(v,Q?) — (Q* + v?) Tr(v, Q?)
AE(nS) = 8ram ¢, i /_OO 27 /(277)3 Q*(Q* — 4m?v?)

2N _ 1 32nZ%aMy? ! zf1(z, Q%)
Tl(VaQ ) —Tl(oaQ )—|_ Q4 /O dxl—xQ(y/Vel)2—i0+

1
1677222(1]\4/0 4 fa(z, Q%)

1 —2%(v/ve)? —i0t

dispersion relation
& optical theorem:

T2(V7 QQ) —

Caution: in the data-driven dispersive approach
the T/(0,Q2) subtraction function is modelled!

low-energy expansion:
lim 7T4(0,Q%)/Q* = 47 B
Q%2—0

modelled Q2 behavior:

T1(0,Q%) = 4nfan @2/ (1 + Q*/A%)*
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é é 2y EFFECT IN THE LAMB SHIFT

wave function
at the origin

2 —2w?) T (v, Q%) — (Q° + v*) Tn(r, Q?)

B 1 [>*dv [ dq (@
AE(nS) = 87Tozm¢n;/_oo27r /(2%)3

Q QT dmv?)

Tl(Va QQ) —

dispersion relation
& optical theorem:

T2(V7 QQ) —

Caution: in the data-driven dispersive approach
the T/(0,Q2) subtraction function is modelled!

Tl (07 Q2) +

321 Z2a M 1/?

xfl (CIZ‘, Qz)

1
/dx
0

f2($7 Q2>

Q4

1677220 M /1
5 dx
Q 0

low-energy expansion:
lim 7T4(0,Q%)/Q* = 47 B
Q%2—0

modelled Q2 behavior:

T1(0,Q%) = 4nfan @2/ (1 + Q*/A%)*
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2y POLARIZABILITY EFFECT FROM BCHPT

ER S
LO BChPT prediction with

%12 ;; w 1151‘ ﬁ pion-nucleon loop diagrams:

(d)

T jf % ﬁ W AEOP (28, yH) = — 9.6 4} 5 peV

(h) (J)
J. M. Alarcon, V. Lensky, V. Pascalutsa, Eur. Phys. J. C 74 (2014) 2852
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2y POLARIZABILITY EFFECT FROM BCHPT

ER e
LO BChPT prediction with
%1; ;; w 11'71‘ ﬁ pion-nucleon loop diagrams:

m,j e A e

(h) (j)
J. M. Alarcon, V. Lensky, V. Pascalutsa, Eur. Phys. J. C 74 (2014) 2852

A prediction from A(1232) exchange:

Uses large-N. relations for the Jones-Scadron
N-to-A transition form factors | M. Paclone, Mon.

A Small due to the suppression of Bm; in the
Lamb shift but important for the T
V. Lensky, FH, V. Pascalutsa, M. Vanderhaeghen, SUu bt raction fu nction

Phys. Rev. D 97 (2018) 074012

AEA—excitpol (o6 H) = 0.95 + 0.95 ueV
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POLARIZABILITY EFFECT IN uH LAMB SHIFT

Assuming ChPT
X Qfq is working, it should be best
applicable to atomic systems,
l where the energies are very
small !
Table 1 Forward 2y-exchange contributions to the 2S-shift in yH, in units of peV.
Reference Eéfgubt) Eéglel) Eé‘;"l) Eégl) E%Y)

DATA-DRIVEN

(73) Pachucki "9 1.9 ~13.9 S12(2)  -23.2(1.0) | -35.2(2.2)
(74) Martynenko ’06 2.3 -16.1 -13.8(2.9)

(75) Carlson et al. '11 5.3(1.9) -12.7(5) -7.4(2.0)

(76) Birse and McGovern ’12 | 4.2(1.0)  -12.7(5) | -8.5(1.1) -24.7(1.6) | -33(2)
(77) Gorchtein et al.’13 * 2.3(4.6)  -13.0(6) | -15.3(4.6) -24.5(1.2) | -39.8(4.8)
(78) Hill and Paz ’16 -30(13)
(79) Tomalak’18 2.3(1.3) ~10.3(1.4) -18.6(1.6) | —29.0(2.1)

LEADING-ORDER BxPT
(81) Lensky et al. 17 ® 35705 -12.1(1.8) | -8.6%:3
LaTtTicE QCD
(82) Fu et al. '22 -37.4(4.9)

# Adjusted values due to a different decomposition into the elastic and polarizability contributions.
PPartially includes the A(1232)-isobar contribution.
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POLARIZABILITY EFFECT IN uH LAMB SHIFT

Assuming ChPT
X P X gy is working, it should be best
applicable to atomic systems,
l l where the energies are very
small !
Table 1 Forward 2y-exchange contributions to the 2S-shift in yH, in units of peV.
Reference Eézubt) Egglel) Eégc’l) E;gl) E%Y)
DATA-DRIVEN
(73) Pachucki "99 1.9 ~13.9 ~12(2)  -23.2(1.0) | -35.2(2.2)
(74) Martynenko ’06 2.3 -16.1 -13.8(2.9)
(75) Carlson et al. '11 5.3(1.9) -12.7(5) -7.4(2.0)
(76) Birse and McGovern ’12 | 4.2(1.0)  -12.7(5) | -85(1.1) -24.7(1.6) | -33(2)
(77) Gorchtein et al.’13 * ~2.3(4.6)  -13.0(6) | -15.3(4.6) —24.5(1.2) | —39.8(4.8)
(78) Hill and Paz '16 -30(13)
(79) Tomalak’18 2.3(1.3) ~10.3(1.4) -18.6(1.6) | —29.0(2.1)
LEADING-ORDER BxPT
~9.673:3
3.5105  -121(1.8) | -8.6'%3
LaTtTicE QCD
(82) Fu et al. '22 -37.4(4.9)

# Adjusted values due to a different decomposition into the elastic and polarizability contributions.
PPartially includes the A(1232)-isobar contribution.

Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024 14



EUCLIDEAN SUBTRACTION FUNCTION

Once-subtracted dispersion relation for T, (v, Q%) with subtraction at v, = iQ

Dominant part of polarizability contribution:

A (subl) _ 205m¢2“oo dQ 2+,
nS

Q3 (1+v)?

T,(iQ. 0% with v, = \/ 1 + 4m*/Q?

> T,(i0.0%) = — T,(i0, 0 = — 42Q%ay, + 6%, Q%)

Inelastic contribution for v, = iQ is order of magnitude smaller than for v, = 0

Prospects for future lattice QCD and EFT calculations

AEZ S [,LtCV]

Chiral Dynamics 2024 @ Uni Bochum

40
30

20F

inel. (F1+F>) 7
Sttt Fy contr.

[ = - F»> contr.

’/
’
e
’
-
e
”
' d
-
-
-
-
-
’f
-

FH, V. Pascalutsa, Nucl. Phys. A 1016 (2021) 122323

based on Bosted-Christy parametrization:
AE(D (v, = 0) ~ — 12.3 ueV
AE 1D (v, = iQ) ~ 1.6 ueV

Franziska Hagelstein 30th August 2024 15



T,(0,@%)/47Q% [107* fm?]

SUBTRACTION

FUNCTION

4r g
N < AN NLO BChPT &-exp.
| mE i \,\ . .
2\ £ NLO without gm dipole
0 \\ L2 TN e TIN loops
~ o N
I g L ~——allie,
Ll — — ] 2 \\\ e TA loops
| \ G o N | A-exchange
4 1 < I ~—__ |
; NP NI e
000 005 010 015 020 025 030 000 005 010 015 020 025 0.0
Q? [GeV?] Q? [GeV?]
6 . .
_ HEChPT Related to magnetic dipole
4 - — = BChPT with A FF polarizability:
S~

empirical result

E .
<
=
o, _
~ RS ~ L —
(‘b | —~— ~ -~ - -_ _
= -2 -
|~
_4 | T T T T T T T T T | T T T T T T T T T | T T T T T T T T I |
0 0.1 0.2 0.3
Q* (GeV?)
V. Lensky, FH, V. Pascalutsa and M. Vanderhaeghen
Phys. Rev. D 97 (2018) 074012
Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein

lim 74(0,Q%)/Q* = 4B

Dominated by the A-exchange
contribution:
Dipole FF on the magnetic
coupling is important
— zero crossing

30t August 2024 16



T.(0,Q%)/472Q° [107* fm?]

V. Biloshytskyi, I. Ciobotaru-Hriscu, FH, V. Lensky, V. Pascalutsa, PRD 109 (2024) 016026
DATA-DRIVEN EVALUATION

New integral equations for data-driven evaluation of subtraction functions

High-quality parametrization of 6; at Q — 0 needed

202 [ dv V2 . 2 [ o, (v, 0%)
2\ — 2 AN 2
6_,‘ 1 ——— 77— y
| 2y ag, = (11.2 + 0.4) [PDG] -.
‘| =10} ]
2| ° gf
0} € 6
: N AY
-2 o 4;
| 2 ol
—4r 1 = 2I ]
I | i |
Al ] Or ]
0.00 0.05 010 015 0.20 0.25 0.30 0.00 0.05 010 0.15 0.20 0.25 0.30
Q° [GeV?] Q° [GeV?)
---------- MAID LO yPT: nN-loops
NLO yPT [Lensky et al., PRC (2014)] HBYPT [Birse and McGovern, EPJA, (2012)]

[Alarcon et al., PRD (2020)]
Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024 17



(Zot)é In(Zor) POLARIZABILITY EFFECT

V(r) =[a(0)5(r) |- / " at T (1) [@ _e t}

T t A7r

off-forward 2y

yye’

Im . (t) ~ — 1= t/am?)2 Vtarccos [Vt/2m] ag; + O(t)
B - _4(Zosz,a§4oz apl Zam,
n 2nm

(Za)® In(ZLax) effect in the Lamb shift is expressed entirely in terms of the
static electric dipole polarizability

No contribution from the magnetic dipole polarizability

Can be identified with the known Coulomb distortion effect

Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024 18



HYPERFINE SPLITTING IN uH

Fermi energy:

AFyrs (TLS) — [1 + AQED + Ayeak + Astructure] Er (nS) Er(nS) = 8Zal+rk 1

3 a3 mM n3
with Bohr radius ¢ = 1/(Zam,.)

2P fine splitting

Measurements of the JH ground-state
HFS planned by the CREMA and FAMU

collaborations

triplet

Lamb

shift Very precise input for the 2y effect

Vsinglet needed to narrow down frequency
search range for experiment

Zemach radius can help to pin down the
of the proton

23 172

2S hyperfine splitting

Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024 19



AEHFS (TLS) —

with Agiructure = Az + Arecoil + APOI

HYPERFINE SPLITTING IN uH

[1 -+ AQED + Aweak + Astructure] EF (TLS Az + Arecoil

<3

Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024
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HYPERFINE SPLITTING IN uH

AEHFS (TLS) — [1 + AQED + AWeauk + Astructure] EF (TLS

with Astruc:ture —

Az

\

=+ Arecoil + Apol

Zemach radius:

Ay =

s

QQ

1+ kK

8Zam, /OOO dQ [GE(Q2)Gm(Q2>

A. Antognini, et al., Science 339 (2013) 417—420

—1{ =-2Zam, Ry

Chiral Dynamics 2024 @ Uni Bochum

Franziska Hagelstein

30th August 2024

AZ + Arecoﬂ

<3

20



HYPERFINE SPLITTING IN uH

AfUHFS (TLS) — [1 + AQED + Avveauk + Astructure] EF (TLS AZ + Arec01l

with Astruc:ture — AZ =+ A1“GCOi1 - APOI i i

Zemach radius:

8Zam, [ dQ [Gr(Q*)Gr(Q?) B AN
AZ — . /(; Q2 [ = 1 I 24 — 1] — —QZOémTRZ 4 p 1 p
A. Antognini, et al., Science 339 (2013) 417—420 , 2 E ,
z P
[ RZ AZ ‘ Arecoil Apol J

+ +21 \
1.0547 ¢, fm  =7403 ;¢ ppm 850 ppm 37(95) ppm (LO BChPT)
Lin, et al. '22] [Antognini, et al. 22, [Antognini, et al. '22] [Hagelstein, et al. '23]

annual reviews]

Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024 20



HYPERFINE SPLITTING IN uH

Theory: QED, ChPT, data-driven
dispersion relations,
ab-initio few-nucleon theories

¢ Experiment: HFS in uH, uHe™, ...

Interpreting the exp.
Guiding the exp.

extract ETFE, EP°L or R,

find narrow 1S HFS
transitions
with the help of full

theory predictions:

QED, weak, finite I_nput for dat_a-
size, polarizability driven evaluations

form factors,
structure functions,
polarizabilities

n and
n Scattering

Testing the theory

> discriminate between theory
predictions for polarizability
effect
- disentangle R, &
polarizability effect by
combining HFS in H & uH
> test HFS theory
« combining HFS in H & uH
with theory prediction for
polarizability effect
> test nuclear theories

Determine
fundamental
constants

Zemach radius R,

Spectroscopy of
ordinary atoms (H, He™)

Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024
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H rescaling
Antognini et al. '22 -

Disp. Rel.
Tomalak '18 -

HBxPT
Peset et al. '17 [ °

BxPT LO
this work -

182.60 182.64 182.68
Ents (1S, uH) [meV]

|3
¥

0.16 meV (40 GHz) search range

Interpreting the exp.
Guiding the exp.

extract ETFE, EP°L or R,

Predictions for the IS HFS in uH are driven by the IS HFS in H
A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022)

find narrow 1S HFS
transitions
with the help of full
theory predictions:
QED, weak, finite
size, polarizability

Input for data-
driven evaluations
form factors,
structure functions,
polarizabilities

n and
n Scattering

Chiral Dynamics 2024 @ Uni Bochum

3
| |

2sting the theory

inate between theory
ons for polarizability

- disentangle R, &
polarizability effect by
combining HFS in H & uH

> test HFS theory

« combining HFS in H & uH
with theory prediction for
polarizability effect

Franziska Hagelstein

» test nuclear theories

TING IN uH

Experiment: HFS in uH, uHe™, ...

Determine
fundamental
constants

Zemach radius R,

y Spectroscopy of
ordinary atoms (H, He™)

30th August 2024
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HYPERFINE SPLITTING IN uH

The hyperfine splitting of yH (theory update):

A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022)

Ergnes = [ 182.443 +1.350(7) +0.004 ~1.30653(17) (@) + B (1.01656(4) Arecoit + 1.00402 Apor ) | meV

_ fm
E eak hVP ~- g
8 QED+weak 27y incl. radiative corr.
> discriminate between theory Determine
Interpreting the exp. predictions for polarizability |  fundamental
Guiding the exp. effect constants
extract ETPE, EPOl or R, - disentangle kK, &
find narrow 1S HFS polarizability effect by Zemach radius R,
| transitions combining HFS in H & uH
with the help of full > test HFS theory
theory predictions: Input for data- + combining HFS in H & uH
QED, weak, finite . .
. N driven evaluations with theory prediction for
size, polarizability L
form factors, polarizability effect
structure functions, > test nuclear theories
polarizabilities |

Spectroscopy of
ordinary atoms (H, He™)

ron and
ton Scattering

Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024 23



POLARIZABILITY EFFECT IN HFS

Polarizability effect on the HFS is completely constrained by empirical information

A =A,+A, = o, + 0o
pol. 1 2 272'(1 + K)M ( 1 2)
©dQ | 5+4y o0 32ME [T 5 1 1 1
5 =2 4002 + P3| - =5 | dxate 0% 4+ +
0 O v+ 1) @) 0 v, +v)(d +v ) +vy) I+v, v+1
© 4Q (¥ 1 1
5, = 96M2J —J dx g,(x, 0?) —~ 1 - 0’ 0’
2 0 Q3 0 2 v+, Vl"‘l with v, = 1+:l,vx=\/1+xzr 1,rl=mandr=4M2
g = 1 \
Tomalak
etal. '19
Carlson |
etal '11
Faustov |
et al. '06
LO ByPT -
agesten ] A | A
—6.5 OiO Oi5 1j0 1t5 2i0 2i5 3t0 —1100 6 160 260 360 460 560 660
Dpor [eH] (ppm) Dpor [UH] (ppm)
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POLARIZABILITY EFFECT IN HFS

Polarizability effect on the HFS is completely constrained by empirical information

Apol.=A1+A2=zﬂ(1+K)M(61+52)
_[Tdo | S+4y o _32M4[x0 ) ) 1 1 1
51_2L 0 (vl+1)2[411(Q)+F2(Q)] 0 Odxxgl(x’Q)(vl+vx)(1+vx)(1+vl) 4+1+vx+v,+1

4m? AM?

OOdQ X 1 1
_ 2 2 _ / ’ ’
0, = 96M .[0 Q3 Jo el O )<V1+Vx V1+1> with v; = 1+l,Vx=V1+x27_1’TI=Q_a”dT= C
7

Data-Driven |
Analyses

DR mesesson - .

Tomalak
etal.'19

Carlson |
etal. '11

Faustov |
et al. '06

LO ByPT -

gl A | A

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 -100 0 100 200 300 400 500 600
Dpor [eH] (ppm) Dpor [UH] (ppm)
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2y EFFECT INTHE ptH HFS

Table 1 Forward 2vy-exchange contribution to the HFS in yH.

Reference Az Arecoil Apol Aq A Ei?%fs
[ppm] [ppm] [ppm] [ppm] [ppm] [meV]

DATA-DRIVEN

Pachucki 96 (1) -8025 1666 0(658) -1.160

Faustov et al. ’01 (9)* —-7180 410(80) 468 -58

Faustov et al. ’06 (10)" 470(104) 518 —48

Carlson et al. '11 (11)° ~7703 931 | 351(114) | 370(112) | -19(19) | -1.171(39)

Tomalak '18 (12)¢ ~7333(48) | 846(6) | 364(89) | 429(84) | -65(20) | -1.117(19)

HEAVY-BARYON YPT

Peset et al. "17 (13) -1.161(20)

LEADING-ORDER xPT

Hagelstein et al. 16 (14) 37(95) 29(90) 9(29)

+A(1232) EXCIT.

Hagelstein et al. ’18 (15) -13 84 -97

#Adjusted values: A, and A; corrected by —46 ppm as described in Ref. 16.

PDifferent convention was used to calculate the Pauli form factor contribution to A1, which is equivalent
to the approximate formula in the limit of m = 0 used for H in Ref. 11.

“Elastic form factors from Ref. 17 and updated error analysis from Ref. 16. Note that this result already
includes radiative corrections for the Zemach-radius contribution, (1+659)Az with 654 ~ 0.0153 (18, 19),
as well as higher-order recoil corrections with the proton anomalous magnetic moment, cf. (11, Eq. 22)
and (18).

dUses r, from pH (20) as input.

Chiral Dynamics 2024 @ Uni Bochum Franziska Hagelstein 30th August 2024
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2y EFFECT INTHE ptH HFS

l Assuming ChPT is
Table 1 Forward 2y-exchange contribution to the HFS in uH. working, it should be best applicable
Referonce A N A A A ) to atomi.c systems, where the
Z recoil pol 1 2 15-hfs energies are very small !
[ppm] [ppm] [ppm] [ppm] [ppm] [meV]
DATA-DRIVEN
Pachucki 96 (1) -8025 1666 0(658) -1.160
Faustov et al. ’01 (9)* —-7180 410(80) 468 -58
Faustov et al. '06 (10)" 470(104) 518 48
Carlson et al. "11 (11)° ~7703 031 | 351(114) | 370(112) | -19(19) | -1.171(39)
Tomalak ’18 (12)¢ ~7333(48) | 846(6) | 364(89) | 429(84) | -65(20) | —1.117(19)
HEAVY-BARYON xPT
Peset et al. ’17 (13 -1.161(20)
LEADING-ORDER xPT
Hagelstein et al. 16 (14) 37(95) 29(90) 9(29)
+A(1232) EXCIT.
Hagelstein et al. ’18 (15) -13 84 -97

#Adjusted values: A, and A; corrected by —46 ppm as described in Ref. 16.

PDifferent convention was used to calculate the Pauli form factor contribution to A1, which is equivalent
to the approximate formula in the limit of m =0 used for H in Ref. 11.

“Elastic form factors from Ref. 17 and updated error analysis from Ref. 16. Note that this result already
includes radiative corrections for the Zemach-radius contribution, (1+659)Az with 654 ~ 0.0153 (18, 19),
as well as higher-order recoil corrections with the proton anomalous magnetic moment, cf. (11, Eq. 22)
and (18).

dUses 7, from pH (20) as input.
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2y EFFECT INTHE uH HFS
l l l Assuming ChPT is

working, it should be best applicable

Table 1 Forward 2vy-exchange contribution to the HFS in yH.
to atomic systems, where the

Reference Az Arecoil Apol A1 A By energies are very small !
[ppm] [ppm] [ppm] [ppm] [ppm] [meV]

DATA-DRIVEN

Pachucki 96 (1) -8025 1666 0(658) -1.160

Faustov et al. ’01 (9)* —-7180 410(80) 468 -58

Faustov et al. ’06 (10)® 470(104) | 518 48

Carlson et al. '11 (11)° 7703 031 | 351(114) | 370(112) | -19(19) | -1.171(39)

Tomalak ’18 (12)4 7333(48) | 846(6) | 364(89) | 429(84) | -65(20) | —1.117(19)

HEAVY-BARYON xPT
Peset et al. ’17 (13 -1.161(20)

LEADING-ORDER xPT

Hagelstein et al. 16 (14) 37(95) 29(90) 9(29)
+A(1232) EXCIT.
Hagelstein et al. ’18 (15) -13 84 -97

#Adjusted values: A, and A; corrected by —46 ppm as described in Ref. 16.

PDifferent convention was used to calculate the Pauli form factor contribution to Aj, which is equivalent
to the approximate formula in the limit of m =0 used for H in Ref. 11.

“Elastic form factors from Ref. 17 and updated error analysis from Ref. 16. Note that this result already
includes radiative corrections for the Zemach-radius contribution, (1+659)Az with 654 ~ 0.0153 (18, 19),
as well as higher-order recoil corrections with the proton anomalous magnetic moment, cf. (11, Eq. 22)
and (18).

dUses 7, from pH (20) as input.
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E(1S, H) [peV]

POLARIZABILITY EFFECT FROM BCHPT

Low-Q region is very important!

LO BChPT result is compatible with zero

Contributions from o; r and o7 are sizeable and largely cancel each other

Qhhax [GEV?]

Chiral Dynamics 2024 @ Uni Bochum

6f ]
4 |
2 j
L— 0i B
: 0.3 |

_2} ]

—4 —4.4 —»7
&0 s 10 15

E(1S, uH) [ueV]

30; 8
20; :
- E(Apol.)
10+ 6.8 g
i 52 — 5] E(ALT)
C 1.6 —»
i - E(ATT)
: . — E(Aq)
: : — E(A))
: 232 —»
0.0 05 10 15
Qzax [GEV?]
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LO BYPT -

Hagelstein |
etal. '23

—A—

-0.5 0.0 0.5 1.0 1.5
Dpor [eH] (ppm)

2.5 3.0 -100 0 100 200 300 400 500 600

Dpor [LH] (ppm)

Guiding the exp.

find narrow 1S HFS
transitions
with the help of full
theory predictions:
QED, weak, finite
size, polarizability

Interpreting the exp.

extract ETFE, EP°L or R,

Chiral Dynamics 2024 @ Uni Bochum

Input for data-
driven evaluations
form factors,
structure functions,
polarizabilities

n and
n Scattering

Testing the theory

> discriminate between theory
predictions for polarizability
effect
- disentangle R, &
polarizability effect by
combining HFS in H & uH
» test HFS theory

« combining HFS in H & uH
with theory prediction for
polarizability effect

> test nuclear theories

Spectroscopy of
ordinary atoms (H, He™)

TING IN uH

Experiment: HFS in uH, uHe™, ...

Determine
fundamental
constants

Zemach radius R,

Franziska Hagelstein 30th August 2024
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THEORY OF HYPERFINE SPLITTING

A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022) 389-418

The hyperfine splitting of uH (theory update):

s = [182.443 +1.350(7) +0.004 —1.30653(17) (%) t Ep (1.01656(4) Avecoil + 1.00402 Apol)]mev

Ex QEDiweak hVP g
27v incl. radiative corr.

2y + radiative corrections = differ for H vs. AH and |S vs. 2S

The hyperfine splitting of H (theory update): High-p‘l‘"ecision m’e’a!surement
of the “2lcm line” in H:

E1sones(H) = [1418840.082(9) +1612.673(3) +0.274 +0.077 5 ( FexD. (H)> _ 10-12
Ep QED +weak pVP hVP 1S—hfs

~54.430(7) (%) + B (0.99807(13) Arecoi +1.00002 Apor ) | KHz Hellwig et al., 1970

. 7
R

27v incl. radiative corr.
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IMPACT OF H IS HFS

Experiment
CREMA '13 A ; o
Antognini et al. '22
. this work -
Disp. Rel. _
Tomalak '18 - —e—I Disp. Rel.
Tomalak '18 - —o—
Peset et l_:BX1P7T Carlson et al. '11 - b =
'17 I o i
eset et al. HBPT
H Istej BXIIDTZLZO Peset et al. '17 A b o
'22 - I ® i
agelstein et al. L ByPT
182 60 182 64 182 68 Hagelstein et al. '22 —oc—
Eus (15, ) [meV] 2280 2281 22.82

Ents (25, uH) [meV]

Leverage radiative corrections E4°!(H) = Ex(H) [bl (H) A,(H) + ¢, (H) Apol(H)] = — 54.900(71) kHz

15—hfs
A(uH
and assume the non-recoil O(a°) effects have simple scaling EHi EMH)) i = Z,pol
I" mr M

|. Prediction for uH HFS from empirical IS HFS in H

Ex(uH) m(uH) b, ((uH) Ex(uH) (uH)
Z+pol F nS Z+pol F nS
E ¢ hi(HH) = n3Ex(H) m,(H) b, ((H) BT (D = 3 Ao (#H) [ ¢1s(H)———— b () CnS(//lH):|
=—6x107forn=1 =-5x102forn=2

2. Disentangle Zemach radius and polarizability contribution

3. Testing the theory
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HYPERFINE SPLITTING IN uH

Theory: QED, ChPT, data-driven _ | p
dispersion relations, Experiment: HFS in puH, pHe™, ...

ab-initio few-nucleon theories

Testing the theory

» discriminate between theory Determine
Interpreting the exp. predictions for polarizability fundamental
GUIdlng the exp. effect constants
| extract ETPE, EPOl or R, - disentangle R, &
transitions combining HFS in H & uH
with the help of full > test HFS theory
theory predictions: Input for data- . combining HFS in H & uH
QED, weak, finite . .
. N driven evaluations with theory prediction for
size, polarizability e
polarizabilities |

Spectroscopy of
ordinary atoms (H, He™)

on and
on Scattering
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PROTON ZEMACH RADIUS

BChPT polarizability prediction implies smaller (smaller, just like r,)

‘ 1S HFS H & choice of Ay (cf. Fig. 3)

2406.18738
Ruth et al. '24 ' D.Ruth, this session —c—

Hagelstein et al. '23 (LO xPT) —e—

Lattice QCD
Djukanovic et al. '23| | ° i

Proton Form Factors
Lin et al. '21 e
Distler et al. '14 —o—|

100  1.05
R, [fm]
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H.-W. Hammer, Wed.

CORRELATION OF PROTON RADII

115 T T T T T "'o
Pt —— Linetal. 21
110/ Pt . —— Borahetal.'20
" 5 — CREMA'3
€ _-"”’ ® — Distler et al. "11
“—‘N- 1.05¢ '_.—"' - 3 . 1 ==--- Dipole form factor
24 _‘."' T UH 2S HFS + LO BxPT ———— Djukanovic et al. '23
I S ®
Sl 1 H 1S HFS + LO BXPT e Kelly'04
1.00 - .
00 I Bradford et al. '06
= Arrington et al. '07
09 i Arrington & Sick '07 Zerg_aCh
95— — — 1 — — radius
0.80 0.82 0.84 0.86 0.88 0.90
Rg [fm]
o0 2 2
| I | . 4f dQ [Ge(@*)Gu(Q*)
Z =" " —
1.06 " 5 : 7 Jo Q2 1+«
= - .
+ + — Lin et al. '21
1.04+ 1
'g — Borah et al. '20
Y
0,:\, 102" { <{> — Distler et al. '"11 & Bernauer et al. '10
Djukanovic et al. '23
1.00+ .
® RM
oegL—r o - .. © Re
0.65 0.70 0.75 0.80 0.85 0.90
Ru, Re [fm]
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DEUTERON CHARGE RADIUS V. Lensky, Tue.

CODATA
"18 - =
'14 1 i

ed scattering
Sick & Trautmann '98 I .

puD spectroscopy
N3LO pionless EFT - ke
Kalinowski '19 1 g
CREMA '16 - Fed
D 1S-2S & R,.(CODATA)

N3LO pionless EFT A fed

N3LO pionless EFT -
Antognini et al. '13

Pohl et al. '17

Precise deuteron radius from H-D [S-2S isotope shift and puH Lamb shift

Higher-order contributions to UD Lamb shift are important:

m

2
r
Eyp_pg(uD) = [228.77408(38) — 6.10801(28) (f—d> ~ | EZ |+ 0.00219(92)] meV

Coulomb (non-forward) distortion (starting a® log 05):E2C§’“1°mb = 0.2625(15) meV

2y incl. eVP| and 3y contributions starting a® [Kalinowski, Phys. Rev. A 99 (2019) 030501]
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D FORM FACTOR IN PIONLESS EFT

V. Lensky, A. Hiller Blin, V. Pascalutsa, Phys. Rev. C 104 (2021) 054003

Only one unknown low-energy constant /;
of a longitudinal photon coupling to two
nucleons

Agreement of chiral EFT and pionless EFT

\ _ Use r,; and rp, correlation to test low-(J
PF | Sick& Trautmann o properties of form factor parametrisations
_ | ™ Abbottetal. | IO S
EBE Pt Abbott parametrisation gives different radii
Q§37§ ,’,»’ 3
36; ’,,»’ | ;
- |
355—. 111111 [N [P [P RN Ly
4.0 4.2 4.4 4.6
r§ [fm’]
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2y EFFECT IN uD LAMB SHIFT

V. Lensky, FH, V. Pascalutsa, EPJ A 58 (2022) 11, 224
Carlson et al. '14 and PLB 835 (2022) 137500

XET A e

N3LO pionless EFT - | o | N3LO pi0n|eSS EFT + highel‘-ordel"
~0.46 044 042 single-nucleon effects:
ES&U [meV]
lastic __

. E5&MC = —0.446(8) meV

H d 1.'19 1 b i inel,L _ __
T el 91" T By = 120916 meY

E;gel’T = — 0.005 meV

N3LO pionless EFT - C ® i
_1s4 -152 -150 ENdr = — 0.032(6) meV
inel
Fs et ESYP = — 0.027 meV
P =—0.
2 . o .
Fas (meV] Elastic 2y several standard deviations
Theory prediction I

Krauth et al. 16 [5] —1.7096(200) arger

Kalinowski "19 {6, Eq. (6) + (19)]}| =1.740(21) Inelastic 2y consistent with other results

#EFT (this work) —1.752(20)

Empirical (4H + iso) Agreement with precise empirical value
Pohl et al. "16 [3 —1.7638(68) for the 2y effect extracted with
This work —1.7585(56) _
r;(uH + 150)
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PRECISION ATOMIC SPECTROSCOPY

| Proton structure

| AP 5 ,uH (28 — 2P)
£(07), G (O) \ §=1x%103

| Fi(x,0%),Fy(x,0%) i e

|g&XQ%gAxQ% 7, [6=4x107]:

isotope shift
H-D(1S - 2S)

H(1S - 25) R
5=4x 1071 /

HD™*

S(rot) = 1 x 1071 _,
S(rot — vib) = 3 x 10712 _>

H (1S - 39)
§=1x10"12

Het (1S - 25)
5=5x10"12

HD™
S(rot) = 5 x 1071
S(rot — vib) = 2 x 10711

Penning trap

Bound-electron g-factor

.............. e 5=4x107"!
M , M, in atomic units: = 7 @ — — — — — — —
A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022) 389
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Best test of
H-energy levels

Best test of
higher-order

terms o Z°-7

Best test of a
3-body molecule

Best test of
bound g-factors
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Thank you for your attention!
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