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Lamb shift: the origin

NUCLEAR STRUCTURE EFFECTS

’ A .
Whg muowntle atoms ? =
5 _2P_ Lamb shift
~ Electron L?Cj Z~ 2S-2P uH, uD, u3He+*, u*He+

G @ Muon = Charge radii
/
/ton Proton

Muonic

Hydrogen Hydrogen 1S Hyperfine splitting (HFS)

—T 1S-HFS  uH, p3He+
= Zemach radii, magnetic properties

wave function at

2nZa 1 Zom,

AE, (LO+NLO) = 2
l( O+ O) 5l0 3 7T(CLTl)3 [RE 9 RE(2)]

HFS: l Fermi energy:
AE,5(LO + NLO) = Ep(nS) [1 — 2 Zam, Ry) Ep(ns) = S 20t L
with Bohr radius a = 1/(Zam,.)

!

NLO becomes appreciable in puH
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THEORY OF yH LAMB SHIFT

1-loop eVP

proton size

2-loop eVP (Kallen-Sabry)

uSE and uvP

discrepancy

1-loop eVP in 2 Coulomb lines
recoil

TPE
(el)

(pol) 1

hadronic VP
proton SE
3-loop eVP

light-by-light scattering

0.001

subleading effects of
proton structure

310 peV ¢ -
7 7
P Z
theory uncertainty: sV (27 — 5Ve(1§,3t)1c + 5v;§g>m,

2.0 ueV

1 10 100 1000
[meV]

R 2
EMM = 206.0336(15)[— 5.2275(10) <—E) |—|—E27" [values in meV]
fm
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PROTON CHARGE RADIUS
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Muonic atoms allow for PRECISE
extractions of nuclear charge and
Zemach radii

CODATA since 2018 included the uH

result for r,

Still open issues: H(2S-8D) and
H(1S-395)

Question:
PRECISION VS ACCURACY

s/ Precision X Precision X Precision v/ Precision
X Accuracy v/ Accuracy X Accuracy v/ Accuracy



FROM PUZZLE TO PRECISION

see talks by
A.Antognini,A.Vacchi, P. Strasser,

Several experimental activities ongoing and proposed: A.Knecht and B. Ohayon
- IS hyperfine splitting in H and yHe (CREMA, FAMU, |]-PARC)
- Improved measurement of Lamb shift in xH, uD and uHe™ possible ( X 5)

- Medium- and high-Z muonic atoms

> Theory support is needed

, V.}
=
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LAMB SHIFT IN MUONIC ATOMS

THEORY EXPERIMENT
AErpg + 0theo (AETPE) Ref. dexp(ALS) Ref.
pH 33 peV + 2 ueV Antognini et al. (2013) | 2.3 ueV ~ Antognini et al. (2013)
uD 1710 peV £ 15 peV Krauth et al. (2015) 3.4 peV Pohl et al. (2016)
3 He™ 15.30 meV =+ 0.52 meV Franke et al. (2017) 0.05 meV
ptHe™ 9.34 meV + 0.25 meV Diepold et al. (2018) | 0.05 meV  Krauth et al. (2020)
—0.15 meV £ 0.15 meV (3PE)  Pachucki et al. (2018)

nH: | present accuracy comparable with experimental precision

uD, u3He+, pn4He+: present accuracy factor 5-10 worse than experimental precision

ry = 0°84087(]—2)Sys (23)Stat (29)theory frm gg; éIIDEED (mainly subtraction term)

rda — 2-12562(5)Sys(12)stat(77)theory fm basically only nuclear 2PE

(70) 2PE (elastic 25, nuclear inelastic 36, nucleon inelastic 56)
Ta — 1-67824(2)sys(13)stat (82)theory fm (42) 3PE (inelastic contribution missing)
(4) QED
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HYPERFINE SPLITTING IN uH

THEORY INITIATIVE

Epps = 182.443 + 1.350(7) + 0.004 + E;, <1.01958(13)AZ + 1.01656(4)A .. + 1.00402Ap01> [meV]

Er QED+weak hVP
2y
364(89)
7400(38) 20 7403(21) 837(3) 37(95) [ppm]
Experiment % % ? T
(<1) <1 ppm ? New FF measurements? Spin program?
ChPT?

Theory compilations, including mixed terms (recoil-finite size-
radiative), hadronic effects, meson contributions.

Aldo Antognini 26
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THEORY INITIATIVE

Kick-off meeting to form a dedicated “Muonic Atom Spectroscopy Theory
Initiate” similar to the “Muon g-2 Theory Initiate”

Working groups, possible divisions:

. WH, uD, ..., X, Mu(?)

2. Lamb shift, fine structure, hyperfine splitting

3. QED, QCD = (EFTs, data-driven dispersive, lattice QCD)

Main outcome: full SM prediction!

More workshops foreseen, e.g.:

Satellite-workshop to “Nucleon Structure at Low Q”, Crete, May 2023!?
Dedicated MITP workshop in 2024?
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HYPERFINE SPLITTING

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

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 ETFE, EP°L 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™)

n and
n Scattering
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COMBINING uH, H, He, HD+, ...

|
i Proton structure : UH (25-2P)

| GE(Q?), Gu(Q?) \ 6=1x107

' !

|

|

| 1
|

F‘I (XIQZ)I FZ(X/QZ) |

9:1(x,Q?), g>(x,Q?)

|
| |
| |
| |
| - ~ |
/ : H(15-35) : Best test of
6=1x107"2 H-energy levels
H (15-25) R. L J =
_ -15

Isotope shift o=4x10 /: :

H - D(15-25) oo . R L He*(15-25) N\ Best test of
e ——— . . R(6=8x%x101) = ): 56 1012 : higher-order
, sy ! | | - | terms o« Z>-7
1 I’d((s =8x%10 ) : | \ / |
——————————————— ! R.. | |

| |
| |
| |
. 2 ; : HD* : Best test of a
HD ” p > | S(rot) =5x 101 | three-body
S(rot) = 1% 10" > || S(rot-vib)=2x 107" || molecule
6(rot-vib) =3 x 10712 r | |
v d | |
P e e e e e e e e e e e S S nSe=eS \ | I
 Mo/M,(6=2x10") | ; :
R T T T i ) me/Mp | |
| |
l M,/Mgy | |
| |
| |
Penning trap Mp/Mi> s+ | '
% || Bound-electron g-factor |! Best test of
programs >: 5=4x10"11 : bound g-factors
_________________ o - me/Mp | |

____________________

A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022) 389-418
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INTERPLAY WITH THEORY AND OTHER EXPERIMENTS

HFS experiments

Heavier

HFS

Theor)’ Theory: QED, ChPT, data-driven friment' HFS in //tH ﬂHe_l_ (I;]\:s:,::)
dispersion relations - + pr
! L H, ubD, uHe™, ...
ab-initio few-nucleon theories, LQCD R0, e
BSM
- Fr— Testing the theory Determine
nterpreting the
fundamental
exp. » bound-state QED for H, He™ constants
Guiding the exp. » HFS theory
TPE 1.
extract £, EPY, > nuclear theories » Rydberg
find HFS or LS R, or Ry > three-body molecules constantR
transitions » bound g-factors > T
with the help of full TPE | ;ﬁgﬁf ?:d”
theory predlct!o.ns: Input for data- i copy of (Rg and Ry)
QED, weak, finite dri uat ordinary atoms (H, He™) . mass rat
size, polarizability riven evaluations ass ratios

form factors, I

structure functions, ‘

Hydrogen
olecular ions

Polarizabilities

HD*

polarizabilities

Scattering
experiments

nd
cattering

https://indico.psi.ch/event/
13154/

PSI 2022 Franziska Hagelstein 24th May 2022 12



LIMITING THEORY UNCERTAINTIES

Theoretical approaches to low-energy QCD

Lattice

Dispersive
data-driven

Vladimir Pascalutsa — Introduction to “Proton structure in and out of muonic hydrogen”— PSI2022 Satellite Workshop — Oct 14,15
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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

see talks by
A. Pineda,V. Lensky, : I
: : elastic contribution:
M. Gorshteyn and S. Li Muli polarizability contribution finite-size recoil,
3rd Zemach moment (Lamb shift),
Zemach radius (Hyperfine splitting)
“Blob” corresponds to (VVCS):
v _ v 4797 > 1 p-q vy P4, >
T" (q,p) = (—g“ e )Tl(v,Q N+ 77 ( “—q—QQ“) ( — e 1 )TQ(VaQ )
1 1% 1 14 14 14
— — ", (91 (v, Q)| — —5 (V@ + 4"V g — V740 )52 (v, Q°)
M M
Proton structure functions: | fi(z, Q?), fz(ﬂ?,QZ)‘, g1(z,Q%), g2(x, Q?) .
Lamb shift Hyperfine splitting B
(HFS) N
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2y EFFECT IN THE LAMB SHIFT

wave function
at the origin

L L1 [Ny [ da (QF = 22) Ti(1,Q2) — (@24 ) Th(r,Q?)
AE(HS) — 87TC¥m§bn ;/—oo V7 /(271-)3 Q4(Q4 _4m2y2)

Tl(ya QQ) — T1(07 Q2) +

32w Z2aMv? /1 e xf1(z, Q?)
Q4 0 1 — CEQ(V/Vel)Q — ZO+

1
167Tg2204M/0 A fa(z, Q%)

1 —2%(v/veq)? —i0t

dispersion relation
& optical theorem:

TQ(Va Q2) —

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

low-energy expansion:

real Compton scattering / lim Tl (O’ Qz)/Q2 = 41 Bpr
Q?*—0

: 2
polarizabilities: determine slope of f;,(Q)

: through dilepton production:
J-McGovern, E. Mornacchi modelled Q2 behavior: M.Vanderhaeghen

and E. Downie o 4
T1(0,Q) = 47Ban Q2/ (1 + Q2/A?)
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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+,
n> 03 (14 v)?

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

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

Prospects for future lattice QCD and EFT calculations

40 IIIIIIIIIIIIIIIIIII /! . . .
3 .~ 1 based on Bosted-Christy parametrization:

AE(D (v, = 0) ~ — 12.3 ueV
AE 1D (v, = iQ) ~ 1.6 ueV

i inel. (F1+F>) 7
30:_ ----- F contr.

[ = - F»> contr.
20F

AEZ S [,LtCV]

P
P
P
P
-~
P
P
P
-
-
”
-

FH, V. Pascalutsa, Nucl. Phys. A 1016 (2021) 122323
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2y POLARIZABILITY EFFECT IN THE HFS

Constrained by empirical information: Disp. Rel.
spin structure functions, g,(x, Q%) and Tomalak '18 1 = .
2 . ) Carlson et al. '08 - | . i
g-(x, O¢),and Pauli form factor F;5,(O°) rLustoy et al ‘064 : .
. o BXPT LO
BXPT calculation puts the reliability of this work 4 —
dispersive calculations (and BXPT) to Banasnsses
the test ?!

LO BXPT result is compatible with zero

Contributions from 6+ and o7 are sizeable and
largely cancel each other

Are the data-driven evaluations affected by cancelations!?

E — E(Apol)
= — E(AL7)
5’): — E(Ar)
= — E(A4)
— E(A2)
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PROTON ZEMACH RADIUS

1.15 -~
Changes (smaller, just liker) |
p 110t _.e="" ] Lin et al. '21
’’’’’’ - Borah et al. 20
o . ) R AR Rt P CREMA '13
TABLE I. Determinations of the proton Zemach radius Rz, in units of fm. S il , ,
= 105 _.--""" | S . ] Distler et al. '11
ep scattering wH 28 hfs H 1S hfs o 1 T I Dipole form factor
: {H 2S HFS + LO BXPT -
Lin et al. ’21 |Borah et al. 20| Antognini et al. ’13|LO BxPT|Volotka et al. '04 |LO BxPT , b | e Kelly'04
r H 1S HFS + LO BYPT - '
1.05475:50% | 1.0227(107) 1.082(37) 1.040(33) 1.045(16) 1.010(9) 1.00. TR ] Bradford et al. ‘06
— 1 = Arrington et al. '07
Arrington & Sick '07
095 L L L L L L L L L L L L L L L
0.84 0.86 0.88 0.90
Re [fm]

Empirical information on spin structure functions is limited

Low-Q region is very important (cancelation between I,(Q?) and F,(Q?))

4 4 g2p Data
- Hall B Model [§
- MAID Model

—— Alarcon et al.

Bernard et al.

2.0

15¢

5LT(10_4 fm*)

051

r N ]

0.0

000 005 010 015 020 025 0.30 0.00 005 010 015 020 025 030
@ [GeV?] @ [GeV?]

spin structure functions: New data JLab Spin Physics Programme, e.g., g2p 2204.10224.

K. Slifer and A. Deur
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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. iUH and |S vs. 25

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

Eirs.nss(H) = [1418840.082(9) +1612.673(3) +0.274 +0.077 5 (ECXP' (H)> 10 % 10-13
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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DEUTERON CHARGE RADIUS

CODATA
18 1 bed
14 - ——

ed scattering
Sick & Trautmann '98 I o

pD spectroscopy

N3LO pionless EFT A ke
Kalinowski '19 - ke
CREMA '16 - Fed
D 1S-2S & R, (CODATA)
N3LO pionless EFT - fel
N3LO pionless EFT A

Antognini et al. '13

Pohl et al. '17 1

— — 1 T T T T T
2.11 2.12 2.13 2.14 2.15
rq [fm]

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

Higher-order contributions to UD Lamb shift are important:

2
r
E,p_,s(uD) = |228.77408(38) — 6.10801(28) (f—d> ~ | EZ |+ 0.00219(92)] meV
m

Coulomb (non-forward) distortion (starting a® log a):E%’“lomb = 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

39E . - .
= | @ Sick&Trautmann Phe ]
_F |m Abbottetal. | _~ ]
“. 38F PR 3
ETY ]
ME37E_ /” —f
- o e .
6F -7 :
-~ =
35:—. 111111 [P [P [P P L
4.0 4.2 4.4 4.6
r{ [fm?]

PSI 2022 Franziska Hagelstein

24th May 2022

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
properties of form factor parametrisations

Abbott parametrisation gives different radii

22



2y EFFECT IN uD LAMB SHIFT

Carlson et al. '14 -

YET - o
N3LO pionless EFT - } ®
~046  —044 042
E5¢™ [meV]
YET
Hhcharya ctal 211 T
N3LO pionless EFT A } o
154 -152 -150
EXl [meV]
EZY [meV]
Theory prediction
Krauth et al. 16 [5] —1.7096(200)
Kalinowski '19 [6, Eq. (6) + (19)]|[—1.740(21)
AEFT (this work) —1.752(20)
Empirical (uH + iso)
Pohl et al. "16 [3] —1.7638(68)
This work —1.7585(56)

PSI 2022 Franziska Hagelstein 24th May 2022

V. Lensky, A. Hiller Blin, FH, V. Pascalutsa, 2203.13030
V. Lensky, FH, V. Pascalutsa, in preparation

N3LO pionless EFT + higher-order
single-nucleon effects:

ES&te = — (0.446(8) meV

EntL = — 1.509(16) meV

E;gel’T = — 0.005 meV
Ehadr = _ 0.032(6) meV
Eze;’P = —0.027 meV

Elastic 2y several standard deviations
larger

Inelastic 2y consistent with other results

Agreement with precise empirical value
for the 2y effect extracted with

r;(uH + 180)
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CONCLUSIONS

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

" Experiment: HFS in uH, uHe™, ...
LS in uH, uD, uHe™, ...

Guiding the exp.

find HFS or LS
transitions
with the help of full
theory predictions:
QED, weak, finite
size, polarizability

Interpreting the
exp.

extract ETPE, gpol.
R, or Ry

>
>
>
>

>

Testing the theory

bound-state QED for H, He™
HFS theory

nuclear theories

three-body molecules
bound g-factors

Determine
fundamental
constants

> Rydberg
constantR
» charge and

PSI 2022

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

Franziska Hagelstein

n and
n Scattering

24th May 2022

£

Spectroscopy of
ordinary atoms (H, He™)

Hydrogen
molecular ions

ng

Zemach radii
(Rg and R))
» mass ratios

https://indico.psi.ch/event/
13154/
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Thank you for your attention!

Franziska Hagelstein 24th May 2022
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