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The Standard Model and Beyond

On the “bright” side

Standard Model of Particle Physics (SM) — very successful

Proton — difficult but calculable

On the “dark” side
Evidence for New Physics — Physics beyond the SM (BSM)

Hadrons (e.g., the proton) are often involved in “puzzles” — disagreement
between SM predictions and experiments



NEW PHYSICS SEARCHES

Freeman Dyson: “If you look for nature’s secrets in only one direction, you are
likely to miss the most important secrets”
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NEW PHYSICS SEARCHES

Freeman Dyson: “If you look for nature’s secrets in only one direction, you are

likely to miss the most important secrets” ... “For making important
discoveries, high accuracy was more useful than high
energy.’

SM prediction vs. experimental
observation
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Mismatch implies “New Physics™ or insufficient
understanding of the SM!




HADRONIC CORRECTIONS

QCD is non-perturbative at low energies, due to strong coupling

running of the coupling constant

probing small distance scales (x) —

<3 Oep(@) N (ep}

(]

3

large momentum transfer (02) -

Hadronic corrections are challenging to calculate:
Effective field theories, e.g., chiral perturbation theory (ChPT) or pionless EFT

Lattice QCD

Dispersion relations (unitarity, causality) — basis for data-driven evaluations



The Puzzling Proton i

X

‘ https://www.sciencenews.org



PROTON RADIUS PUZZLE

e-p scattering

W,

H spectroscopy

I
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uw
Mp spectroscopy

CODATA

'18 -

'14 -

'10 -

Muonic atoms

Lensky et al. '22 (uD+is0) -
Antognini et al. '13 (uH) 1
Pohl et al. '10 (uH) -

H spectroscopy
H(2S-8D) Colorado '21 A
H(1S-3S) Garching '20 -

H(2S-2P) Toronto '19 -
H(1S-3S) Paris '18
H(25-4P) Garching '17 A
H pre '14 (CODATA) A

ep scattering

Xiong et al. '19 (PRad) 1
Horbatsch et al. '17 A
Higinbotham et al. '16
Lee et al. '15 -

Sick '12

Bernauer et al. '10 (MAMI)

ep scatt., disp. analysis
Lin et al. '21 A

Alarcon et al. '18 1
Lorenz et al. '14 -
Belushkin et al. '07 -

—e

II
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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(15-3S)

Precise and accurate!
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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

(25) 2PE (mainly subtraction term)

Tp = 0°84087(12)Sy8(23)8tat (29)theory fm (15) QED
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



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!

¥




Muonic Atom Spectrosccﬂ
Theory Initiative

“Muonic atoms @ PSI2022” / PSI, October 2022

from PUZZLE
“Nucleon Structure at Low-Q” / Crete, May 2023

“PREN & pASTI” / JGU Mainz, June 2023

Initials objectives:

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

to PRECISION
Community consensus on SM predictions

Emphasis on the hyperfine splitting in yH

Steering committee: Aldo Antognini, Carl Carlson, Franziska Hagelstein, Paul Indelicato,
Krzysztof Pachucki,Vladimir Pascalutsa
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Muonic Atom Spectrosccﬂ/

heory nitiative

Inspired by the success of the Muon g-2 Theory Initiative we are from PUZZLE
launching the Muonic Atom Spectroscopy Theory Initiative (WASTI).

The initiative aims to support the experimental effort on the spectroscopy
of light muonic atoms by improving the Standard Model theory predictions
for the Lamb shift and hyperfine splitting in muonic hydrogen, deuterium,
and helium, in order to match the anticipated accuracy of future
measurements. An initial focus will be on the ground state hyperfine
splitting in muonic hydrogen.

The upcoming kick-off event for the Theory Initiative is organized as a to PRECISION
joint meeting with the Proton Radius European Network (PREN) at the
Johannes Gutenberg University Mainz (June 26-30, 2023).

NEWS



POLARIZABILITIES

Electric dipole polarizability: 70
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DIAMAGNETIC OR PARAMAGNETIC ?

15— . NLO BChPT Baldin sum rule constrains
T | LO BChPT the sum of electric and
s 10 haIHDBChPT magnetic dipole
19
= polarizabilities through
S J. Alarcon, FH, V. Lensky .
L sl and V. Pascalutsa, photoabsorption data
i +  Phys. Rev. D 102 (2020) 114026; ) — —4 £..3
: " ibid. 102 (2020) 114006 ag; + Py (Baldin) = 14.0(2) X 107" fm
Olb v v O. Gryniuk, FH, V. Pascalutsa,
000 005 010 015 020 025 0.30 Phys. Rev. D 92, 074031 (2015)
Q? [GeV?]
MAMI (2022) HIGS (2022)
> ML s s 1 . .
el 51 | = Proton dia- or paramagnetic?
HDPV [48,49] I ]
4 | . Fais0l af ] By (ChPT) = 3.9(0.7) x 10~* fm?
I These results F |
| B (DR) = 2.4(0.6) x 10~ fm?
£ . | Byyi (MAMI) = 3.14(0.51) x 10~ fm3
‘N 3! By (HIGS) = 0.2(1.2) x 10~* fm?
1 ] Eur. Phys. J. C75 (2015) 604
14 [ ] Phys. Rev. Lett. 129 (2022) 10, 102501
o ] Phys. Rev. Lett. 128 (2022) 13, 132502
[ ' Phys. Rev. Lett. 128 (2022) 13, 132503
° 9 10 11 12 13 14 e s e T e
ag1[1074fm?3] a
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ag (1074 fm?d)
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PROTON “STRECHINESS” ?

Electric dipole polarizability extracted from virtual Compton scattering differs from
theoretical expectation

—— NRQCM

— - LSM

— - ELM
BChPT

- - DR

— Experimental fit

® This work

N —

T —
- m—,

- -
——————
-t
.

NewScientist

Judith McGovern: “| don’t think
most people took [the 2000 result]
really seriously, | think they assumed
that it would go away, and, if I’m
quite honest, | think most
people will still assume that it
will go away.”

nature

Nikolaos Sparveris: “It is certainly
puzzling for the physics of the strong interaction,
if this thing persists ... So, the ball now is
on the side of the [standard model]
theory.”

ScienceNews

INDEPENDENT JOURNALISM SINCE 1921

Viadimir Pascalutsa: “Usually, behaviors
of these things are quite, let’s say, smooth and
there are no bumps ... don’t want to kill
the buzz, but yeah, I’m quite
skeptical as a theorist that this thing
is going to stay.”

14



Nuclear Structure from Spectroscopy

https://arstechnica.com



NUCLEAR STRUCTURE EFFECTS

’ A .
Whgj muonte atoms ? =
5 _2P_ Lamb shift
~ Electron LCIICj Z~ 2S-2P uH, uD, u3He+*, u*He+

@ @ Muon = Charge radii
/on Proton
Muonic

Hydrogen Hydrogen 1S Hyperfine splitting (HFS)

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

wave function at

Lamb shift: the origin

Ao 1 Zam
R2, — ~— "R
3 m(an)? [ b 2 E(2)]

NLO becomes appreciable in puH
Fermi energy:

HFS: |
8Zal+k 1

AFE,s(LO 4+ NLO) = Erp(nS) |1 —2Zam, Rz] Ep(nS) = g—5 -3
with Bohr radius a = 1/(Zam,.)

AFE,;(LO+NLO) = &

16



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

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

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

“Blob” corresponds to (VVCS):
v v 4797 1 p-q v P4,
T""(q,p) = (‘9“ + .2 ) Ty (v, QQ) + 2 (P“ - q—QC]N) ( — q—Qq ) T5 (v, QQ)
1 1
— 7" )% (v, @)= == (V¢ + 0" — 7" qo )|Sa (v, Q%)
Proton structure functions: |fi(z, Q?), fa(z, QZ)‘, 91(z, Q%), g2(z, Q) .
Lamb shift Hyperfine splitting

(HFS) /&

17



2y EFFECT IN THE LAMB SHIFT

wave function
at the origin

2 —27) T (v, Q%) — (Q° + v°) Ta(r, Q%)

oo 2T

B 1 [ dv dq (Q
AE(nS) = 8ram ¢ ;/ /(27r)3

Q QT — 4m?1?)

Tl(ya QQ) —

dispersion relation
& optical theorem:

TZ(Va QQ) —

Tl (07 Q2) +

321 Z%aMv? /1 e zf1(x, Q%)
Q4 0 1 — $2(V/Vel)2 — ZO"’

167 2%aM (* fo(x, Q%)
dz
!

1 —2?(v/ve)? —i0F

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

is modelled!

low-energy expansion:
lim 741(0,Q%)/Q* = 47l
Q2—0

modelled Q2 behavior:

T1(0,Q%) = 4nfars Q2 (1 + Q2/A%)"

18



POLARIZABILITY EFFECT IN LAMB SHIFT

BChPT result is in good agreement with dispersive calculations !!!

Agreement also for the contribution of the T subtraction function !!!

Table 1 Forward 2y-exchange contributions to the 25-shift in yH, in units of peV.

Reference

(subt)
EZS

(inel)
EQS’

E<2Y)

25 25 25
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
(80) Alarcon et al. '14 -9.673%
(81) Lensky et al. ’17 ® 35295 -12.1(1.8) | -8.6%:3
LATTICE 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.

LO BChPT prediction with
pion-nucleon loop diagrams:

§ //’\\\ % // \\\ § %\\\ §
L | v \ v |
(a) (b) (©)
i 1 J . J |
(d) (e) ()
H’W‘«fﬁ w
\ I \ I
N\ / N /
(2 (h) (1))

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

19



POLARIZABILITY EFFECT IN LAMB SHIFT

BChPT result is in good agreement with dispersive calculations !!!

Agreement also for the contribution of the T subtraction function !!!

Table 1 Forward 2y-exchange contributions to the 25-shift in yH, in units of peV.

Reference Eézum) E;isnel) E;I;Ol) Eé‘;}) E%W
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

(80) Alarcon et al. '14 -9.673%

(81) Lensky et al. ’17 ® 35295 -12.1(1.8) | -8.6%:3

LATTICE 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.

A prediction from A(1232) exchange:

Uses large-Nc relations for the
Jones-Scadron N-to-A transition
form factors

Small due to the suppression of fmi
in the Lamb shift but important for

A Jpu—

V. Lensky, FH, V. Pascalutsa, M. Vanderhaeghen,
Phys. Rev. D 97 (2018) 074012
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T,(0,Q%)/47Q% [107* fm?]

\\L\ T T

SUBTRACTION FUNCTION
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~
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7
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NLO BChPT &-exp.
total without gm dipole
TIN loops

TA loops

A-exchange

J. Alarcon, FH, V. Lensky

and V. Pascalutsa,

Phys. Rev. D 102 (2020) 114026;
ibid. 102 (2020) 114006
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T,(0,Q%)/47Q% [107* fm?]

SUBTRACTION FUNCTION

~————

4:’\ ) E.\\
L N o 6f ‘\
2r 1 E | ~
L ~N o RS S
Oi ~ 1 N: \: ......... S
[ \\ — RPN \ ~~
_ol - — _ ¥ ~
| \ c\b 07 N~
—4F 1 e |
: = _2} .....................................
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
@7 [GeV?]
6 HBChPT
14 . == BChPT
o 4- - — = BChPT with A FF
£ “\'\-s.__s empirical result
E
fe
S -2- Te——
I .
_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?H)

V. Lensky, FH, V. Pascalutsa and M. Vanderhaeghen
Phys. Rev. D 97 (2018) 074012

Q° [GeV?]

NLO BChPT &-exp.
total without gm dipole
TIN loops

TA loops

A-exchange

J. Alarcon, FH, V. Lensky

and V. Pascalutsa,

Phys. Rev. D 102 (2020) 114026;
ibid. 102 (2020) 114006
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T,(0,Q%)/47Q% [107* fm?]

SUBTRACTION FUNCTION

AN N - ] NLO BChPT &-exp.
oI\ T8 I total without gm dipole
L \ < : \~\~ :
: ~ o 4. S ] TIN loops
Oi \ | : L Nt S ~.\~~.~ A
7 \\ | NO ; \ -~~-----L~ ~~~~~~ : ]-[A |OOPS
~~ i = 2 ----;='—’-l--...._
—-2" — - 7 <\|‘ e ] A h
L J (3 O N
, ] S ]
_4) S ~—-. ] J. Alarcon, FH, V. Lensky
L |\ ------------------------------------ EW’
, _of == and V. Pascalutsa,
_6- ] Phys. Rev. D 102 (2020) 114026;

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30 ibid. 102 (2020) 114006

Q? [GeV?] Q? [GeV?]
° HBCHPT First lattice results by
14 » == BChPT
~ 4 - — - BChPT with A FF several groups!
£ ‘“\'\-s.__s empirical result
< 0.00 1 i L 32x64,a=0.074
% A 48 % 96,a = 0.068
—0:251 { 483 x 96,a = 0.058
Cb —0.50 A
3 =~ o 9
9: -2— s = Ty —1.00 4 }
= . { .
—1.25 A z E z z
_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 T | 150 4 I {
0 0.1 0.2 03
Q2 (GeVZ) ~1.75 1
V. Lensky, FH, V. Pascalutsa and M. Vanderhaeghen N 2 46 o fG . 0 12 116
(]

Phys. Rev. D 97 (2018) 074012
CSSM-QCDSF-UKQCD Collaboration, 2207.03040.
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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

R

. gl based on Bosted-Christy parametrization:
I inel. (F1+F>) ot ]
Sl S F contr. E(lnel) 0 12.3 V
e - F, contr. (U ) B ) ,Lle

20F

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

10}

AEZ S [,LtCV]

J;

~10}F

FH, V. Pascalutsa, Nucl. Phys. A 1016 (2021) 122323
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T.(0,Q%)/472Q° [107* fm?]

2305.08814

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."""" LA B S B S B S B AL B
" P 12 ag; = (11.2 + 0.4) [PDG] y
41 =10} 1
2| © gl
0} € 6
| T
-2 o 4;
| 2 ol
—4r ~ 2I ]
I | i |
_6l ) Ot ]
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
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HYPERFINE SPLITTING IN uxH

AfyHFS (TLS) — [1 + AQED + Avveauk + Astructure] EF (nS)

with Agiructure = Az |+ Arecoil + APOI

Zemach radius:

_ 8Zam, [ dQ Gr(Q*)Gr(Q?) _
— - /O 0 [ T+ —1{ =-2Zam, Ry

experimental value: R; = 1.082(37) fm
A. Antognini, et al., Science 339 (2013) 417—420

Ay

Lamb
shift

25 172

2P fine splitting

2S hyperfine splitting

F=0

Measurements of the |UH ground-state HFS planned by the CREMA, FAMU

and J-PARC / Riken-RAL collaborations

Very precise input for the 2y effect needed to narrow down frequency search

range for experiment

Zemach radius can help to pin down the

of the proton
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HYPERFINE SPLITTING

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

Experiment: HFS in uH, uHe™, ...

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
mth the heclll'o tc.>f full » test HFS theory
eory predictions: - :
QED, weak, finite Input for data- + combining HFS in H & uH
size, polarizability driven evaluations with theory prediction for
polarizabilities |
y Spectroscopy of
ordinary atoms (H, He™)
n and

n Scattering
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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
¥

see talk by
Clara Peset

LITTING

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

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

» test nuclear theories

Experiment: HFS in uH, uHe™, ...

Determine
fundamental
constants

Zemach radius R,

Vi Spectroscopy of
ordinary atoms (H, He™)
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HYPERFINE SPLITTING

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
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Disp. Rel.
Tomalak '18 -
Carlson et al. '08 -
Faustov et al. '06

BxPT LO
this work

PLITTING

2305.09633

ERQ (1S, uH) [eV]

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,

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

on and
on 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™)

Experiment: HFS in uH, uHe™, ...

Determine
fundamental
constants

Zemach radius R,
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1.00 -

Lin et al. '21
Borah et al. '20
CREMA "13
Distler et al. 11

Dipole form factor

H 2S HFS + LO ByPT -

e Kelly'04

Bradford et al. '06
= Arrington et al. '07
Arrington & Sick '07

H 1S HFS + LO BYPT -

transitions
with the help of full
theory predictions:
QED, weak, finite
size, polarizability

0.90

combining HFS in H & uH
> test HFS theory

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

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

> test nuclear theories

and

Scattering

Spectroscopy of
ordinary atoms (H, He™)

|
«

Determine
fundamental
constants

Zemach radius R,
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COMBINING uH, H, HE, HD+, ...

|

i Proton structure : UH (25-2P)
| GHQ?), Gy(Q?) \ 6=1x10"
|

|

|

|

|

FQY), F(xQ) |
91(X,QZ), gz(X,Qz) : I I’p(5 =4x10%) -

| |
| |
[ |
[ |
/ : [ H(15-35) ] : Best test of
= -12 H- | |
H (15-25) R : 6=1x10 : energy levels

Isotope shift e /: :

H - D(15-25) - . R | He*(15-25) ! Best test of
o \ | R(6=8x1013) =5l | He0529 1 higher-order
! = =5y | S | - | terms o Z5-7
1 rd(5 =8x10 ) : | |
——————————————— ! R., | |

| |
| |
[ |
. w , : HD* : Best test of a
P 6(rot) =5x 107" three-body
_ *)I |
S(rot) =1x 10" 5! 6(rot-vib)=2x 107" || molecule
6(rot-vib) =3 x 10712 ’ | |
J d | |
r- - T TTTTTTTSTSTSSTSEST \ | |
MM, (6=2x10") | | :
D d me/Mp | |
| |
1 Mp/Md | |
[ |
[ |
Penning trap MP/M12C5+ | '
roaram » || Bound-electron g-factor |! Best test of
programs >: §=4x10" : bound g-factors
_________________ 7 -—— me/Mp | |

____________________

A. Antognini, FH, V. Pascalutsa, Ann. Rev. Nucl. Part. 72 (2022) 389-418
A. Antognini, FH, et al., 2210.16929 (submitted as community input for the NuPECC Long Range Plan 2024)
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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
Eirl [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)

V. Lensky, A. Hiller Blin, FH, V. Pascalutsa, 2203.13030
V. Lensky, FH, V. Pascalutsa, 2206.14756, 2206.14066

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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Thank you for your attention!
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POLARIZABILITY EFFECT IN THE HFS

Polarizability effect on the HFS is completely constrained by empirical information

Ap01,=A1+A2=zﬂ(1+K)M(5l+52)
_[Tdo | S+4y o _32M4[% ) ) 1 1 1
51_210 0 {(vl+1)2[411(Q)+F2(Q)] 0 Odxxgl(x’Q)(vl+vx)(1+vx)(1+vl) 4+1+vx+vl+1

5 *°dQ (' 5 1 1
5,=96M>| —=| dxgyx,0?) -
0 0] 0 vi+v, v+1

[, 1 0’ 0’
- — — 2. -1 . —
with v; = 1+Tl,vx_\/1+xr ,71—4 2andr—4 5

BChPT calculation puts the reliability of dispersive calculations (and BChPT) to the test

Disp. Rel.
Tomalak '19 - : °
Carlson et al. '08 A : *
Faustov et al. '06 - : o

BxPT LO
this work 1 I ®

ERS (1S, uH) [ueV]
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2y EFFECT IN THE p¢H HFS

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

Reference Ay Arecoil Apol Aq As E%’Yzlfs
[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 YPT

Peset et al. ’17 (13) -1.161(20)

LEADING-ORDER YxPT

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

+A(1232) EXCIT.

Hagelstein et al. '18 (15) -13 84 -97

*Adjusted values: Ay, 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+d5*4)Ay 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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POLARIZABILITY EFFECT FROM BCHPT

LO BChPT result is compatible with zero

Contributions from o; + and o, are sizeable and largely cancel each other

e T T 6
30 I
i 4¢
20} I
] — E(Apol) 3 2 T — E(Bpa)
= E(A = | 0.7 ? E(A
T ( LT) T o= 0.4 3 ( LT)
5 —Eom 5 O 05— E(am)
= — E(A4) T o) , — E(A4)
— E(A2) — E(A2)
'4; -4.4 »7
00 o5 10 15

Qfrax [GeV?]

Are the data-driven evaluations/uncertainties affected by cancelations!?

Scaling with lepton mass of the lepton-proton bound state

o——————————— 17—

S S S S SO S N
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

my [GeV]
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DATA-DRIVEN EVALUATION

Empirical information on spin structure functions from JLab Spin Physics Programme

4+ 4 g2p Data

201 += Hall B Model |
= MAID Model
— Alarcon et al.
— — Bernard et al.
< J
ug L _...E--- "r
ﬁr L]
o B
s |
_4:,\
\wwww\\\\\\\\\\\\\\\\\\\\\\\\‘7 _6;\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
0.00 005 010 0.15 020 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30

@ [GeV?] & [GeV?]

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

( )

3
5;(H) ~ —szrgauh + 18M%c 5| 032, = 1.35(90),

\ S 519 —3.54
1 ) 5 M2 Qliax ) —0.6; _
51(/4H) ~ || ==K T T 8M“ci ——, dQ ﬂl(’[ﬂ) = 0.86(69) *
3 3a 0
—>213 —0.8;‘ S T S T S S S S S S R \ 7
| —-145 —0.18 | 0.00 0.01 0.02 0.03 0.04
Q? [GeV?]
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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):

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

Ef QEDiweak hVP g 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
;?; QEDIweak uVP 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) Ep(uH) b, s(uH)
EZ+p01 H) = F n Z+pol H n . H
i) = 7 S ) (D) by st T Apetti) sl G sl
= —6x10forn=1 =-5x107forn=2

2. Disentangle Zemach radius and polarizability contribution

3. Testing the theory
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