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— Proton Charge Radius —



STATUS PROTON CHARGE RADIUS

CODATA

'18 -

'14 -

'10 -

Muonic atoms

Lensky et al. '22 (uD+iso) 1
Antognini et al. '13 (uH) -
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) -
Horbatsch et al. '17 -
Higinbotham et al. '16
Lee et al. '151

Sick '12 A

Bernauer et al. '10 (MAMI)

Lin et al. '21 A
Alarcon et al. '18 1
Lorenz et al. '14 -
Belushkin et al. '07
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result for r,

Still open issues: H(2S-8D), H(1S-3S)
@ Paris

Important question:

PRECISION VS ACCURACY

v/ Precision X Precision X Precision v/ Precision
X Accuracy v/ Accuracy X Accuracy v/ Accuracy
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ELECTRIC SACHS FORM FACTOR

Measured in lepton-proton scattering
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SYSTEMATICS OF THE CHARGE RADIUS EXTRACTION

Lehmann '62 f = ® :
Hand '63 } —e— electron scattering

Frerejacque '66f  +——eo—— re-analysis
Akimov 72 F — dispersive analysis
Borkowski '74 F ' ¢ 1
Murphy 74 ' o
Simon '80 F —o-
McCord '91 F —er—
Wong '94 ' @
Bourzeix '96 f ®
Mergell '96 | 10—
Schwob '99 F —e—
Melnikov '00 F
Rosenfelder '00 F '-I
Eschrich '01 F ' ®
CODATA'02F
Sick '03 F
Blunden '05 F
CODATA'06 F
Belushkin '07 F o
Arnoult 10 F L ®
Bernauer '"10 f o
Borisyuk '"10
CODATA'"10F +HOH
Hill "10 ——
Pohl 10 F ®
Zhan "11F -
Adamuscin "12 } -
Sick "12F -0
Antognini "13 } ®
CODATA'"14F 0
CODATA '14 (eH) } =0
CODATA '14 (ep) } —e—i
Lorenz '14 F
Griffioen '"15F ':I:'
Lee '15 (World data) —0——
Lee "15 (Mainz data) —0——
Horbatsch '16 F —o—

ili,{'b"

08 085 09 09
Rep [fm]

NREC / PREN / pASTI 2024 @ Stony Brook Franziska Hagelstein 7th May 2024 6



SYSTEMATICS OF THE CHARGE RADIUS EXTRACTION
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talk by Pascalutsa

SYSTEMATICS OF THE CHARGE RADIUS EXTRACTION
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SYSTEMATICS OF THE CHARGE RADIUS EXTRACTION
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LOWER BOUND ON CHARGE RADIUS

=0
Ré(Qz) = — E log GE(QZ) Q—> Rl% is a lower bound ‘R,%(Qz) < R,%‘ for 0% >0

FH and V. Pascalutsa, Phys. Lett. B 797 (2019)

Re2(Q?2) is monotonically increasing towards Q%=0

Lower bound follows from finite Q? data, no extrapolation of FF data required
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talk by Pascalutsa

LOWER BOUND ON CHARGE RADIUS

6 2
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talk by Pachucki

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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talk by Pachucki

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
MD, W3He*, p4He™: present accuracy factor 5-10 worse than experimental precision
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talk by Pachucki

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®
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* 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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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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POLARIZABILITY EFFECT IN uH LAMB SHIFT

Table 1 Forward 2y-exchange contributions to the 2S5-shift in yH, in units of peV.

Reference Eézubt) Eg?el) Eégol) Eég) Eé?)
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) —-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

(80) Alarcon et al. ’14 ~9.6758

(81) Lensky et al. 17 ® 35709 -12.1(1.8) | -8.67:73

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

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

Assuming ChPT
is working, it should be best
applicable to atomic systems,
where the energies are very

small !

Reference Eg;ubt) Eéglel) 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) | -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.

NREC / PREN / yASTI 2024 @ Stony Brook

Franziska Hagelstein

7t May 2024
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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.
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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:
2am 2“‘”dQ 2+,
o @ +w?

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

n
v/
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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:
2am 2“‘”dQ 2+,
o @ +w?

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

n
v/

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

R

. .~ 1 based on Bosted-Christy parametrization:
I inel. (F1+F>) ot ]
P o Freom AE@D () = 0) ~ — 12.3 ueV
e - F; contr. 28 (US _ ) - :J HE

20F

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

AEZ S [,LtCV]

P
P
P
-~
P
P
P
-
-
”
-

FH, V. Pascalutsa, Nucl. Phys. A 1016 (2021) 122323
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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:
2am 2“‘”dQ 2+,
o @ +w?

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

n
v/

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(™) (v, = 0) ~ — 12.3 peV
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
-
-
d’
-

FH, V. Pascalutsa, Nucl. Phys. A 1016 (2021) 122323
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— Proton Zemach Radius —



HYPERFINE SPLITTING IN uH

2P fine splitting

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

Lamb
shift

25 172
2S hyperfine splitting

F=0

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

13
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HYPERFINE SPLITTING IN uH

2P fine splitting

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

with Agiructure = Az + Arecoil + APOI

Lamb
shift

25 172
2S hyperfine splitting

F=0

Measurements of the |UH ground-state HFS planned by the CREMA and FAMU
Collaborations
Very precise input for the 2y effect needed to find the JUH ground-state HFS

transition in experiment
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HYPERFINE SPLITTING IN uH

2P fine splitting

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

with Agiructure = Az |+ Arecoil + APOI

Vtriplet

Lamb
shift

Zemach radius:
— 8Zam, /OO d@ [GE(Q2)GM(Q2) — 1| = —-2Zam, Ry
0]

vsinglet

A
Z T ()2 1+ k&

experimental value: R; = 1.082(37) fm

25 172

A. Antognini, et al., Science 339 (2013) 417—420 2S hyperfine splitting

F=0

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

Very precise input for the 2y effect needed to find the JUH ground-state HFS

transition in experiment

Zemach radius can help to pin down the of the proton
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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.

NREC / PREN / pASTI 2024 @ Stony Brook Franziska Hagelstein 7th May 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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POLARIZABILITY EFFECT IN HFS

Polarizability effect on the HFS is completely constrained by empirical information

Ap01'=A1+A2=zﬂ(1+K)M(61+52)
_[Tdo | S+4y o _32M4[x0 ) ) 1 1 1
51_2[0 0 {(vl+1)2[411(Q)+F2(Q)] 0 Odxxgl(x’Q)(vl+vx)(1+vx)(1+vl) 4+1+vx+v,+1

*dQ [ 1 1
0, = 96M2J —J dx g,(x, 0?) — | 1 — 02 0?
o @ Jo vitv, v+1 with v, = 1+?l,vx= 1 +x°t ’Tl=mand1=4M2
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POLARIZABILITY EFFECT IN HFS

Polarizability effect on the HFS is completely constrained by empirical information

Ap01'=A1+A2=zﬂ(1+K)M(61+52)
_[Tdo | S+4y o _32M4[x0 ) ) 1 1 1
51_2[0 0 (vl+1)2[411(Q)+F2(Q)] 0 Odxxgl(x’Q)(v,+vx)(1+vx)(1+vl) 4+1+vx+v,+1

4m? AM?

oon 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

talk by Carlson e / P

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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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

: 30" ]
4f ) 20
Jf ] ° . — E(Apa)
: 07 g = 1 68 g | E(AL)
i 0.4 ] I 1.6 1
Oi/f 03 | 3: _>: — E(ATT)
i (0))
_2} ] E, . — E(A4)
i ; — E(A2)
_4; 44— ] —232
é)iO I 015 I 1i0 I 115 . 6.0 I 0.5 I 1.‘0 I 1i5 |
Qfax [GEV?] @2, [GeV?]
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PROTON ZEMACH RADIUS

BChPT polarizability prediction implies smaller

talk by Carlson

Ruth et al. '24 (this work)
Hagelstein et al. '23 (LO yxPT)

Lattice QCD
Djukanovic et al. '23

Proton Form Factors
Lin et al. '21
Distler et al. '14

(smaller, just like r,)

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

o
-e—

100  1.05
R, [fm]

NREC / PREN / pASTI 2024 @ Stony Brook Franziska Hagelstein 7th May 2024

17



CORRELATION OF PROTON RADII

1.15 T T T T T ""
110 |
o
3 @
=, 1,05 - = i I,
o o $
s IO 1 UH 2S HFS + LO BxPT
L e )
Sl { : H 1S HFS + LO BxPT
1.00 - !
095 | L 1 . L | . L | . L 1 L L | 1
0.80 0.82 0.84 0.86 0.88 0.90
Re [fm]

NREC / PREN / yASTI 2024 @ Stony Brook

Franziska Hagelstein 7th May 2024

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

- -=- Dipole form factor

| —— Djukanovic et al. '23

Kelly '04

Bradford et al. '06
Arrington et al. '07
Arrington & Sick '07
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CORRELATION OF PROTON RADII

R, [fm]

1.15 T T T v T "
i ,—"" Lin et al. '21
110 et Borah et al. '20
' et = CREMA '13
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— Proton Magnetic Radius —



MAGNETIC RADIUS FROM INELASTIC SCATTERING

Burkhardt-Cottingham sum rule relates elastic form factors to the zeroth
moment of an inelastic spin structure function:

2 2M2 0 2 1 2 2
L(Q7) = EJ dx g,(x, Q%) = ZFZ(Q )G (Q7)

0

Constrain the magnetic radius through inelastic scattering:

1/2
1 2450) 3k,
R,, = — — +
M [1+21<< l+x  2M2 <r>E>]

BC projection - 1 Projection assuming 25 %, |5 % and 5 %
Sick et al. '12 - relative uncertainty for 75(0)
Bernauer et al. '14 —e—
Alarcon et al. '20 - [o—
Lin et al. '22 - e
Djukanovic et al. '23 - [~
0580 085 090  0.95
Ry [fm]
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LOWER BOUND ON PROTON MAGNETIC RADIUS

150

Ry (Q?) [fm]
o
(@)

0.0l

h & [FI;II .

R, > 0.78fm -

A1 Rosenbluth data

0.00 0.02 0.04

Q? [GeV?]
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LOWER BOUND ON PROTON MAGNETIC RADIUS
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— Proton Friar Radius —



CORRELATION OF CHARGE AND FRIAR RADI]

Friar radius or

3rd Zemach
moment
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CORRELATION OF CHARGE AND FRIAR RADI]

Friar radius or

3rd Zemach
moment
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FRIAR RADIUS IN uH LAMB SHIFT

Elastic TPE splits into Friar radius + recoil part

Table 1 Forward 2y-exchange contributions to the 2§ shift in muonic hydrogen (ueV)

Reference Eg"bt) Ef;f <) Ez(‘;d) E;csr) Egg’ :
Data-driven dispersive evaluation B
Pachucki 1999 (75) 1.9 ~13.9 ~12Q2) —23.2(1.0) -35.2(2.2)
Martynenko 2006 (76) 23 —16.1 —13.8(2.9)
Carlson et al. 2011 (77) 5.3(1.9) —12.7(5) —7.4(2.0)
Birse & McGovern 2012 4.2(1.0) —12.7(5) —8.5(1.1) —24.7(1.6) —33(2)
(78)
Gorchtein et al. 2013 —2.3(4.6) —13.0(6) —15.3(4.6) —24.5(1.2) —39.8(4.8)
(79)*
Hill & Paz 2017 (80) —30(13)
Tomalak 2019 (81) 2.3(1.3) ~10.3(1.4) —18.6(1.6) —29.0(2.1)
Leading-order baryon chiral perturbation theory
Alarcén et al. 2014 (82) -9.6%3%
Lensky et al. 2018 (83)° 3.5+ —12.1(1.8) —8.6%1
Lattice QCD
Fu et al. 2022 (84) —37.4(4.9)
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FRIAR RADIUS IN uH LAMB SHIFT

Elastic TPE splits into Friar radius + recoil part

Table 1 Forward 2y-exchange contributions to the 2§ shift in muonic hydrogen (ueV) l

compare to future exp.
uncertainty ~ 0.4 peV

Reference (fg"bt) E;i; <) Ez(‘;d) E;esr) Eggy :
Data-driven dispersive evaluation B - B B B
Pachucki 1999 (75) 1.9 ~13.9 ~12Q2) —23.2(1.0) -35.2(2.2)
Martynenko 2006 (76) 23 —16.1 —13.8(2.9)

Carlson et al. 2011 (77) 5.3(1.9) —12.7(5) —7.4(2.0)

Birse & McGovern 2012 4.2(1.0) —12.7(5) —8.5(1.1) —24.7(1.6) —33(2)
(78)

Gorchtein et al. 2013 —2.3(4.6) —13.0(6) —15.3(4.6) —24.5(1.2) —39.8(4.8)
(79)*

Hill & Paz 2017 (80) —30(13)

Tomalak 2019 (81) 2.3(1.3) ~10.3(1.4) —18.6(1.6) ~29.02.1)

Leading-order baryon chiral perturbation theory

Alarcén et al. 2014 (82) -9.6%3%

Lensky et al. 2018 (83)° 3.5+ —12.1(1.8) -8.6713

Lattice QCD

Fu et al. 2022 (84) —37.4(4.9)
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FRIAR RADIUS IN uH LAMB SHIFT

Elastic TPE splits into Friar radius + recoil part

Recoil is small for pH ~ 0.03(5) peV [Karshenboim et al., PRD 91 (2015) 073003]

compare to future exp.

Table 1 Forward 2y-exchange contributions to the 2§ shift in muonic hydrogen (ueV) l uncertainty ~ 0.4 peV

Reference Eg“bt) Eg'd) Egol) E;;r) E;_zg’)
Data-driven dispersive evaluation B
Pachucki 1999 (75) 1.9 ~13.9 ~12Q2) —23.2(1.0) -35.2(2.2)
Martynenko 2006 (76) 23 —16.1 —13.8(2.9)
Carlson et al. 2011 (77) 5.3(1.9) —12.7(5) —7.4(2.0)
Birse & McGovern 2012 4.2(1.0) —12.7(5) —8.5(1.1) —24.7(1.6) —33(2)
(78)
Gorchtein et al. 2013 —2.3(4.6) —13.0(6) —15.3(4.6) —24.5(1.2) —39.8(4.8)
(79)*
Hill & Paz 2017 (80) —30(13)
Tomalak 2019 (81) 2.3(1.3) ~10.3(1.4) —18.6(1.6) —29.0(2.1)
Leading-order baryon chiral perturbation theory
Alarcén et al. 2014 (82) -9.6%3%
Lensky et al. 2018 (83)° 3.5+ —12.1(1.8) —8.6%1
Lattice QCD
Fu et al. 2022 (84) —37.4(4.9)
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FRIAR RADIUS IN uH LAMB SHIFT

Elastic TPE splits into Friar radius + recoil part
Recoil is small for pH ~ 0.03(5) peV [Karshenboim et al., PRD 91 (2015) 073003]

ESL = — 21.1(2) peV based on R; = 2.310(26) fm" [Lin et al. (2022), PRL]

compare to future exp.

Table 1 Forward 2y-exchange contributions to the 2§ shift in muonic hydrogen (ueV) l uncertalnty ~0.4 lJeV

Reference Egg“bt) ngl) Egol) E;;l) Ez(‘zg’)
Data-driven dispersive evaluation
Pachucki 1999 (75) 1.9 ~13.9 ~12Q2) —23.2(1.0) -35.2(2.2)
Martynenko 2006 (76) 2.3 —16.1 —13.8(2.9)
Carlson et al. 2011 (77) 5.3(1.9) —12.7(5) —7.4(2.0)
Birse & McGovern 2012 4.2(1.0) —12.7(5) —8.5(1.1) —24.7(1.6) ~33(2)
(78)
Gorchtein et al. 2013 —2.3(4.6) —13.0(6) —15.3(4.6) —24.5(1.2) —39.8(4.8)
(79)*
Hill & Paz 2017 (80) —30(13)
Tomalak 2019 (81) 2.3(1.3) ~10.3(1.4) —18.6(1.6) ~29.0(2.1)
Leading-order baryon chiral perturbation theory
Alarcén et al. 2014 (82) -9.6%3%
Lensky et al. 2018 (83)° 3.5H2 —12.1(1.8) —8.6%1
Lattice QCD
Fu et al. 2022 (84) —37.4(4.9)
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FRIAR RADIUS IN uH LAMB SHIFT

Elastic TPE splits into Friar radius + recoil part

Recoil is small for pH ~ 0.03(5) peV [Karshenboim et al., PRD 91 (2015) 073003]

ESL = — 21.1(2) peV based on R; = 2.310(26) fm" [Lin et al. (2022), PRL]

Aim: self-consistent extraction of from spectroscopy [Karshenboim, PRD 90 (2014) 053012]

Table 1 Forward 2y-exchange contributions to the 2S5 shift in muonic hydrogen (ueV) l

compare to future exp.

uncertainty ~ 0.4 peV

Reference Egg"bt) ngl) Ego ) E;;l) Ez(?)
Data-driven dispersive evaluation
Pachucki 1999 (75) 1.9 ~13.9 —12(2) —23.2(1.0) —35.2(2.2)
Martynenko 2006 (76) 2.3 —16.1 —13.8(2.9)
Carlson et al. 2011 (77) 5.3(1.9) —12.7(5) —7.4(2.0)
Birse & McGovern 2012 4.2(1.0) —12.7(5) —8.5(1.1) —24.7(1.6) ~33(2)
(78)
Gorchtein et al. 2013 —2.3(4.6) —13.0(6) —15.3(4.6) —24.5(1.2) —39.8(4.8)
(79)*
Hill & Paz 2017 (80) —30(13)
Tomalak 2019 (81) 2.3(1.3) ~10.3(1.4) —18.6(1.6) ~29.0(2.1)
Leading-order baryon chiral perturbation theory
Alarcén et al. 2014 (82) —-9.6°34
Lensky et al. 2018 (83)° 3.5+ —12.1(1.8) -8.6713
Lattice QCD
Fu et al. 2022 (84) —37.4(4.9)
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DEUTERON CHARGE FORM FACTOR

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

Agreement of chiral and pionless EFT at
N3LO

Pionless EFT evaluation contains only one
unknown low-energy constant [, of a
longitudinal photon coupling to two
nucleons

g Use r; and r; correlation to test low-0Q)
wb T X » properties of form factor parametrisations
| @ Sick&Trautmann ,.Eb'* 2
B Abbottetal. | _~r . . . . ..
e T Abbott parametrisation gives different radii
o 37k ,/” :
6 o7 |
28 - |
355—. 111111 [P [P [P P Lo —
4.0 4.2 4.4 4.6
r§ [fm’]
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Thank you for your attention!



LOWER BOUND

Lower bound on the proton charge radius from electron scattering data | R

. S s
Franziska Hagelstein“, Vladimir Pascalutsa "’
4 Albert Einstein Center for Fundamental Physics, Institute for Theoretical Physics, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland
b Institut fiir Kernphysik and Cluster of Excellence PRISMA, Johannes Gutenberg Universitit Mainz, D-55128 Mainz, Germany
ARTICLE INFO ABSTRACT
Article history: The proton charge-radius determinations from the electromagnetic form-factor measurements in
Received 1 January 2019 electron-proton (ep) scattering require an extrapolation to zero momentum transfer (Q2 = 0) which
Received in revised form 18 July 2019 is prone to model-dependent assumptions. We show that the data at finite momentum transfer can

Accepted 30 July 2019
Available online 1 August 2019
Editor: V. Metag

be used to establish a rigorous lower bound on the proton charge radius, while bypassing the model-
dependent assumptions that go into the fitting and extrapolation of the ep data. The near-future precise
ep experiments at very low Q 2, such as PRad, are expected to set a stringent lower bound on the proton

Keywords: radius.
Charge radius © 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
Proton size (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Form factors
Charge distribution
Electron scattering

Disclaimer: “For illustrative purposes, we have made a tentative determination
of the lower bound on the proton charge radius from the available data in the
region of Q2 below 0.02 GeV-. ... our uncertainty estimate is only indicative and
should be taken with caution.The treatment of systematic errors, most notably
the normalization uncertainty, is rather involved in this particular experiment and
entangled with the radius extraction.”
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RMS CHARGE RADIUS

dG 2 00
RMS charge radius: Ré =—-6 E(ZQ ) = 47:J dr r4pE(r)
dQ 02=0 0
GE(Qz) = 47:J dr rsz(Qr) pr(r) with the spherically symmetric charge
0 ]
Sin X

density pg(r) and the spherical Bessel function j,(x) =
X

GE(QZ) and py(r) are Lorentz-invariant quantities

Taylor expansion, GL(Q%) = 1 — 0% (r*) /6 + Q* (r*)/120 + ..., convergence
radius is limited by the onset of the pion-production branch cut at

0% < 4m? ~ 0.08 GeV*

Dispersive fits and z-expansion take singularities into account
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EVALUATION OF THE LOWER BOUND

6
Lower-bound function: Ré(Qz) = — @ log GE(QZ)

Each data point gives a lower bound — statistical average is used for a more
accurate value

Data below Q% < 0.02 GeV? away from pion-production branch cut

Lower cut at Qg ~ 0.01 GeV?

Assume a small normalization error ¢, such that Gg’Xp) =1 +¢)Gg
. . . 2(exp); N2 202 6
Lower-bound function observed in experiment: R-="""(0<) = RZ(Q~) — E In(1 + €)

Lower bound is preserved,Ré(eXp)(Qz) < RXQ?),ife > 0

Lower bound is vioIated,Ré(eXp)(Qz) £ RX(Q?) for Q* < Qg, ife <0

—61n(1 + ¢)
(r*)g/20 — RE/12

Estimate lower cut with ¢ = — 0.001 and O} = \/
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NORMALIZATION UNCERTAINTY

Normalization of FF data is in general more complicated:
MAMI data have 3| (fitted)
Different fit of normalization parameters can generate a shift of the data

Assume a highly-correlated systematic normalization uncertainty:

Averaging a dataset A; £ ¢, = A with correlated systematic error A, is
1/2

equivalent to averaging the dataset A, + o/ with 6/ = ¢, | 1 + A? Z 1/ 0].2
J

A = 0.001 leads to 6; ~ 4.5 ¢,

Alternatively one can study subsets where the normalization is an overall factor

Proper error evaluation should use the covariance matrix established in the
experimental analysis
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DERIVATION OF THE LOWER BOUND

6
Lower-bound function: Rl%(Qz) = — @ log GE(QZ)
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DERIVATION OF THE LOWER BOUND

6
Lower-bound function: Rl%(Qz) = — @ log GE(QZ)

, since GE(Qz) <1
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DERIVATION OF THE LOWER BOUND

6
Lower-bound function: Ré(Qz) = — @ log GE(QZ)

, since GE(QZ) <1

Show that Gx(Q?) < 1 for Q% > 0:

2

Gp(Q?) = Fi(Q°) - MFz(QZ)

F,(Q?) > 0 (empirically known, e.g., F,(0) = k)

F,(0?) < 1 follows from positive definiteness of the transverse charge density

p,(b) > 0 — since F;(0) — F;(Q?%) = 2n[ dbb |1 —Jy(Qb)| p(b) > O with the
0
cylindrical Bessel function Jy(x) < 1
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DERIVATION OF THE LOWER BOUND

6
Lower-bound function: Rl%(Qz) = — @ log GE(Qz)

, since GE(QZ) <1

falls with if G falls not faster than by a power law
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DERIVATION OF THE LOWER BOUND

6
Lower-bound function: Ré(Qz) = — @ log GE(Qz)
, since GE(QZ) <1
falls with if G falls not faster than by a power law
Ré(Qz) is in the space-like region

o L[ Im RE(7)
Unsubtracted dispersion relation: R;(Q<) = — dr , with

T t+ 02
6 (1
Ile%(t) = (pf( ) and @(f) > 0 is the phase defined through

Ge(t) = | G(D) | €7

)
4mpz
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DERIVATION OF THE LOWER BOUND

6
Lower-bound function: Ré(Qz) = — @ log GE(Qz)
, since GE(QZ) <1
falls with if G falls not faster than by a power law
Ré(Qz) is in the space-like region

o L[ Im RE(7)
Unsubtracted dispersion relation: R;(Q<) = — dr , with

T t+ 02
6 (1
Ile%(t) = (pf( ) and @(f) > 0 is the phase defined through

Ge(t) = | G(D) | €7

)
4mpz

G 2
Limit equals the proton radius: Iim Ré(Qz) =—06 HQ)

=R;
0°—0 Gp(Q?)

0*=0
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HYPERFINE SPLITTING

Theory: QED, ChPT, data-driven _ | 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™)

on and
on Scattering
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H rescaling
Antognini et al. '22 -

Disp. Rel.
Tomalak '18 -

HBxPT
Peset et al. '17

BxPT LO
this work -

|3
¥

182.60

182.64 182.68

Ents (1S, uH) [meV]

3
| |

Guiding the exp.

find narrow 1S HFS

transitions

0.16 meV (40 GHz) search range

extract ETFE, EP°L or R,

with the help of full

theory predictions:
QED, weak, finite
size, polarizability

NREC / PREN / yASTI 2024 @ Stony Brook

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

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)

Interpreting the exp.

n and
n Scattering

LITTING

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,

4

Spectroscopy of
ordinary atoms (H, He™)

Franziska Hagelstein
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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 QEDweak 27v 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™)

tron and
ton Scattering
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Carlson et al. '08 -

o 5 —— | [PLITTING

Faustov et al. '06

BxPT LO
this work

Experiment: HFS in uH, uHe™, ...

ERQ (1S, uH) [eV]

Testing the theory

> discriminate between theory Determine
Interpreting the exp. predictions for polarizability fundamental
Guiding the exp. effect constants
extract ETPE, EPOL of R, - disentangle R, &
find narrow 1S HFS polarizability effect by Zemach radius R,

transitions

combining HFS in H & uH
» test HFS theory

with the help of full

theory predictions: o _
QED, weak, finite Input for data- - combining HFS in H & uH
size, polarizability driven evaluations with theory prediction for
form factors, polarizability effect
structure functions, » test nuclear theories
polarizabilities

Spectroscopy of
ordinary atoms (H, He™)

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

----- Dipole form factor

. | pH 2S HFS + LOBxPT | — Djukanovic et al. '23

H 1S HFS + LO BxPT

o Kelly'04

Bradford et al. '06
Determine

fundamental
constants

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

0.88 0.90

Zemach radius R,

transitions
with the help of full
theory predictions:

combining HFS in H & uH
> test HFS theory
« combining HFS in H & uH

QED, weak, finite
size, polarizability
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Input for data-
driven evaluations
form factors,
structure functions,

» test nuclear theories

with theory prediction for
polarizability effect

polarizabilities

and

Spectroscopy of

( ordinary atoms (H, He™)

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

Scaling with lepton mass of the lepton-proton bound state
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DATA-DRIVEN EVALUATION

Empirical information on spin structure functions from JLab Spin Physics Programme

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